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Congenital amusia is a lifelong disorder of music perception and production. The present study investigated the cerebral bases
of impaired pitch perception and memory in congenital amusia using behavioural measures, magnetoencephalography and
voxel-based morphometry. Congenital amusics and matched control subjects performed two melodic tasks (a melodic contour
task and an easier transposition task); they had to indicate whether sequences of six tones (presented in pairs) were the same or
different. Behavioural data indicated that in comparison with control participants, amusics' short-term memory was impaired for
the melodic contour task, but not for the transposition task. The major finding was that pitch processing and short-term memory
deficits can be traced down to amusics’ early brain responses during encoding of the melodic information. Temporal and frontal
generators of the N100m evoked by each note of the melody were abnormally recruited in the amusic brain. Dynamic causal
modelling of the N100m further revealed decreased intrinsic connectivity in both auditory cortices, increased lateral connectivity
between auditory cortices as well as a decreased right fronto-temporal backward connectivity in amusics relative to control
subjects. Abnormal functioning of this fronto-temporal network was also shown during the retention interval and the retrieval of
melodic information. In particular, induced gamma oscillations in right frontal areas were decreased in amusics during the
retention interval. Using voxel-based morphometry, we confirmed morphological brain anomalies in terms of white and grey
matter concentration in the right inferior frontal gyrus and the right superior temporal gyrus in the amusic brain. The conver-
gence between functional and structural brain differences strengthens the hypothesis of abnormalities in the fronto-temporal
pathway of the amusic brain. Our data provide first evidence of altered functioning of the auditory cortices during pitch
perception and memory in congenital amusia. They further support the hypothesis that in neurodevelopmental disorders
impacting high-level functions (here musical abilities), abnormalities in cerebral processing can be observed in early brain
responses.
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Introduction

About 4% of the population is estimated to experience a lifelong
deficit in music perception and production that cannot be ex-
plained by hearing loss, brain damage, or cognitive deficits
(Ayotte et al., 2002; Peretz et al., 2002; Stewart 2006, 2008).
Individuals afflicted with congenital amusia are unable to detect
out-of-key tones, and are unaware when others (or themselves)
sing out of tune. Thanks to the Montreal Battery of Evaluation of
Amusia (Peretz et al., 2003), this disorder has been systematically
studied. Behavioural investigations have revealed that the impair-
ment is linked to a deficit in pitch perception (Foxton et al., 2004;
Hyde and Peretz, 2004) and memory (Gosselin et al., 2009;
Tillmann et al., 2009; Williamson et al., 2010). However, only
few studies have investigated the neural bases of congenital
amusia from structural or functional cerebral perspectives.

Using voxel-based morphometry (VBM), cortical thickness and
diffusion tensor imaging methods, anatomical abnormalities were
reported in the right fronto-temporal pathway. In comparison with
matched control subjects, amusics' brains showed decreased white
matter concentration in the right inferior frontal gyrus associated
with increased grey matter concentration in the same region
(Hyde et al., 2006), and in the right superior temporal gyrus
(Hyde et al., 2007). The hypothesis of an abnormal right fronto-
temporal pathway in the amusic brain has received support by the
observation of reduced fibre connectivity in the right arcuate fas-
ciculus (Loui et al., 2009).

To relate anatomical anomalies to behavioural expressions, func-
tional investigations have explored the cerebral basis of pitch per-
ception in congenital amusia. Electrophysiological (Peretz et al.,
2005, 2009; Moreau et al., 2009) and functional MRI investiga-
tions (Hyde et al., 2011) have shown that the auditory cortex of
amusic individuals responds normally to pitch, and that the amusic
brain can track small pitch changes (i.e. a quarter tone), suggest-
ing near-normal cerebral processing of musical material (Moreau
et al., 2009; Peretz et al., 2009). These findings were surprising in
light of the observed behavioural deficits in amusia as the right
auditory cortex has been shown to play a critical role in various
aspects of pitch processing, such as melody perception and dis-
crimination (Peretz, 1990; Johnsrude et al., 2000).

Our study investigated for the first time the cerebral correlates
of pitch perception and short-term memory in congenital amusia
by combining behavioural, magnetoencephalography (MEG), and
VBM approaches. During MEG recording, amusics and matched
control subjects performed two melodic tasks, in which two six-
tone sequences were compared (same/different paradigm); a con-
tour task and an easier transposition task. We expected impaired
short-term memory performance in amusic participants for the
contour task, but not for the transposition task, which did not
require melodic contour memorization. The easier transposition
task was designed as a control condition, for which amusic par-
ticipants perform as well as control subjects, to rule out the

interpretation that brain activity differences between the two par-
ticipant groups for the contour task might be mere correlates of
motivation or attention-level differences between the groups.

We analysed brain responses during encoding, retention and
retrieval of melodic information using source modelling of MEG
data to investigate whether altered functioning of the auditory
and/or frontal cortices might underlie the disorder. We focused
on (i) event-related responses for each note of the melodies for
the encoding and retrieval parts of the tasks; (i) sustained evoked
responses for the encoding part of the tasks; and (iii) oscillatory
gamma activities during the maintenance of musical information.
Oscillations in the gamma frequency band have been reported to
contribute to the neuronal underpinnings of working memory
(Tallon-Baudry and Bertrand, 1999; Tallon-Baudry et al., 1999;
Kaiser et al., 2003; Kaiser and Lutzenberger, 2005; Jensen et al.,
2007; Mainy et al., 2007). Finally, using VBM in the same par-
ticipants, we expected to observe anatomical abnormalities in
amusic participants (compared with control subjects) in right fron-
tal and temporal areas, as previously shown by Hyde et al. (2006,
2007), and we further aimed to compare the locations of these
anatomical abnormalities with that of possible functional abnorm-
alities revealed by MEG source analyses.

Material and methods

Participants and behavioural pretests

Nine amusic adults (five females; mean age, 31.55 & 8.50 years,
ranging from 20 to 44; mean education, 14.77 +1.71 years;
mean musical education 1.16 years, ranging from 0 to 2.5) and
nine matched non-musician control subjects (five females; mean
age, 31.33 + 7.31 years, ranging from 24 to 47; mean education,
16.11 £ 2.57 years; mean musical education 0.77 years ranging
from 0 to 3) participated in the study. Each group was composed
of seven right-handed and two left-handed participants. Severe
peripheral hearing loss was excluded using standard audiometry
and all participants reported normal hearing and no history of
neurological or psychiatric disease. Participants gave their written
informed consent, and were paid for their participation. Ethical
approval was obtained from the French ethics committee on
Human Research (CPP Sud-Est Il, #2006-018/A-1).

To be considered as amusic, participants had to obtain an aver-
age score two standard deviations (SD) below the average of the
normal population on the Montreal Battery of Evaluation of
Amusia (i.e. a cut-off score of 23, maximum score = 30; Peretz
et al., 2003). In the Montreal Battery of Evaluation of Amusia, six
subtests assess various components of music perception and
memory by considering that musical material must be processed
along a melodic dimension (i.e. sequential variations in pitch) and
a temporal dimension (i.e. sequential variations in duration). All
participants were tested with the Montreal Battery of Evaluation
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of Amusia; the average scores of the amusic group (mean = 20.90,
SD =1.70, ranging from 18 to 22.83) differed significantly from
the scores of the control group [mean = 27.61, SD = 0.83, ranging
from 26.3 to 28.6, ¢(16) = 10.59, P < 0.0001].

To determine pitch discrimination thresholds, a two-alternative
forced-choice task was used with an adaptive tracking, two-
down/one-up staircase procedure (see Tillmann et al., 2009 for
details). Observed pitch discrimination thresholds of the amusic
group were higher (mean =1.07, SD =1.20, ranging from 0.14
to 4 semitones) than that of the control group [mean=0.31,
SD =0.30, ranging from 0.07 to 0.95, t{(16) = —1.83, P =0.042,
one-tailed]. The observed overlap in pitch thresholds between
amusic and control groups was in agreement with previous find-
ings (Foxton et al., 2004; Tillmann et al., 2009).

Voxel-based morphometry

All participants, except one amusic participant (because of claus-
trophobia), underwent a 3D anatomical MPRAGE T,-weighted
MRI scan on a 1.5 T Siemens Magnetom scanner (Siemens AG)
equipped with an 8-channel head coil (repetition time = 1970 ms;
echo time =3.93ms; inversion time=1100ms; flip angle: 15°,
field of view 256 x 256mm, voxel size 1.0 x 1.0 x 1.0mm).
The anatomical volume consisted of 176 sagittal slices with
1mm? voxels, covering the whole brain.

Preprocessing and segmentation

All image preprocessing and voxel-by-voxel statistical analyses
were performed using the VBM functions of SPM8 (Wellcome
Trust Centre for Neuroimaging, http://www fil.ion.ucl.ac.uk/
spm/, London, UK). Before preprocessing, all images were
checked for artefacts and automatically aligned so that the
origin of the coordinate system was located at the anterior com-
missure. Using the unified segmentation procedure implemented
in SPM8 (Ashburner and Friston, 2005), the images were seg-
mented into grey matter, white matter and CSF. For each partici-
pant, this resulted in a set of three images in the same space as
the original T4-weighted image, in which each voxel was assigned
a probability of being grey matter, white matter and CSF, respect-
ively, as well as a normalized version of these images (using the
T4-template from the Montreal Neurological Institute, provided by
SPM8). Finally, normalized-segmented images were spatially
smoothed with an 8-mm full-width at half-maximum isotropic
Gaussian kernel.

Voxel-based morphometry statistical analyses

Group comparisons with two-sample t-tests at each voxel were
performed separately for grey matter and white matter. Grey and
white matter concentrations were compared for each brain voxel
between amusics (n = 8) and control subjects (n = 8) (the control
participant matched to the amusic participant without T,-weighted
MRI was excluded from the analysis). Given the limited sample
size, an exploratory whole-brain analysis was not possible, and we
focused our analyses on bilateral inferior frontal gyrus and superior
temporal gyrus, where abnormalities have been reported previ-
ously in congenital amusia (Hyde et al., 2006, 2007; Mandell
et al., 2007; Loui et al., 2009), and which are key regions in
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pitch processing and memorizing. We thus adopted a lenient stat-
istical threshold of P < 0.05 (uncorrected), and only report group
differences that were found <1cm away (in any direction) from
the coordinates in the right inferior frontal gyrus and right superior
temporal gyrus observed in previous studies, which directly com-
pared amusics and control subjects with VBM (Hyde et al., 2006)
or cortical thickness measures (Hyde et al., 2007). We also as-
sessed symmetric locations in the left hemisphere.

Short-term memory tasks for tone
sequences

Material

Participants performed two melodic tasks, both requesting to com-
pare two six-tone sequences (51, S2) separated by a silent reten-
tion period of 2000ms. All sequences were composed of six
250 ms piano tones presented successively without interstimulus
interval. The two tone sequences could be either the same or
different. For 'different’ trials, the second sequence differed by a
single tone in the contour task and by all tones [i.e. transposed an
interval of seven semi-tones (a fifth) up or down] in the transpos-
ition task (Fig. 1). One hundred and ninety-two different melodies
(sequences) were created using eight piano tones differing in pitch
height (Cubase software); all used tones belonged to the key of C
Major (C3, D3, E3, F3, G3, A3, B3, C4). These 192 sequences
were used as S1 and were the same for the contour and trans-
position tasks. In order to strengthen the tonality, the tone C
occurred twice in each sequence, and half of the melodies
ended on the tone C and the other half on the tone G (i.e. two
functionally important tones in the key of C Major). Identical
tones were not repeated consecutively in a sequence. For S2 in
different trials of the contour and transposition tasks, variants of
these sequences were created. For the contour task, one tone (in
positions 2 to 5) was replaced by a different tone of the set to
create a contour-violation in the melody. For the transposition task
(i.e. the transposed sequences), two supplementary tone sets were
created for the pitch-up condition (i.e. D4, E4, F4#, G4), and the
pitch-down condition (i.e. F2, G2, A2, B2b), respectively.
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Figure 1 Examples of the musical stimuli used. (A) ‘Same’ trial
in the contour task or the transposition task. S1 was repeated as
the second melody of the pair (S2) after a 2s delay. (B and C)
For 'different’ trials, the second melody of the pair changed only
for one tone in contour task (B, red square) and was a trans-
position of S1 in transposition task (example of the pitch-up
condition in C).
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Procedure

Participants performed the contour and transposition tasks during
the MEG recording. Presentation software (Neurobehavioral sys-
tems) was used to run the experiment and to record button
presses. For each trial, participants listened binaurally to the first
six-tone sequence with a total duration of 1.5 (S1), followed by a
silent retention period of 2s, and then the second sequence (S2,
1.55). Participants had to decide whether S2 was identical to S1 or
different from S1. There were six blocks of each of the two tasks.
The blocks were separated by a break of 2-3 min. The two tasks
were presented in alternation (counterbalanced across partici-
pants). Participants were informed of task order and asked to in-
dicate their answers by pressing one of two keys with their right
hand after the end of S2. They had 2 s to respond before the next
trial, which occurred 2.5-3 s after the end of S2. No feedback was
given during the experiment. In each block, 32 trials were pre-
sented (16 same pairs, 16 different pairs), resulting in 192 trials for
each task. Within each block, the trials were presented in a
pseudo-randomized order, with several constraints: the same trial
type (i.e. same, different), or melodies ending by the same tone
(C or G), could not be repeated more than three times in a row.
Before the MEG recording, participants performed for each task a
set of 15 practice trials without feedback.

Magnetoencephalography

Recordings

The recordings were carried out using a 275-channel whole-head
MEG system (CTF-275 by VSM Medtech Inc.) with continuous
sampling at a rate of 600Hz, a 0-150Hz filter bandwidth, and
first-order spatial gradient noise cancellation. Horizontal and ver-
tical electrooculograms and electrocardiogram were acquired with
bipolar montages. Head position was determined with coils fixated
at the nasion and the preauricular points (fiducial points). Head
position was acquired continuously (continuous sampling at a rate
of 150Hz) and checked at the beginning of each block to ensure
that head movements did not exceed 0.5cm (this was confirmed
by additional offline checking before the data analyses).
Participants were seated upright in a sound-attenuated, magnet-
ically-shielded recording room, and listened to the sounds pre-
sented binaurally through air-conducting tubes with foam ear
tips. Before the MEG recording, participants’ sound detection
thresholds (using G3, the tone in the centre of the tone set for
S1) were determined for each ear, and the level was adjusted so
that the sounds were presented at ~50-55 dB sensation level with
a central position (stereo) with respect to the participant's head.
After the MEG session, participants' subjective reports regarding
their strategies were collected.

Outline of the data analyses

The analyses reported here focused on event-related fields evoked
by S1 (i.e. during the encoding and memorization of the melodic
pattern); induced gamma oscillations during the delay period, cor-
responding to the retention in memory of the melodic information;
and event-related fields evoked by the changed tone in S2 for the
contour task (i.e. during the retrieval of melodic information).
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MEG data were first analysed in sensor space using CTF tools
(VSM Medtech Inc.) and the ELAN software package developed
in the Brain Dynamics and Cognition team (Lyon Neuroscience
Research Center, http://elan.lyon.inserm.fr/; Aguera et al.,
2011). Source reconstruction was performed with SPM8
(Wellcome Trust Centre for Neuroimaging, London, UK; Friston
et al., 2008; Litvak et al., 2011) for event-related fields, and the
FieldTrip toolbox (Donders Institute for Brain, Cognition and
Behaviour, Nijmegen, The Netherlands, http://www.ru.nl/fcdon-
ders/fieldtrip) for oscillatory activities, both using MATLAB 7.6
(Mathworks Inc.).

Data preprocessing

For two amusic participants, the original MEG recordings were
contaminated by ferromagnetic artefacts caused by metallic
dental prostheses, which created a temporally stationary artefact
at the participant's respiratory frequency (artefact frequency;
mean = 0.24 Hz, ranging from 0.22 to 0.29Hz, SD = 0.02 Hz for
one amusic participant; and mean = 0.31 Hz, ranging from 0.27 to
0.39, SD = 0.05 Hz for the second amusic participant). In addition,
the MEG raw data of another amusic participant were contami-
nated by heartbeat signal (mean artefact frequency =1.41 Hz,
ranging from 1.38 to 1.44; SD =0.01 Hz). As congenital amusics
represent a limited participant pool, we applied a signal correction
model with a signal space projection method provided by CTF
(Tesche et al., 1995; Ramirez et al., 2011). This method allows
uncovering a signal-space vector that describes the global
topography of the artefact in sensor space (magnitude varied
between 2000 fT and 2500 fT for the dental prosthesis artefacts,
and between 20000 fT and 22000 fT for the heartbeat artefact).
A projection of the MEG data onto the space orthogonal to this
vector was then applied to remove the artefact. The efficiency of
this correction to faithfully recover the cerebral signals was further
assessed with additional recordings of auditory event-related fields
in a control participant with and without an artefact-generating
piece of metal attached to his head (not shown).

Individual MEG trials were automatically inspected from
—100ms to 5500 ms with respect to the onset of the first S1
tone (i.e. a time window covering S1, the delay, S2 and an add-
itional 500ms after S2). Trials with ranges of values exceed-
ing +£3000 fT within a 1000ms sliding time-window at any
sensor site (£100pV at electrooculograms channels) were
excluded from the analysis; as a result, between 90 and 165
trials were kept for each participant and condition.

Event-related fields

Averaging was done separately for the two experimental condi-
tions (contour task and transposition task) and a —100 to Oms
interval before the first tone in S1 was used for baseline correc-
tion. Grand-average event-related fields were plotted at the sensor
level using ELAN and were examined to determine topographical
patterns reflecting sources in the auditory cortices (Fig. 4D).
Accordingly, S1 analyses focused on (i) transient evoked re-
sponses: P50m and N100m (the magnetic counterparts of P50
and N100 waves observed with EEG) for the first tone, and
N100m for subsequent tones (an average of the responses to
tones 2 to 6 was created for that purpose); and (i) the sustained
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evoked response during the entire melody. The two types of re-
sponses were dissociated using two different second-order
Butterworth filters (12 dB/octave slope): for transient evoked re-
sponses, a band-pass filter (cut-off frequencies at 2 and 30 Hz)
was used to eliminate the sustained evoked responses and high-
frequency noise (Fig. 4B); for the sustained evoked response a
low-pass filter with a 2 Hz cut-off frequency was applied (Fig. 4C).

To analyse event-related responses following the ‘changed’ tone
in S2 of the contour task, two additional averages were performed
for each participant (note that we always kept the baseline in the
—100 to Oms interval before S1); firstly, an average of all cor-
rectly detected changed tones, in a —100 to 700 ms time-window
around the onset of the change (this event-related field thus com-
bined data for differences in all possible positions in S2), and sec-
ondly, an average of tones from correctly classified same trials in
the contour task with, for each participant, the same number of
tones in position 2, 3, 4 or 5 was used for the event-related fields
of the different trials. The change-specific response was then as-
sessed as the difference between these two event-related fields.
Note that because control participants had more correct responses
than amusic participants, we used for each control participant the
same number of trials as his/her matched amusic participant (se-
lected randomly from the entire set of correct response trials). For
the analysis of the change-specific responses, filtering was done
with a band-pass filter between 0.5 and 30Hz. As for S1, the
frequency band of interest for S2 was chosen after observation
of grand-average event-related responses.

Analyses were performed at the source level for the transient
evoked responses to determine and characterize the generators
involved in the encoding of S1 and the retrieval of melodic infor-
mation in S2. For the sustained evoked responses, analyses were
performed at the sensor-level (see below).

Source reconstruction of transient responses (51 and S2)

For these analyses, we used the original MEG signals for all par-
ticipants but one, for whom artefact-corrected data were used
because of the heartbeat artefact. Distributed cortical source re-
construction of event-related fields were performed for the brain
responses to the first tone and the average responses to the five
subsequent tones of S1 separately, in a post-stimulus time
window from 25 to 175ms. The source reconstruction for re-
sponses to the changed tone in S2 (contour task) was performed
for the difference waveform for correct responses (different trial —
same trial, see above) in a —100 to 700 ms time window relative
to the onset of the changed tone. For each participant (except
the amusic participant without individual MRI), we created indi-
vidual head meshes (20484 vertices or dipolar sources) describing
the boundaries of different head compartments (scalp, inner skull
and cortical sheet) based on the participant's own structural brain
scans (note that the same set of vertices were used for all par-
ticipants, but the mesh was deformed to account for each par-
ticipant anatomy). For the amusic participant who did not
undergo the 3D MRI scan, we used the MNI template provided
with SPM8. We then performed landmark-based co-registration
of MEG data and MRIs using the locations of nasion and pre-
auricular points (Mattout et al., 2007). Individual inverse solu-
tions were obtained using the empirical Bayesian approach
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implemented in SPM8 (Mattout et al., 2006). For each partici-
pant, and using the multiple sparse prior model, the two condi-
tions for S1 (contour task, transposition task) were inverted
together to increase the sensitivity of the ensuing statistical com-
parison between them (Friston et al., 2008). For S2, only the
contour task was inverted as we were interested in the changed
tone of the melodic contour task.

Definition of the regions of interest for transient
responses in S1 and S2

Having completed the inversion for S1, we divided the source-
reconstructed data in two separate time windows of interest, cor-
responding to the P50m peak (40-70ms after the onset of the
first tone); and to the N100m components (70-160 ms after the
onset of each tone), respectively. For S2, the time window of
interest was the 0-600 ms period after the onset of the changed
tone. For each participant and time sample in each time window
of interest, we extracted the cortical points (region of interest) that
were significantly different from baseline according to the poster-
ior probability maps provided by the Bayesian inversion. A poster-
ior probability map provides the probability or confidence that the
activation in a particular cortical vertex exceeds some specified
threshold, given the data (Friston and Penny, 2003). We con-
sidered a zero-value threshold. As the data had been baseline-
corrected prior to the inversion, this analysis resulted in identifying
vertices with activity that significantly differ from baseline. This
approach has two main advantages: (i) it provides inference at
the 3D cortical surface of each individual, as a consequence of
the Bayesian inversion; and (ii) it is not submitted to the multiple-
comparison problem because the probability that an activation has
occurred, at any particular cortical vertex, is the same, irrespective
of whether only that vertex or the entire brain is analysed (Friston
and Penny, 2003). Moreover, as each individual mesh is mapping
in a one-to-one fashion to the MNI-template mesh (Mattout
et al., 2007), individual statistics can be combined to perform
group-level inference. For each participant and time sample in
each time window of interest, we used posterior probability
maps with a 99.98% threshold (i.e. 5% of false positive at
most, Bonferroni-corrected across participants). This step
provided for each participant and each time sample a list of cor-
tical dipoles (vertices) where activity emerged significantly from
baseline. We only analysed vertices with activity emerging for at
least one-third of the duration of the time window of interest, in
at least three participants (without considering the group factor).
This provided separate sets of activated cortical vertices for the
P50m for the first tone, the N100m for the first tone, the N100m
for the tones 2 to 6, and the responses elicited by the changed
tone in S2.

Amplitude and latency analyses of source data for
transient responses in S1 and S2

Source activities were analysed for each region of the cortical
mesh where activity was significantly different from baseline
(Tables 1 and 2), an average of the activity of all vertices was
created for each region in each hemisphere. For the amplitude
analysis of the source data for S1, we conducted an ANOVA on
the source time course at each time sample and for each
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Table 1 Frontal and Temporal Generators of the N100m for tone 1 and tones 2-6

Tone(s) Lobe Region Hemisphere X y z mm? Number of
vertices
Tone 1 Frontal Inferior ~ frontal  gyrus, pars Right 54 8 6 38 4
opercularis Left —51 4 5 14 2
Temporal Heschl's gyrus/superior temporal Right 45 -19 6 44 8
gyrus/planum temporale Left —44 -18 5 85 11
Tones 2 to 6 Frontal Inferior ~ frontal  gyrus,  pars Right 54 8 6 38 4
opercularis Left —51 4 b 14 4
Temporal Heschl's gyrus/superior temporal Right 49 -8 5 20 5
gyrus/planum temporale/ Left —49 —12 5 81 11

planum polare

We report regions where activity was significantly different from baseline (P < 0.05 Bonferroni corrected across participants), for at least one-third of the time window of
interest, for at least three participants, as assessed from the obtained posterior probability maps (see ‘Materials and methods' section for details). Coordinates correspond to
the vertex with maximal amplitude within each region (coordinates are in MNI space). For each vertex, amplitude data of the window of interest were averaged across all
participants and tasks to determine the coordinates of the cortical vertex showing the highest peak amplitude.

region with ‘Group' as between-participants factor and ‘Task’ as
within-participant factor. To correct for multiple comparisons, only
effects lasting for >15ms (i.e. 9 consecutive samples) were con-
sidered significant (Guthrie and Buchwald, 1991; Caclin et al.,
2008). For the S2 analyses, two sample t-tests were performed
to compare amusic and control groups with the same duration
criterion as for S1 (i.e. effects lasting >15ms).

To estimate the peak latency of the P50m (for the first tone)
and N100m (for the first tone and for the tones 2 to 6), we
extracted the latency of the maximum of absolute amplitude of
the source activities in the 25-70ms and 90-160ms time win-
dows, respectively. For the P50m of the first tone, the latency
values of the maximum amplitude were analysed with a
2 x 2 x 2 ANOVA, with Group as between-participants factor
(amusics, control subjects), and Task (contour task, transposition
task) and Hemisphere (right, left) as within-participant factors.
For the N100m, latency values were analysed with a
2 x 2 x 2 x2x2 ANOVA with Tone Rank (tone 1, tones 2 to
6), region of interest (Heschl's gyrus or inferior frontal gyrus), as
additional within-participant factors. The latency analysis focused
on the vertices that were significantly different from baseline for
both the first tone and the tones 2 to 6 (resulting in two sets for
each hemisphere: a set of three vertices with a peak at coordinates
in Heschl's gyrus; and a set of two vertices at coordinates in the
pars opercularis of the inferior frontal gyrus). We did not perform
latency analyses of the brain responses associated with the chan-
ged tone of S2 (contour task) as they tended to present several
local maxima within the time window of interest.

Dynamic causal modelling of transient responses in S1

To test whether group differences in event-related responses asso-
ciated with the encoding of tones in S1 could be explained by
changes in effective connectivity between sources, we used a dy-
namic causal modelling approach as implemented in SPM8 (David
and Friston, 2003; David et al., 2006; Garrido et al., 2007; Kiebel
et al., 2009). Dynamic causal modelling attempts to explain event-
related potentials using a network of interacting cortical sources
and waveform differences in terms of coupling changes among
sources. We focused our analyses on the N100m component in
response to tones 2 to 6. We excluded tone 1 for which no major

difference could be observed between control subjects and amu-
sics in the first steps of the analyses.

To characterize the two participant groups with a high signal-to-
noise ratio and to investigate the putative differences in effective
connectivity between them, we compared and modelled the dif-
ference between the grand average data of the control subjects
(average over the nine participants and the two tasks) and the
grand average data of the amusics (average over the nine partici-
pants and the two tasks).

All the models we compared were based on the same network
architecture, which was motivated by (i) the results of our classical
source reconstruction analysis of the N100m component revealing
sources in a bilateral fronto-temporal network (see Table 1 for
regions of interest that were significantly different from baseline);
and (ii) the hypothesis of impaired fronto-temporal connectivity
and interhemispheric connectivity observed in amusia with both
functional (Hyde et al., 2011) and anatomical approaches (Loui
et al., 2009). We thus assumed four sources, modelled as equiva-
lent current dipoles, over left and right primary auditory cortices
(A1), left and right pars opercularis of the inferior frontal gyrus
(Table 1). Using these sources, we constructed the following dy-
namic causal model: an extrinsic input entered bilaterally to the
primary auditory cortices (A1), which were connected to their ip-
silateral inferior frontal gyrus. Interhemispheric (lateral) connec-
tions were placed between left and right A1. All connections
were reciprocal (i.e. connected with forward and backward con-
nections or with bilateral connections; Fig. 8B).

Given this network architecture, we used a factorial design and
a family inference approach to assess various types of connection
modulations to explain the group difference in auditory evoked
responses (control subjects defined the baseline). Factor 1 refers
to the modulation of intrinsic connectivity in bilateral auditory
cortices [and includes two families (or levels), corresponding to
models where these intrinsic connections were modulated or not
between the two groups]. Factor 2 refers to the modulation of
lateral connections between the two auditory cortices (two
families: models which included modulation or not). Factor 3
refers to the type of connections between auditory and frontal
areas that are modulated (namely forward, backward, or both
forward and backward connections) or not (four families). Factor
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4 refers to the hemispheric location of the above modulated con-
nections, either in the right hemisphere, the left hemisphere, or
both (three families). We thus fitted and compared 48 models.
Assuming equal prior probabilities over models, we used
Bayesian model selection to compare model families (Penny
et al., 2010). This rests upon the free energy (or approximate
marginal likelihood or evidence) for each model, and yields a pos-
terior probability associated with each model family.

Sustained evoked response analyses (S1)

For the analyses of sustained evoked responses, we used artefact-
corrected data for the three amusic participants with respiratory or
heartbeat artefacts. These analyses were performed within a
1000 ms time window during S1 (500-1500 ms after the onset
of the first tone) as this window covered the maximum amplitude
of the responses in all participants and avoided the rising slope and
the descending slope of the sustained response. Sensor topog-
raphy indicated a distribution that was consistent with bilateral
sources in the auditory cortices during S1. Analyses were per-
formed at the sensor level because of complications for source
reconstruction of the artefact-corrected data of the two amusic
participants with artefacts at the respiratory frequency (because
of residual artefacts in the most frontal sensors). For each hemi-
sphere, the three sensors with the highest positive amplitude and
the three sensors with the highest negative amplitude within the
500 to 1500 ms time window were selected. Thereby, negative
responses in the right hemisphere corresponded with the right
temporal site, and positive responses to the right frontal site,
and conversely for the left hemisphere (negative/frontal site; posi-
tive/temporal site) (Fig. 9). To determine whether there were
group differences in the amplitude of the sustained responses
during S1, we computed the absolute values of the mean of
these event-related fields over the 500 to 1500 ms time window.
These amplitude values were analysed with a 2 x 2 x 2 x 2
ANOVA, with Group as between-participants factor (amusics,
control subjects), and Task (contour task, transposition task),
Hemisphere (right, left) and Sensor site (frontal, temporal) as
within-participant factors.

Sensor-level analysis and source reconstruction of
induced gamma activity (retention period)

We were interested in investigating the potential group and task
differences in oscillatory activities in the gamma-band induced by
the musical information during memory maintenance. Because nei-
ther latency nor frequency of these oscillatory bursts was known a
priori, we first assessed sensor-level data using a method that
preserved both types of information: the time-frequency represen-
tation based on a wavelet transform of the signals (Tallon-Baudry
et al.,, 1996). The MEG signal was convoluted by complex
Morlet's wavelets having a Gaussian shape both in the time
domain (SD ot) and in the frequency domain (SD of) around its
central frequency f0. The wavelet family was defined by
(f0/cf) =10, with fO ranging from 24 to 80Hz in 2Hz steps.
The time-frequency wavelet transform was applied to each trial
after subtraction of the evoked response at each MEG sensor and
then averaged across trials, resulting in an estimate of oscillatory
power at each time sample and at each frequency between 24
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and 80 Hz. For all participants, except the one amusic participant
with the heartbeat artefact, original MEG signals were used for
this analysis (corrected data were used for the amusic with the
heartbeat artefact). We investigated oscillatory gamma activities
during the retention period, with respect to a prestimulus baseline,
by subtracting for each frequency the mean power computed over
the period defined as —1000 to Oms preceding the first tone
of S1.

To identify the maximal increase of induced power within the
gamma band relative to baseline, Wilcoxon tests were computed
for each frequency and each time sample across all participants to
compare the mean power (average of both tasks) with the mean
power in the prestimulus baseline (defined between —1000 and
0ms before the onset of the first tone of S1). This analysis allowed
us to select the 30-40Hz frequency band over a 1000 ms time
window covering the central part of the retention period (2000 to
3000 ms).

To localize the neural sources in the frequency band of interest
and explore the potential differences between tasks and groups
within the retention period, we applied an adaptive spatial filtering
or beamforming technique [Dynamic Imaging of Coherent Sources
(DICS) as implemented in Fieldtrip] (Gross et al., 2001; Bouet
et al., 2012). Based on individual MRIs (except for the amusic
participant who did no undergo the T;-MRI scan), a grid of
5 x 5 x 5mm?® volume elements covering the whole brain was
constructed, and the source power was computed for each of
those elements. For each source location, a linear spatial filter
was computed that passes activity from that location with unit
gain while maximally suppressing activity from other sources.
This filter depended on the signal spectral properties extracted
for each participant through a fast Fourier transformation.

For each trial, we estimated the power in the 30-40Hz fre-
quency band at each volumetric element for both active (reten-
tion) and baseline periods, and we computed the log ratio
between these two power values to determine the extent of the
emerging gamma oscillations. After normalization of the brain in
the MNI space, statistical comparisons were performed to compare
groups for each task, and to compare tasks for each group with
two sided t-tests corrected for multiple comparison using cluster-
level statistics, as implemented in Fieldtrip.

Correlations between behavioural, functional and
anatomical data

Five types of analyses were performed: (i) correlation between the
behavioural data in the short-term memory task (Hit-False-Alarms,
reaction times) and data from the pretests (Montreal Battery of
Evaluation of Amusia, pitch discrimination threshold); (ii) correl-
ation between the different measures of the behavioural data in
the short-term memory task; (iii) correlation between the different
measures (white matter, grey matter concentrations) of the VBM
data; (iv) correlation between the different measures of the MEG
data (event-related fields amplitude and latency, gamma oscilla-
tions; connectivity values); and (v) correlations between behav-
ioural, functional and anatomical data. To explore differences
explained not only by the group differences defined by the
Montreal Battery of Evaluation of Amusia (Peretz et al., 2003),
we present here only correlations that were significant over all
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participants and for at least one of the two groups separately
(amusic group or control group). Note that, except for the VBM
data, none of the correlations met these criteria.

Results

Behavioural data

Performance was significantly above chance (i.e. 0% of Hits—False
Alarms), for each condition in each group (t-tests, all P's < 0.0001).
Hits-False Alarms (Fig. 2A) were analysed with a2 x 2 ANOVA with
Group (amusics, control subjects) as between-participants factor and
Task (contour task, transposition task) as within-participant factor.
The main effects of Group [F(1,16) = 74.82, P < 0.0001], and Task
[F(1,16) =300.08, P < 0.0001] were significant, as well as their
interaction [F(1,16) = 119.15, P < 0.0001]. Fischer's LSD post hoc
tests indicated that the performance of the amusic group was lower
than that of the control group for the contour task (P < 0.0001), but
not for the transposition task (P = 0.28). All amusic participants ex-
hibited a deficit in the contour task in comparison with the control
participants (see individual data in Fig. 2A). This is in line with previ-
ous results (Gosselin et al. 2009; Tillmann et al., 2009), suggesting a
short-term memory deficit for tone sequences in congenital amusia.
It is noteworthy that there was no overlap in performance between
the two groups in the contour task, despite a substantial overlap
between groups in pitch discrimination thresholds (see ‘Materials
and methods’ section).

For the contour task, to assess the potential effect of pitch
interval size in the changed tone of S2 (relative to the correspond-
ing tone in S1) on performance, percentages of correct responses
for different trials were extracted as a function of interval sizes.
Within 96 different trials of the contour task, there were 36.46%
of trials with a change of small interval size (with equal propor-
tions of 1.5 tone, 2 tones and 2.5 tones); 35.41% of trials with a
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change of medium interval size (3 tones, 3.5 tones and 4 tones)
and 28.13% of trials with a change of large interval size (4.5
tones, 5 tones, 5.5 tones, 6 tones). These data were analysed
with a 2 x 3 ANOVA with Group (amusics, control subjects) as
between-participants factor and Interval (small, medium, large) as
within-participant ~ factor. The main effects of Group
[F(1,16) =75.37, P <0.0001], and Interval [F(2,32)=32.38,
P < 0.0001] were significant, as well as their interaction
[F(2,32) =4,36, P=0.02]. Post hoc tests indicated that the per-
formance of the amusic group was lower than that of the control
group for all interval sizes (all P's < 0.01). Moreover, in amusics,
increasing performance was observed with increasing interval
changes (all P's <0.01 for small/medium, medium/large, and
large/small comparisons). This increased performance was also
observed in control subjects (all P's <0.05), except for the
medium/large comparison (P = 0.47), which was probably due to
ceiling performance.

Reaction times for correct responses (relative to the end of S2)
were analysed by a2 x 2 x 2 ANOVA with Group (amusics, control
subjects) as between-participants factor, and Task (contour task,
transposition task) and type of trial (same, different) as within-par-
ticipant factors. The ANOVA revealed a significant main effect of
Task [F(1,16) = 19.63, P < 0.001], with shorter reaction time for
the transposition task (mean = 479.18 ms, SD = 49.19 ms) than for
the contour task (mean = 585.37 ms, SD = 61.21 ms), and a signifi-
cant interaction between task and group [F(1,16) = 7.60; P = 0.01].
Fischer's LSD post hoc tests revealed that only for the amusic group
(P < 0.001), reaction times were longer for the contour task
(mean = 629.84ms, SD =39.94 ms) than for the transposition task
(mean = 479.71 ms, SD = 25.55 ms). This was not the case for con-
trol subjects (mean = 529.85 ms, SD = 77.84 ms for the contour task
and mean =489.74ms, SD=66.80 for the transposition task,
P =0.25). Moreover, the analysis revealed a significant interaction
between task (contour task, transposition task) and type of trial
[F(1,176) =5.36; P=0.01]; only for the transposition task

o 0000 00
Lt 0]
a00e

. B Amusics

Controls

Small Medium Large
Contour Task (CT) Differents trials

Figure 2 (A) Performance of amusic and control groups (grey = control subjects; black = amusics) in terms of Hits minus False Alarms
(FA), presented as a function of the task (contour task, transposition task) and group (amusics n = 9; control subjects n =9).

(B) Performance of amusic and control groups for the contour task in terms of per cent of correct responses for different trials as a function
of interval size (small, medium, large). Green circles: control subjects’ individual performance; red circles: amusics’ individual performance.
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(P=0.04), reaction times were shorter (mean=451.51ms,
SD=46.76ms) for different trials than for same trials
(mean = 506.59 ms, SD =51.93 ms). Analyses of reaction times for
correct responses as a function of interval size for the contour task
[with a 2 x 3 ANOVA with Group as between-participants factor
and interval size (small, medium, large) as within-participant
factor] revealed no significant effects of group (P = 0.91) or interval
size (P = 0.14) and no interaction between them (P = 0.35).

Subjective reports

Differences were observed in participants' reports after the ses-
sion: while all control subjects consistently reported to repeat the
melody back in their mind during the delay (eight control partici-
pants by internal singing and one by visual mental imagery), amu-
sics did not report to have elaborated any particular strategy
(three amusic participants reported to have tried at the beginning
to repeat S1 in their mind during the delay, but stopped doing so
because of its inefficiency).

Voxel-based morphometry

In the right inferior frontal gyrus, in line with previous findings
(Hyde et al., 2006, 2007), between-group differences were
found in both grey and white matter (Fig. 3). The analyses of
grey matter showed larger concentrations in the right inferior fron-
tal gyrus (bordering the right middle frontal gyrus) in amusics than
in control subjects [maximum peak at x=36, y=46, z=6;
t(14) = 2.68, P =0.009; K¢ (cluster extent) = 192 mm>]. The max-
imal difference was <1 cm away from that observed with VBM in
the two independent samples of amusic and control participants in
Hyde et al. (2006) (x =37, y=42, z= —2 and x =40, y =43,
z = =2, respectively). Conversely, less white matter concentration
in amusics than in control subjects was observed in the right infer-
ior frontal gyrus [in particular in a cluster with a maximum peak at
x =40, y=30, z=28; t(14) =4.37, P < 0.0001; Kg=1328 mm?,
which encompassed an additional maximum at x =36, y =44,
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z=—6, close to the coordinates previously reported in Hyde
et al. (2006): x=37, y=42, z=-2 and x=42, y=44,
z=—2]. This inverse relationship between white and grey
matter concentrations in amusics' right inferior frontal gyrus is in
line with Hyde et al. (2006, 2007). In symmetrical regions of the
inferior frontal gyrus in the left hemisphere, between-group dif-
ferences were observed for white matter only [maximum peak at
x=—34, y=40, z=2; t(14) =3.71, P=0.001; Kg=5344 mm?],
with less white matter concentration for amusic participants.

The right superior temporal gyrus showed less grey matter
concentration in amusic participants than in control subjects
(maximum peak of the cluster at x=44, y=—-16, z= —18;
t(14) =3.86, P=0.001; K¢ =17936mm>; additional peak in the
right superior temporal gyrus at x = 60, y = —14, z = 6). This result
contrasts with cortical thickness data (Hyde et al., 2007), showing
more grey matter concentration in the right auditory cortex of
amusics than of control subjects at approximately the same loca-
tion (they reported a maximal difference at x=60, y=—12,
z=5). In the vicinity of the grey matter difference [maximum
peak at x=44, y=-8, z=16; t(14)=3.19, P=0.003;
Ke = 5520 mm?>], we also observed less white matter concentration
in amusic participants than in control subjects. In symmetrical re-
gions of the left hemisphere, we observed only small between-
group differences in the white matter (in two clusters of 464 and
760mm?>, respectively). Note that there were no previous reports
of white matter anomaly in the superior temporal gyrus for con-
genital amusia.

The correlation between grey matter concentration and white
matter concentration was not significant for the right inferior fron-
tal gyrus, [r(14) = —0.01, P > 0.69], but was significant for the
right superior temporal gyrus for all participants [r(14) = 0.94,
P <0.01], as well as for amusic participants [r(6)=0.87,
P < 0.01] and control participants [r(6) =0.96, P < 0.01], separ-
ately. In line with the abnormal lack of fibre connectivity along the
right arcuate fasciculus (connecting right inferior frontal gyrus and

GM : Amusics < Controls

Right IFG C Right STG

Figure 3 VBM group comparison of white matter (WM) and grey matter (GM) concentration differences: Each brain image corresponds
to a statistical map (P < 0.05, uncorrected, T-threshold = 1.76) superimposed on the average anatomical MRI of all participants (R = right;
L = left). (A) Control participants showed more white matter concentration relative to amusics participants in the right inferior frontal gyrus
(IFG) and right superior temporal gyrus (STG). (B) Amusic participants showed more grey matter concentration relative to control subjects
in the right inferior frontal gyrus. (C) Control participants showed more grey matter concentration relative to amusics participants in the

right superior temporal gyrus.
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right superior temporal gyrus) described by Loui et al. (2009) in
the amusic brain, we observed a positive correlation between
white matter concentration of right inferior frontal gyrus and
white matter concentration of right superior temporal gyrus. This
correlation was observed over all participants [r(14)=0.79,
P < 0.01] but was significant only for the amusic participants
[r(6) =0.81, P < 0.01] and marginally significant for the control
participants [r(6) =0.62, P =0.09].

Magnetoencephalography

Auditory evoked responses were observed after each tone in all
participants. The sensor plots indicated clear P50m, N100m and
sustained evoked responses during S1 and S2. The topography of
these responses was consistent with bilateral sources in the audi-
tory cortices (Fig. 4).

Encoding of S1 melodies: transient evoked responses
(P50m and N100m)

P50m and N100m represent the activity of generators located in
the auditory and frontal cortices (Nditdnen and Picton, 1987;
Alcaini et al., 1994; Giard et al., 1994; Pantev et al., 1995;

P. Albouy et al.

Yvert et al., 2001). Typically, the evoked response for the first
tone of a sequence is different and larger than that of subsequent
tones (Fig. 4A and B), not only because of neural refractoriness,
but also because the first tone can be considered as an ‘infre-
quent/relatively unexpected’ orienting stimulus because it is pre-
sented after a period of silence. In contrast, subsequent tones in a
sequence (here, tones 2 to 6, presented without interstimulus
interval) can be considered as ‘frequent/expected’ stimuli. The
first tone should thus recruit more ‘orienting’ (non-specific) com-
ponents (Alcaini et al., 1994; Demarquay et al., 2011) than tones
2 to 6. In comparison with the first tone, these subsequent tones
should recruit more strongly the cortical areas implicating high-
level processing or memory representation (relative to the recruit-
ment of non-specific components). Source analyses thus explored
the generators of P50m and N100m as a function of group and
task, separately for the first tone and the subsequent tones of S1.

Source analyses of transient responses in S1 (P50m and
N100m): regions of interest

For the P50m of tone 1, activity was significantly different from
baseline in bilateral auditory regions (Heschl's gyrus, left hemi-
sphere, x = —48, y = —18, z =4; cluster surface = 53 mm?; right
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Figure 4 Grand average of a left temporal MEG sensor (MLT15, ‘MEG left temporal’) for a trial time window (— 100 to 5500 ms), for the
control group (green) and amusic group (red), collapsed across conditions (contour task, transposition task). (A) Event-related fields based
on original MEG signals. (B) Event-related fields filtered with a 2-30 Hz band-pass filter to uncover P50m and N100m responses.

(C) Event-related fields filtered with 2 Hz low-pass filter to uncover sustained evoked responses. (D) Sensor plot of the mean event-
related fields in the 90-140 ms time-window for the first tone, averaged across groups and tasks. LH = left hemisphere; RH = right

hemisphere.
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Figure 5 Amplitude data for the N100m evoked by the first tone of S1. Cortical meshes show bilateral regions that were significantly
different from baseline (as indicated by the brown areas) for the time window of tone 1. These regions were bilateral Heschl's gyrus/
superior temporal gyrus (HG/STG) activation in the Heschl's gyrus extending to the planum temporale and the planum polare) as well as
the opercular part of the inferior frontal gyrus (IFG) (at the frontier with the rolandic operculum) (Table 1). The surrounding panels
correspond to the grand average of source data for each region and for the time window where the inversion was performed [25-175 ms
after the tone onset, as indicated by 'a’ for the control group (green) and amusic group (red), for the contour task (full lines) and the
transposition task (dotted lines)]. For N100m analysis, ANOVAs were performed at each time sample and for each region on source
amplitude in the 70 to 160 ms time window (indicated by ‘b’), in the two groups of participants. P-values for the main effects are reported
across time below source amplitudes. Note that only effects lasting > 15 ms were reported. Colour bar represents the P-values for the task
effect with blue for P < 0.05; green for P < 0.01; and red for P < 0.001.

hemisphere, x =51; y = —11; z = 4; cluster surface = 25 mm?). For
the N100m, bilateral fronto-temporal regions with activity signifi-
cantly different from baseline for tone 1 and for the average of
tones 2 to 6 are presented in Table 1, together with the coordin-
ates of emergent vertices for the highest peak amplitudes. Note
that for the auditory regions, the vertex of maximum amplitude
was located in Heschl's gyrus, but that the activation further ex-
tended to the planum temporale, planum polare and superior tem-
poral gyrus. Note that, when we performed the same PPM
analyses for each group separately, the same regions with the
same peaks were emergent in control subjects and amusics, but
with a smaller extent in the amusic group.

Source analyses of transient responses in S1 (P50m,
N100m): amplitude
For P50m (tone 1), no significant effects or interaction were
observed. Note that there were no differences between contour
task and transposition task; and that we did not attempt to ana-
lyse the P50m of tones 2 to 6 because their amplitudes were
rather small as a consequence of refractoriness (P50-gating), and
because of the overlap with the end of the components evoked by
the preceding tones.

For N100m (tone 1), whereas there was no significant effect of
group, the main effect of task was significant: both amusics and

control subjects showed larger activation in the contour task in
comparison to the transposition task in the left auditory cortex
(129 to 145 ms).

The ANOVAs for N100m (average of tones 2 to 6) revealed
group differences in source amplitude, with higher amplitudes for
control participants than for amusic participants in the four regions
of interest and the following time windows (Fig. 6): (i) right
Heschl's gyrus/superior temporal gyrus (together with planum
temporale and planum polare), 80-120 ms; (ii) right inferior frontal
gyrus, 105-122 ms; (iii) left inferior frontal gyrus, 107-127 ms; and
(iv) left Heschl's gyrus/superior temporal gyrus (together with
planum temporale and planum polare), 95-126 ms. Moreover,
the inverse difference (amusics > control subjects) was observed
in the right Heschl's gyrus/superior temporal gyrus for the
135-153 ms time window. However, this inverse difference for
the right Heschl's gyrus/superior temporal gyrus seems to be
related to an increased latency of the N100m in the amusic
brain (see below). No significant effect of task and no interaction
between group and task were observed.

Source analyses of transient responses (P50m, N100m):
latency

For P50m (tone 1), there were no significant effects or interaction.
In analyses for N100m (tone 1 and average of tones 2 to 6) there
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Figure 6 Amplitude data for the N100m evoked by the tones 2 to 6 of S1. Cortical meshes show bilateral regions that were significantly
different from baseline (as indicated by the brown areas) for the time window of tones 2 to 6. These regions were bilateral Heschl's gyrus/
superior temporal gyrus (HG/STG) (activation in Heschl's gyrus extending to the planum temporale and the superior temporal gyrus) and
the opercular part of the inferior frontal gyrus (at the frontier with the rolandic operculum) (Table 1). The surrounding panels correspond
to the grand average of source data for each region and for the time window where the inversion was performed [25 to 175 ms after the
tone onset, as indicated by ‘a’ for the control group (green) and amusic group (red), for the contour task (full lines) and the transposition
task (dotted lines)]. For the N100m analysis, ANOVAs were performed at each time sample and for each region on source amplitude in the
70 to 160 ms time window (as indicated by ‘b') in the two groups of participants. P-values for the main effects are reported across time
below source amplitudes. Note that only effects lasting longer than 15 ms were reported. Colour bar represents the P-values for the group
effect with blue for P < 0.05; green for P < 0.01; and red for P < 0.001.

were significant main effects of: (i) group [F(1,16)=8.54;
P < 0.01], reflecting increased N100m latency of source activity
for amusics in comparison to control subjects; (i) tone rank
[F(1,16) =19.73; P < 0.0001], with increased latency for tones 2
to 6 in comparison with tone 1; and (iii) a marginally significant
effect of region [F(1,16) = 4.3; P =0.054], with increased latency
in the inferior frontal gyrus in comparison with the Heschl's gyrus.
The interaction between tone rank and task [F(1,16) =4.85;
P =0.042] was significant. For tone 1, the latency did not differ
between the two tasks (P =0.21), but for tones 2 to 6, the latency
was slightly longer for the contour task than for the transposition
task, even though only marginally significantly (P = 0.087). In add-
ition, the interaction between tone rank and region was significant
[F(1,16) =9.33; P=0.007], and, most importantly, it was modu-
lated by group, as indicated by the three-way interaction between
tone rank, region and group [F(1,16) =5.17; P =0.03].

For tone 1 (Fig. 7), the increased latency in bilateral inferior frontal
gyrus relative to bilateral Heschl's gyrus was more pronounced for
amusics (reflecting a delayed frontal responses, P < 0.003) than for
control subjects (where the difference was only marginally signifi-
cant, P = 0.06). The latencies of the responses for tones 2 to 6 were
similar to the latency of tone 1 (Fig. 7), except that, critically, for
amusics, the Heschl's gyrus response for tones 2 to 6 was delayed
by ~20 ms relative to control subjects (P < 0.001).

Dynamic causal modelling of the transient responses in
S1 for tones 2 to 6

Figure 8A shows the results of the comparisons between model
families (exceedance probabilities obtained for each family infer-
ence). Figure 8B shows the network architecture of the winning
model as well as the conditional estimates of the connection
strengths associated with the connections that proved to be sig-
nificantly modulated to explain the amusic response compared to
the control response.

Posterior estimates obtained with the winning model enabled us
to conclude that, compared with control subjects, amusic partici-
pants showed an abnormally increased lateral connectivity be-
tween the two A1, decreased intrinsic modulations in both
auditory cortices, and decreased backward connectivity between
the right inferior frontal gyrus and the right auditory cortex.

Sustained evoked responses during S1

Few studies have explored the role of the sustained evoked re-
sponses in the auditory domain, but some of these data sets have
demonstrated that: (i) sustained evoked responses are involved in
the cortical representation of behaviourally relevant sounds (Picton
et al., 1978; Bidet-Caulet et al., 2007); and (ii) they are modulated
by attentional processes (for a review, see Picton et al., 1978). In
line with Bidet-Caulet et al. (2007) who reported sustained evoked
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Figure 7 N100m latency (in ms) of amusic and control participants, calculated from the reconstructed source signal [amusics n = 9;
control subjects n =9 for bilateral Heschl's gyrus (HG) and bilateral inferior frontal gyrus (IFG); Green = control subjects; red = amusics]
presented as function of tone rank (tone 1 and average of tones 2 to 6) and region (Heschl's gyrus, inferior frontal gyrus). Diamonds
indicate average latency for each group and task (in ms); circles indicate participants’ individual latency (in ms). Note that latencies were
averaged across tasks (contour task, transposition task).
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Figure 8 Dynamic causal modelling results. (A) Results of the four family-wise inferences. For each inference, the posterior probability of
each model family is depicted. For each comparison, the family associated with a high posterior probability (P > 0.99) could be retained as
the winning family. As each comparison yields a clear winning family, we could identify a winning model. (B) Winning model. Dashed
arrows indicate modulated connections (i.e. connections that differ between groups) and solid arrows indicate fixed connections.
Significant changes in effective coupling between control subjects and amusics are specified (in black: amount of coupling change between
groups; in red: corresponding relative coupling with amusics coupling expressed in per cent of control coupling). B = Backward;

F = Forward; FB = Forward Backward; IIFG = left inferior frontal gyrus; rIFG = right inferior frontal gyrus; IA1 = left primary auditory
cortex; rA1 =right primary auditory cortex.
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Figure 9 Top: Event-related fields of the 2 Hz low-pass filtered data showing the sustained evoked responses, at a left temporal MEG
sensor (MLT15, MEG left temporal 15) for a time window (—100 to 2500 ms) including S1 (0 to 1500 ms), for the control group (green,
on the left) and amusic group (red, on the right), and for each task (plain line: contour task, dotted line: transposition task). Bottom: Sensor
plots of mean event-related fields for a 500 to 1500 ms time window (used for statistical analyses), for each group and each task.

responses in secondary auditory areas during long-lasting stimuli,
the topographies of sustained evoked responses in the present
data indicated bilateral sources in the auditory cortices for all par-
ticipants. Sensor mean amplitude analyses revealed (i) a significant
main effect of sensor site [F(1,16) = 10.06; P = 0.005], reflecting
higher amplitude over temporal sensors in comparison to the fron-
tal sensors; (i) a significant main effect of hemisphere
[F(1,16) =8.61; P=0.009], with higher amplitude in the left
hemisphere in comparison with the right hemisphere; and (iii) a
marginally significant main effect of task [F(1,16)=4.16;
P =0.058), with increased mean amplitudes for the contour task
in comparison with the transposition task. There was no significant
main effect of group and no interaction implicating the group
factor.

Retention of the melodic information: time-frequency
analyses of the delay period

Gamma-power was analysed in the 30-40 Hz frequency band over
the time window corresponding to the central part of the delay
(2000-3000 ms). After source reconstruction, statistical compari-
sons were performed to compare groups for each task, and
tasks for each group using two-sided t-tests (corrected for multiple
comparisons using cluster-level statistics implemented in Fieldtrip).
The results are depicted in Fig. 10.

Group effect

For the contour task, control subjects showed increased gamma
synchronization (relative to baseline) in the right dorso-lateral pre-
frontal cortex [Brodmann area (BA) 9/46; x =45, y =31, z=25;

Ke = 6795 mm?>] in comparison with the amusic participants. For
the transposition task, amusics showed increased gamma syn-
chronization in the left dorso-lateral prefrontal cortex (BA9/46;
Xx=—37, y=26, z=29; Kg=7870mm°) and the left temporo-
parietal junction (BA39; x =46, y = —69, z = 28; Kg=3430 mm?)
in comparison with the control participants.

Task effect

For control participants, increased gamma synchronization was
observed for the contour task in comparison with the transposition
task in the right inferior frontal gyrus (opercular part: x =56,
y =14, z=20; Kg=4220mm3) and in the left inferior frontal
gyrus (opercular part: x= —59, y =6, z=9; Kg=5590 mm?). For
the amusic participants, no significant modulations of gamma os-
cillations with the tasks were observed.

Source analyses of the transient responses of the
changed tone in S2

To investigate if amusics’ altered encoding and retention of
melodies in memory could be further associated to altered re-
trieval of melodic information, we analysed the brain responses
evoked by the changed tone in S2 of different trials (for cor-
rect responses). The difference wave (different trial — same trial)
observed at the sensor level revealed that for control subjects,
the processing of the changed tone was associated to two
evoked responses. The first one was elicited ~150ms after
the onset of the changed tone; and the second one peaked
at 500ms after the tone onset (Fig. 11A). This biphasic re-
sponse was not observed in amusics (Fig. 11B). To compare the
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Figure 10 (A and B) Time-frequency plot of a right temporal MEG sensor (MRT22, ‘MEG right temporal’) for a trial time window (—100
to 5500 ms) including S1 (0 to 1500 ms), delay (1500 to 3500 ms) and S2 (3500 to 5000 ms) collapsed across conditions (contour task,
transposition task), for the control group (A) and the amusic group (B). The time—frequency power values are plotted after subtraction of
the mean power values of the baseline for each frequency. (C) Cortical meshes showing the statistics of two sided t-tests (corrected for
multiple comparisons using cluster-level statistics) for the group comparison for each task (upper panel: contour task; lower panel:
transposition task). P-values for the group effect are colour-coded with yellow for P < 0.05, red for P < 0.01 and black for P < 0.001. The
surrounding panels correspond to the grand average of source data for each group and for each region. Black bars = amusics; grey
bars = control subjects; circles = individual data; rDLPFC = right dorsolateral prefrontal cortex; IDLPFC = left dorsolateral prefrontal cortex;
rTPJ = right temporo-parietal junction.

two participant groups for the processing of the changed tone in S2 responses). The bilateral fronto-temporal regions where activity
and to investigate whether the same network was recruited by the was significantly different from baseline are presented in Table 2.
two groups, we performed source modelling of the difference wave- Note that for the auditory regions, the vertex of maximum amplitude

form (i.e. between different trials and same trials for correct was located more laterally in the superior temporal plane than
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Figure 11 (A and B) Grand average of a left temporal MEG sensor (MLT42) for a O to 700 ms time window after the onset of the changed
tone in S2 for the contour task for each group and each type of trial. (A) For control subjects, green dotted line = different trials, correct
responses; blue dotted line = same trials, correct responses; green plain line = difference wave (different trials — same trials for correct
responses). (B) For amusics, red dotted line = different trials, correct responses; purple dotted line = same trials, correct responses; red plain
line = difference wave (different trials — same trials for correct responses). Two-sample t-tests were performed at each time sample on
sensor amplitudes in the 0 to 700 time window in the two groups of participants. P-values are reported across time in the lower panel with
blue for P < 0.05, green for P < 0.01 and red for P < 0.001. Note that only effects lasting > 15 ms were reported. (C) Source recon-
struction of the brain responses specifically evoked by the changed tone in S2. Cortical meshes show bilateral regions that were signifi-
cantly different from baseline (as indicated by the brown areas). These regions were the bilateral superior temporal gyrus (STG) as well as
the opercular part of the inferior frontal gyrus (IFG) (Table 2). The surrounding panels correspond to the grand average of source data for
each region and for the time window where the inversion was performed [0 to 700 ms after the changed tone onset, as indicated by ‘a’ for
the control group (green) and the amusic group (red)]. Two sample t-tests were performed at each time sample and for each region on
source amplitude in the 100 to 600 ms time window (as indicated by 'b’) in the two groups of participants. P-values are reported across
time below the source amplitudes with blue for P < 0.05, green for P < 0.01 and red for P < 0.001. Note that only effects lasting longer
than 15 ms were reported.

Table 2 Frontal and temporal generators of the change-specific response within S2
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Lobe Region Hemisphere X y z mm? Number of
vertices
Frontal Inferior frontal gyrus, pars opercularis Right 55 4 6 49 10
Left —54 3 6 65 12
Temporal Superior temporal gyrus/planum temporale Right 55 —-12 5 182 25
Left —52 —-12 5 117 16

We report regions where activity was significantly different from baseline (P < 0.05, Bonferroni corrected across participants), for at least one-third of the time window of
interest, for at least three participants, as assessed from the obtained posterior probability maps (see ‘Materials and methods' section for details). Coordinates correspond to
the vertex with maximal amplitude within each region (coordinates are in MNI space).


http://brain.oxfordjournals.org/

Cerebral correlates of congenital amusia

observed for the transient responses in S1. For the frontal generators,
the coordinates were close to the coordinates for S1, but the
activations were more extended. In addition, note that when
we performed the same posterior probability map analyses for
each group separately, the four clusters were emergent in control
subjects (but only right and left frontal generators were emergent in
amusics).

Two sample t-tests revealed group differences in source ampli-
tude, with higher amplitudes for control participants than for
amusic participants in the four regions of interest and in the fol-
lowing time windows: (i) right superior temporal gyrus,
150-210ms, 290-340ms, 425-520ms; (ii) right inferior frontal
gyrus, 160-210ms; (iii) left inferior frontal gyrus, 150-205ms;
and (iv) left superior temporal gyrus, 190-230ms, 280-340 ms,
425-530ms (Fig. 11C).

Discussion

The present study investigated the cerebral correlates of pitch
perception and memory in congenital amusics and matched con-
trol subjects. Using MEG, we investigated the amusic brain during
encoding, retention, and retrieval of melodic information. The
major finding is that pitch deficits in congenital amusia can be
traced down to early brain responses. During the encoding of a
melody (S1), auditory N100m components were observed after
each tone for both groups of participants, but were strongly
reduced and delayed in amusics. Source reconstruction analyses
provided evidence of an altered recruitment of frontal and tem-
poral N100m generators in the amusic brain during the encoding
of the S1 melodies. Dynamic causal modelling of the N100m
revealed an abnormally increased effective connectivity between
the right and left auditory cortices in amusics, reduced intrinsic
connections within the bilateral auditory cortices, as well as
reduced backward connectivity between the right inferior frontal
gyrus and the right auditory cortex in comparison with control
subjects. During the retention of the melodic information, gamma
oscillations revealed an altered recruitment of the right dorsolat-
eral prefrontal cortex in amusics for the more difficult memory
task (contour task). Finally, these altered responses observed in
both encoding and retention of the melodic information of S1
were associated to an altered retrieval of the melodic information:
amusics showed reduced brain responses elicited by the changed
tone of the second melody (S2) in a bilateral fronto-temporal
network. As predicted on the basis of previous findings (Hyde
et al., 2006, 2007; Loui et al., 2009), we observed brain mor-
phological anomalies in terms of white matter concentration and
grey matter concentration in the right inferior frontal gyrus as
well as in the right superior temporal gyrus of amusic partici-
pants in comparison to control participants. The convergence be-
tween functional and structural brain differences provided
evidence for abnormalities in a fronto-temporal pathway
(including functional anomaly in the auditory cortex) associated
with the pitch encoding and short-term memory dysfunctions in
congenital amusia.

Brain 2013: 136; 1639-1661 | 1655

Short-term memory deficit in
congenital amusia

Control participants' performance was high for both the contour
task and transposition task. Amusic participants’ performance was
unimpaired for the transposition task, but was strongly impaired for
the contour task (all amusic participants exhibited a deficit in com-
parison with control participants). Pitch discrimination deficits can be
excluded as the sole origin of the impaired performance as several
amusics' pitch thresholds were comparable to control subjects’ pitch
thresholds (see also Tillmann et al., 2009). Additionally, we
observed impaired short-term memory in amusics in comparison
to control subjects even for changed tones of large interval sizes
in the contour task (i.e. the large changes were superior to all
amusics' pitch discrimination threshold), thus allowing us to argue
that the deficit in short-term memory performance for the contour
task was not merely a consequence of increased pitch discrimination
threshold in amusics. The impaired performance of amusics in the
contour task is in agreement with previously reported deficits in the
short-term memory of tones (Gosselin et al., 2009; Tillmann et al.,
2009; Williamson and Stewart, 2010; Williamson et al., 2010) and
suggests that amusic individuals experience difficulties in maintain-
ing the memory trace of melodic contour information.

Structural abnormalities in the
amusic brain

VBM analyses revealed decreased white matter concentration and
increased grey matter concentration in the right inferior frontal
gyrus (BA 47) of amusics (relative to control subjects). These find-
ings are in agreement with Hyde et al. (2006, 2007), who sug-
gested that cortical abnormalities in the amusic brain might occur
consequently to an anomaly in cortical development. Amusics’
white matter abnormalities are hypothesized to reflect anomalous
connectivity between auditory and frontal cortical areas (Hyde
et al., 2006, 2007, 2011; Loui et al., 2009). This hypothesis was
also supported by the positive correlation between white matter
concentration in right inferior frontal gyrus and right superior tem-
poral gyrus in amusic participants of our present study. Moreover,
our present data revealed less grey matter concentration in the
right superior temporal gyrus for amusics in comparison with con-
trol subjects; this result contrasts with cortical thickness data of
Hyde et al. (2007). This opposite result pattern can be related to
the methodological differences between cortical thickness and
VBM. In other domains, several studies have demonstrated oppos-
ite result patterns in a given brain region when comparing cortical
thickness or VBM measures. For example, Park et al. (2009) found
a significant reduction of grey matter concentration in the primary
and associative visual cortices in a group of blind participants using
VBM. However, using cortical thickness and surface area measures
in the same group of participants, they found a thicker cortex in
the same areas. The authors attributed these volumetric atrophies
to the decreased cortical surface area despite increased cortical
thickness. They proposed that the two measures are complemen-
tary and might differently reflect morphological alteration during
the developmental period (see Jiang et al., 2009, for converging
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evidence of opposite results when comparing data obtained with
the two methods). Combining these different approaches of cor-
tical anatomy in amusia remains to be done within the same par-
ticipants, but nevertheless, the present data agreed with Hyde
et al. (2007) in revealing structural abnormalities in the right su-
perior temporal gyrus of the amusic brain for grey matter
concentrations.

Encoding of melodies in congenital
amusia

Source reconstruction of the N100m allowed us to disentangle
activity in bilateral auditory regions (in Heschl's gyrus/superior
temporal gyrus/planum temporale/planum polare) and in the
pars opercularis of the inferior frontal gyrus (BA 44). This obser-
vation is in line with numerous studies showing the major role of
these areas in music perception and memory (Zatorre et al., 1994;
Griffiths et al., 1999; Schulze et al., 2009; see also Griffiths, 2001;
Peretz and Zatorre, 2005 for reviews). For the N100m component,
the observed frontal generators are in line with previous EEG data
(N&atdnen and Picton, 1987; Alcaini et al., 1994; Giard et al.,
1994; Pantev et al., 1995; see Trainor and Unrau, 2012 for
review), suggesting that separate frontal and temporal neural sys-
tems mediating different processes could be activated during the
N1-time range. Further evidence comes from intracranial record-
ings (Edwards et al., 2005), which indicated that during the N1-
time range, the most strongly activated brain regions were not
only the superior surface of the temporal lobe, but also some
areas of the frontal lobe.

Note that in comparison with tone 1, tones 2 to 6 recruited a
more lateral part of Heschl's gyrus (and planum temporale). This
finding is in agreement with Patterson et al. (2002) showing that
the lateral part of the Heschl's gyrus is recruited by melodies in
comparison to fixed-pitch sequences, suggesting that this part of
the auditory cortex plays a role in melodic processing. It is well
known that bilateral auditory regions (including superior temporal
gyrus, Heschl's gyrus, planum polare and planum temporale) play
a critical role in the encoding of acoustic features of individual
tones (Griffiths, 1999, 2001) and in melody perception (Zatorre
et al., 1994; Liégeois-Chauvel et al., 1998) and are more strongly
recruited during high-load conditions, which require active re-
hearsal (Zatorre et al., 1994; Griffiths et al., 1999), such as retain-
ing a pitch in memory while subsequent tones are presented. In
addition to the participation of auditory cortices, Griffiths (1999,
2001; Griffiths et al., 2000) has suggested that higher-order audi-
tory patterns and information are analysed by distributed networks
including temporal and frontal lobes, which are necessary for
online maintenance and encoding of tonal patterns. For frontal
regions, the inferior frontal gyrus has been further suggested to
play a role in integrating sequential auditory events and in the
encoding of tonality (Zatorre et al., 1994; Griffiths et al., 1999;
Gaab et al., 2003; Peretz and Zatorre, 2005; Schulze et al., 2009,
2011).

For the first tone, source analyses revealed near-normal cortical
distribution and activity, both for the P50m (e.g. Yvert et al.,
2001) and the N100m components in the amusic brain. As also
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reported by Peretz et al. (2005, 2009) and Hyde et al. (2011), the
functioning of amusics’ auditory cortices was unimpaired for a
relatively simple acoustic task (the first tone of the sequence
was presented after a period of silence, and should thus largely
recruit non-specific components). However, latency analyses of
the N100m revealed slightly delayed inferior frontal gyrus re-
sponses in amusics in comparison to control subjects, thus provid-
ing new functional evidence of an altered fronto-temporal
network, even for the encoding of the first tone of a sequence.

For tones 2 to 6, the N100m differed between amusics and
control subjects in amplitude and latency in Heschl's gyrus/super-
ior temporal gyrus and inferior frontal gyrus, thus placing the def-
icit of the amusic brain early in the auditory processing stream.
Amplitude data revealed that amusic participants recruited less
strongly a bilateral fronto-temporal network than did control sub-
jects. This network has been previously shown to allow auditory
information to be processed, encoded, maintained on-line and
related to previous elements of a sequence (Zatorre et al., 1994,
2002; Griffiths, 2001; Janata et al., 2002a, b; Gaab et al., 2003;
Peretz and Zatorre, 2005). Observing an abnormal recruitment of
frontal (inferior frontal gyrus) and temporal (Heschl's gyrus/super-
ior temporal gyrus) regions during the encoding of tones 2 to 6 in
amusics can be taken as functional correlates of the deficit in
perception and memory of tone sequences in congenital amusia.
It might be argued that decreased attention could explain the
decreased N100m amplitude of amusics in the contour task.
However, two aspects of the data allow us to reject this argument:
(i) if amusics were paying less attention because, for example,
they found the contour task too difficult, the amplitude of their
N100m should have been attenuated in comparison with the
transposition task. However, no interaction between Group and
Task was observed for the N100m amplitude, thus suggesting that
participants’ attentional or task-related strategies did not have a
major influence on the amplitude differences in the present
N100m data; (i) the sustained evoked responses data revealed
that task-related (the difficult contour task versus the easier trans-
position task) attentional modulation is preserved in congenital
amusia. Indeed, this task effect on sustained evoked responses is
in line with the hypothesis that the contour task should involve
more attentional processes than the transposition task, as these
responses are known to be modulated by attention (Picton
et al., 1978; Bidet-Caulet et al., 2007). As there were no signifi-
cant main effect of group and no significant interactions involving
the group factor, the data pattern suggests that amusic partici-
pants maintained a sustained attention level, even for the difficult
contour task.

For tones 2 to 6, increased latency of the N100m was observed
in frontal and temporal regions for the amusic group (relative to
the control group). It can be interpreted as reflecting delayed
encoding of S1 in the amusic brain as well as impaired high-
level processing and stimulus representations (e.g. delayed re-
sponses associated with difficulties to maintain tone sequences in
memory). The most interesting point of these data is the increased
Heschl's gyrus latency for tones 2 to 6 in the amusic group.
Together with the amplitude data, this finding provides the first
evidence of functional abnormalities in the auditory cortex in con-
genital amusia.
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To further assess the differences between the two participant
groups during the encoding of the melodies, we used dynamic
causal modelling to investigate the effective connectivity between
the frontal and temporal sources of the N100m. Most approaches
of connectivity in the MEG/EEG literature use functional measures,
such as phase-synchronization, temporal correlations or coherence,
to establish statistical dependencies between activities in two dif-
ferent cortical areas. Although functional connectivity can be used
to establish statistical dependency, it does not provide information
about the causal architecture of the interactions. In dynamic causal
modelling, this influence is parameterized in a causal model, which
can then be estimated using Bayesian inference. Using the same
underlying cortical architecture, but differing between participant
groups in the modulations of specific connection types, we
observed decreased intrinsic connectivity for amusics in both audi-
tory cortices relative to control subjects, as well as increased con-
nectivity in amusics between the two auditory cortices, as
previously observed with functional MRI (Hyde et al., 2011).
These abnormalities observed in both intrinsic and lateral connec-
tions in the auditory cortex provide additional evidence of func-
tional anomaly of the auditory cortex in amusia (together with the
observed delayed N100m responses). More precisely, the observed
hyper-connectivity between the two auditory cortices in the
amusic brain might be a marker of the primary deficit, as also
observed in other developmental disorders (see Wolf et al.,
2010 for dyslexia; Hyde et al., 2011 for converging evidence in
amusia) or rather reveal compensatory mechanisms of the amusic
brain. The latter would suggest that amusics might compensate for
an impoverished processing in the right auditory cortex by recruit-
ing the contralateral auditory cortex. These functional abnormal-
ities in both auditory cortices were associated to decreased right
frontal-to-temporal connectivity in amusics. This decreased right
fronto-temporal connectivity is in agreement with the functional
MRI data from Hyde et al. (2011), showing decreased connectiv-
ity between right inferior frontal gyrus and right superior temporal
gyrus in amusics in comparison with control subjects during pas-
sive listening. Note that our present data, which are based on the
effective connectivity approach (as opposed to functional connect-
ivity used in Hyde et al., 2011), allow us to more precisely ascribe
abnormal brain responses in amusics to reduced backward con-
nections, but not forward connections.

Maintenance of melodic information in
memory

To investigate neural correlates of maintenance of tone informa-
tion in memory, we have analysed oscillatory synchronization in
the gamma frequency during the retention period. We observed
enhanced gamma-power in the right dorsolateral prefrontal cortex
in control subjects in comparison with amusics for the difficult
contour task. This finding is in agreement with previous data
showing that high-level representations of task-relevant informa-
tion are reflected in the gamma-frequency (Jensen et al., 2007),
and that increased gamma-frequency power in fronto-temporal
areas is related with short-term memory processing (Kaiser
et al., 2003). This hypothesis is also supported by the task

Brain 2013: 136; 1639-1661 | 1657

comparison for control subjects, showing that the contour task
recruited more strongly a bilateral frontal network involving the
inferior frontal gyrus. Moreover, this right-lateralized group effect
is in agreement with neuroimaging data showing that the dorso-
lateral prefrontal cortex participates in short-term memory and
working memory (Glahn et al., 2002; Jerde et al., 2011). Note,
however, that these modulations with tasks were not observed in
amusics, thus providing another evidence of altered processing of
melodic information in the amusic brain. In addition, for the easier
transposition task, increased gamma synchronization was observed
in the left inferior frontal gyrus and in the right temporo-parietal
junction in amusics in comparison with control subjects, suggesting
that the relative involvement of each hemisphere might differ be-
tween the two groups. The interaction between frontal and tem-
poro-parietal regions is known to be implicated in working
memory for musical material (Zatorre et al., 1994; Jerde et al.,
2011), and the present finding thus suggests that, in order to
perform as well as control subjects for the easier transposition
task, amusics had to recruit more strongly this network.
Following this hypothesis, we suggest that for the difficult contour
task, this compensatory strategy was not sufficient to overcome
the deficit in pitch memory.

Retrieval of melodic information

Source reconstruction of the event-related fields elicited by the
changed tone (difference wave between different trials and
same trials) allowed us to observe activity in bilateral superior
temporal gyrus and in the pars opercularis of the inferior frontal
gyrus (BA 44) in the control group. Observing that the same network
is recruited during encoding and retrieval of melodic information is in
line with research showing the role of these areas in music perception
and memory (Zatorre et al., 1994, 2002; Griffiths, 2001; Janata
et al., 2002a, b; Gaab et al., 2003; Peretz and Zatorre, 2005). The
present data revealed an abnormal recruitment of frontal (inferior
frontal gyrus) and temporal (superior temporal gyrus) regions
during the retrieval of melodic information in the amusic brain;
data that further reflect the functional correlates of the deficit in
short-term memory of melodic information in congenital amusia.

Convergence between functional and
anatomical data

MEG source locations revealing group differences were congruent
with bilateral fronto-temporal networks well-known to be involved
in short-term memory for pitch sequences (Zatorre et al., 1994;
Griffiths et al., 1999; Schulze et al., 2009), and attentive listening
to musical sequences (Janata et al., 2002b) (Table 3 and Fig. 12).
In the right superior temporal gyrus, anatomical group differences
were spatially congruent with the present MEG data, and activa-
tions peaks previously reported in positron emission tomography
(PET)/functional MRI studies investigating the active processing of
pitch sequences (i.e. short-term memory, attentive listening).
However, for frontal regions, anatomical and functional group dif-
ferences were observed in different parts of the inferior frontal
gyrus. VBM analyses (present data and data of Hyde et al.,
2006) revealed abnormal grey and white matter concentrations
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Table 3 MNI coordinates (mm) of fronto-temporal activations reported in previous functional MRI/PET and DTI studies

P. Albouy et al.

Reference Lobe Region Contrasts Hemisphere X y z
Zatorre et al., 1994  Frontal Insula/inferior frontal gyrus  Tone judgement-  Right 38 20 5
pars opercularis passive melodies
Left —31 22 8
Temporal  Superior temporal gyrus Passive melodies—scan-  Right 62 -25 3
ner noise
Griffths et al., 1999  Frontal Inferior frontal gyrus, pars  Pitch memory task—  Right 30 26 2
opercularis resting
Right 40 18 8
Left —48 10 4
Temporal  Heschl's gyrus Right 66 -30 6
Janata et al., 2002a  Frontal Inferior frontal gyrus, pars  Listen-resting state Right 45 15 5
opercularis
Right —38 19 5
Temporal  Superior temporal gyrus Listen—resting state Right 60 19 5
Attend-resting state Left —60 —15 5
Left —-52 -19 5
Hyde et al., 2011 Frontal Inferior frontal gyrus, pars  Amusics-control ~ sub-  Right 34 32 2
opercularis jects, pitch changed —
fixed pitch
Temporal ~ Heschl's gyrus/planum  Pitch  co-variation in  Right 56 —-12 4
temporale control subjects
Planum temporale Pitch  co-variation in  Right 60 —-18 8
amusics
Heschl's gyrus/planum Left —-44 -30 8
temporale
Loui et al., 2009 Frontal Inferior frontal gyrus, pars regions for  Right and left
opercularis tractography
Temporal  Posterior superior temporal Right and left
gyrus

The first three studies were run with typical individuals, whereas the last two studies compared amusics and control groups.

in the amusic brain in the anterior part of the right inferior frontal
gyrus (BA 45/47; Fig. 12), whereas the MEG data revealed func-
tional abnormalities in more posterior parts of bilateral inferior
frontal gyrus (BA 44) during encoding and retrieval of melodic
information (S1 and S2), and in a more dorsal part (BA9/46)
during the retention. The anterior part of the right inferior frontal
gyrus has also been shown to exhibit abnormal blood oxygen
level-dependant deactivation in the amusic brain during passive
listening to tone sequences (Hyde et al., 2011). The posterior
part of the inferior frontal gyrus was used by Loui et al. (2009)
as a seed region for DTI tractography revealing an anomalous
connectivity in the right arcuate fasciculus in congenital amusia
(Fig. 12 and Table 3).

For music processing, these different subregions of right inferior
frontal gyrus have been previously reported in typical individuals’
brains (e.g. Maess et al., 2001; Koelsch et al., 2002 for BA 44;
Levitin and Menon, 2003 for BA 45/47; Tillmann et al., 2003,
2006). Hyde et al. (2006, 2011) discussed their VBM and func-
tional MRI data of amusic participants in link with two subregions
involved in music perception and structure processing. They sug-
gested that BA 44 and BA 45/47 are part of the same network of
right inferior frontal cortex and are involved in pitch sequence
perception and integration. Similarly, Hagoort (2005) discusses
the role of the left inferior frontal gyrus in language processing
by regrouping BA 44, 45 and 47, notably their role in enabling the

integration of structural information. While for language process-
ing, subregions have also been specified for their respective roles
in syntactic processing and phonological memory (BA 44) and se-
mantic processing (BA 45/47) (Friederici, 2002, 2012), research in
music processing still needs to investigate more specifically the
respective roles of these subregions in right inferior frontal gyrus
for pitch perception and memory in both normal-functioning and
amusic brains.

Conclusion

In congenital amusics, N100m components were abnormal and
strongly delayed in bilateral inferior frontal gyrus and Heschl's
gyrus/superior temporal gyrus during the encoding of melodies,
frontal gamma synchronization was decreased during the retention
of melodic information, and fronto-temporal responses were
altered during the retrieval of this information. These functional
anomalies were related to abnormal grey matter and white matter
concentrations in the same brain regions and to a deficit in
memory processing observed at the behavioural level. This data
set is in agreement with current hypotheses about the role of
frontal and temporal structures (including auditory cortices) and
of the fronto-temporal pathway in music processing, as well as
its impairment in this ‘musical handicap’. The present study
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Figure 12 Comparison of MEG and VBM group differences observed in the present study (A in red and purple) with previous functional
MRI (B) and DTI (C) studies comparing control subjects and amusics and with activation peaks observed in previous studies using PET or
functional MRI in typical individuals (D) (Table 3). (B) Coordinates of the functional group difference in the right inferior frontal gyrus and
of pitch co-variation data for both amusics and control subjects in the auditory cortex (Hyde et al., 2011, circles; Table 3). (C) Approximate
location of the posterior inferior frontal gyrus (pIFG) and posterior superior temporal gyrus (pSTG) seed regions used in the tractography
study by Loui et al. (2009) (bold dotted lines and plain dotted line, respectively). Note that these regions were manually selected by a
neurologist who was blind concerning the protocol and previously reported activations. (D) Coordinates of activations obtained with pitch
material during auditory short-term memory tasks (Zatorre et al., 1994, squares; Griffths et al., 1999, triangles), attentive listening (Janata
et al., 2002, stars), and passive listening (Zatorre et al., 1994, squares). Right-oriented bars = short-term memory; left-oriented bar-

s = pitch perception and memory; horizontal bars = attentive listening; white background = passive listening. Activations are displayed on
the single subject T, image provided by SPM8. The figure depicts activation with coordinates that were 2 mm up or down the central slice.
R =right; L = left; A = anterior; P = posterior); PET = positron emission tomography.

improves our understanding not only of congenital amusia itself,
but also, more generally, of typical brain functioning related to
auditory perception and memory, as well as music processing. In
particular, control participants’ data reveal that the same bilateral
fronto-temporal areas were recruited during the different stages of
encoding, maintenance and retrieval of auditory information, sug-
gesting the same networks are involved in these different aspects
of melody processing and memory representation. Research inves-
tigating the neural correlates of music processing is an expanding
research domain that also addresses the question of shared neural
correlates with language processing (Patel, 2003, 2008). This com-
parison can also be extended to the understanding of develop-
mental language impairments in parallel to the present musical
impairments (as previously suggested by Hyde et al., 2006).
Beyond providing new data for the understanding of the deficits
in the amusic brain, our data raises issues about the cerebral cor-
relates of developmental disorders in general, notably by

suggesting that cerebral correlates of related deficits can be
observed already in early brain responses. This later point repre-
sents a major contribution to the comprehension of neural correl-
ates underlying congenital amusia as previous data have suggested
that the functional neural anomaly mainly lies outside the auditory
cortex (Peretz et al., 2005, 2009; Moreau et al., 2009; Hyde
et al., 2011).
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