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The amusic brain: in tune, out of key, and unaware

Isabelle Peretz,"* Elvira Brattico,”* Miika Jirvenpid® and Mari Tervaniemi’

1 BRAMS Laboratory and Department of Psychology, University of Montreal, C.P. 6128, succ. Centre-ville, Montreal, Québec, Canada H3C 3J7
2 Cognitive Brain Research and Unit Helsinki Brain Research Centre, Department of Psychology, University of Helsinki, Helsinki, Finland

*These authors contributed equally to this work.

Correspondence to: Isabelle Peretz,

BRAMS Laboratory and Department of Psychology,
University of Montreal,

C.P. 6128, succ. Centre-ville,

Montreal, Québec,

Canada H3C 3J7

E-mail: isabelle.peretz@umontreal.ca

Like language, music engagement is universal, complex and present early in life. However, ~4% of the general population
experiences a lifelong deficit in music perception that cannot be explained by hearing loss, brain damage, intellectual deficien-
cies or lack of exposure. This musical disorder, commonly known as tone-deafness and now termed congenital amusia, affects
mostly the melodic pitch dimension. Congenital amusia is hereditary and is associated with abnormal grey and white matter in
the auditory cortex and the inferior frontal cortex. In order to relate these anatomical anomalies to the behavioural expression of
the disorder, we measured the electrical brain activity of amusic subjects and matched controls while they monitored melodies
for the presence of pitch anomalies. Contrary to current reports, we show that the amusic brain can track quarter-tone pitch
differences, exhibiting an early right-lateralized negative brain response. This suggests near-normal neural processing of musical
pitch incongruities in congenital amusia. It is important because it reveals that the amusic brain is equipped with the essential
neural circuitry to perceive fine-grained pitch differences. What distinguishes the amusic from the normal brain is the limited
awareness of this ability and the lack of responsiveness to the semitone changes that violate musical keys. These findings
suggest that, in the amusic brain, the neural pitch representation cannot make contact with musical pitch knowledge along the
auditory-frontal neural pathway.

Keywords: congenital amusia; conscious awareness; pitch perception; auditory ERPs; melodies

Abbreviations: ERAN =early right anterior negativity; ERPs = event-related potentials; IFG = inferior frontal gyrus; MBEA = Montreal
battery of evaluation of amusia; MRI=magnetic resonance imaging; VBM = voxel-based morphometry

musical system, either in part or at all. This condition concerns 4%
of the general population (Kalmus and Fry, 1980) and is termed

Introduction

Humans are born with the potential to both speak and make
music. For the majority of individuals who are musically untrained,
this fundamental human trait is expressed by avid music listening,
and occasional dancing and singing. The propensity to engage in
music ultimately gives rise to a sophisticated music processing
system that is largely acquired implicitly by experience (Peretz,
2006). However, a minority of individuals never acquire this core

congenital amusia (Peretz, 2001). This disorder is akin to other
developmental disorders, such as congenital prosopagnosia, dys-
calculia, dysphasia and dyslexia, and is thought to result from a
musical pitch disorder. In many laboratories, including our own,
the test that is most diagnostic of amusia requires participants to
detect out-of-key notes in conventional but unfamiliar melodies.
A behavioural failure on this test is diagnostic because there is
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typically no overlap between the distributions of the scores of
amusics and controls (Ayotte et al., 2002; Hyde and Peretz,
2005). This musical pitch disorder represents a clear-cut pheno-
type that serves to identify the associated neuro-genetic factors
(Peretz et al., 2007). The goal of the present study was to specify
the neural dynamics of this pitch disorder in a musical context.

Various methods can be employed to uncover a possible brain
anomaly in amusics. Among these, we have used MRI-based brain
structural analyses and electroencephalography (EEG). Both
methods were very informative. First, voxel-based morphometry
(VBM) was used to detect anatomical differences in amusic brains
relative to musically intact brains, by analysing MRIs from two
independent samples of subjects (13 amusics from Montreal
and 8 amusics from the UK). The results were consistent across
samples in highlighting a reduction in white-matter concentration
in the right inferior frontal gyrus of amusic individuals (Hyde et al.,
2006). However, this VBM study also revealed associated
increases in grey matter in the same right inferior frontal gyrus
(IFG) region of amusics. The objective of a second study was to
better understand this morphological brain anomaly by way of
cortical thickness measures that provide a more specific measure
of cortical morphology relative to VBM. We found that the same
amusic subjects have thicker cortex in the right IFG and the right
auditory cortex relative to musically intact controls (Hyde et al.,
2007). These cortical thickness differences suggest the presence
of cortical malformations in the amusic brain that may have
compromised the normal development of a right fronto-temporal
pathway.

There is, however, an inherent uncertainty with regard to
the conclusions that can be drawn from anatomical-functional
relationships. Therefore, it is important that anatomical measure-
ments be supported by functional investigations. To this aim, we
measured electrical brain potentials (ERPs) in amusic individuals
while they were monitoring five tone sequences for the presence
of a pitch change (Peretz et al., 2005). We found that the amusic
brain did not respond to pitch deviances smaller than one
semitone, whereas a normal brain did so reliably. In contrast,
the amusic brain ‘over-reacted’ to large pitch changes, by eliciting
a N2 (that was not present in normals) and a P3 that was almost
twice as large as that observed in controls' brains. This altered
pattern of electrical activity did not seem to arise from an anom-
alous functioning of the auditory cortex, because the N1 compo-
nent appeared normal; the altered electrical brain potentials might
reveal difficulties that occur in later stages along the auditory
pathway, such as in the frontal regions. These electrophysiological
data are consistent with the anatomical findings in highlighting
a possible dysfunction of the right temporo-frontal pathway.
Note that the normal N1 did not provide relevant evidence regard-
ing pitch processing. This is because the N1 observed in our 2005
study (as well as here) was only sensitive to the large pitch
changes (over one semitone), not to the small pitch changes
(such as the quarter-tone distance used here), even in controls.
This limited sensitivity of N1 to pitch distance is not specific to our
studies. The observation of tonotopic effects on N1 requires large
(over an octave) pitch differences between tones with relatively
long Inter-Stimuli-Intervals (over 15). In general, the major part of
the N1 component reflects the detection of sound transitions,
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providing information about stimulus onsets and, for long duration
stimuli, also about offsets (Ndatdnen and Winkler, 1999).

The goal of the present study was to extend these findings
obtained in an acoustical context to a musical context while
using the same Event-related Potentials (ERP) technique. To this
aim, we presented the unfamiliar melodies used previously for the
diagnosis of amusia (Peretz et al., 2003, 2007, 2008) and inserted
anomalous pitches to be detected. The anomalies consisted of
an altered tone in the melody so that it was either mistuned by
a quarter tone or was outside the key. In such a musical context,
pitch deviations do not depend so much on absolute pitch height
but rather on their membership to the key of the melody. Even
listeners with little or no formal training in music are quite sensitive
to this key structure. Unless one is born amusic, as mentioned
previously, everyone can recognize the mistakes of an inexper-
ienced pianist, especially when the erroneous tones are outside
the original key, hence violating the expectations provided by
the tonal structure (Cuddy et al., 1979; Trainor and Trehub,
1992). There is nothing inherently wrong with these out-of-key
violations; they would sound perfectly in tune if heard in a differ-
ent context, that is, in a different key. The only reason the tones
sound incongruous is because of the listener's expectation of in-
key (diatonic) tones, which arises from the activation of tonal key
schemas typically used in Western music. However, tones can also
deviate from these tonal schemas by departing from the semitone
distance, which is the building block of musical keys. One
frequently used violation in studies of music cognition is the
quarter tone. A quarter-tone deviation from the equal-tempered
chromatic tone (or mistuning) is judged to be out of tune (or
anomalous) in both tonal and atonal music by musicians and
non-musicians alike (Umemoto, 1990) and can be detected even
in the absence of attentive listening (Brattico et al., 2006).

Hence, in a normal brain, the out-of-key as well as the out-of-
tune tone inserted in a typical (hence tonal) melody of the
Western tradition should sound incongruous. Such pitch incon-
gruities elicited an early frontal negativity that was followed by
a parietal positivity (P600) in normal students who were rating
the melodies for incongruency (Brattico et al., 2006). Both the
negative and positive deflections were larger for the more salient
out-of-tune pitch than the less salient out-of-key pitch. We pre-
dicted that amusics would be unable to detect the out-of-key
notes, which in turn would not elicit any brain response, negative
or positive. For the mistuned pitches, predictions were less
straightforward, hence potentially more interesting. In our prior
study, amusics were able to detect quarter-tone deviations in
five repeating tone sequences with an accuracy of 70% (Peretz
et al., 2005). Yet, we found no evidence of brain responses to
these small pitch changes. It is possible that the richer melodic mate-
rial used here facilitates the detection of mistuned pitches, enhan-
cing the chances to obtain brain responses to pitch deviations.

Methods

Participants

Eight amusic adults and nine matched controls (with no musical
education and no musical impairment)—who had participated in the
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Table 1 Mean age, education and gender are presented
for each group

Amusic Control t-test
(n=8) (n=9)
Age (years) 58.0 (4.4) 59.0 (11.9) NS
Gender 2M, 6F 2M, 7F
Education (years) 17 (1.8) 17 (1.7) NS

MBEA (Peretz et al., 2003)
Global score (percent correct) 61.9 (7.7) 88.3 (6.6) P<0.001
Melodic score 57.2 (5.7) 86.8 (8.8) P<0.001
On-line test (Peretz et al., 2008)

Out-of-tune 61.3 (11.9) 93.3 (4.3) P<0.001
Out-of-scale 51.2 (16.5) 87.5 (11.2) P<0.001
Out-of-time 67.9 (19.8) 76.0 (8.7) NS

The mean percentages of correct responses (SDs) obtained on the full MBEA
(global score) and the three MBEA melodic tests are presented for the eight
amusics and their nine matched controls, and on the new on-line perceptual test
(see text for more information). Chance level is 50% in all tests. Control data for
the on-line test are from 13 subjects who did not participate to the present study
(mean age: 57; 6M, 9F; mean education: 16.5). Group differences were assessed
by way of bilateral ¢-tests.

prior ERP study (Peretz et al., 2005)—were tested (see Table 1 for
their background information). They were considered as amusic
(or not) on the basis of their scores on the Montreal Battery of
Evaluation of Amusia (MBEA; Peretz et al., 2003). Informed consent
was obtained from all participants. The battery involves six tests (180
trials) that assess various music processing components. Three tests
assess the ability to discriminate pitch changes in melodies (melodic
tests) and three tests assess the ability to discriminate rhythmic
changes, meter and memory. Each amusic tested here obtained a
global score as well as a melodic score that were 2 SDs below controls
(Table 1). In addition, all but one amusic participants were unable to
detect out-of-tune (quarter tone) and out-of-key tones in the melodies
while they obtained scores in the normal range in the detection of
time violations in the same melodies (Table 1). The amusic person who
obtained a normal score on this diagnostic test can still be considered
as amusic because the melodic score (55.6%) on the MBEA was three
standard deviations below that of normals. Her pattern of performance
on the MBEA suggested that she had a pitch memory problem.
The perceptual test that assesses on-line detection of pitch and time
incongruities in melodies has been used as an on-line screening test for
the presence of amusia in a family aggregation study (Peretz et al.,
2007) and has been validated in a sample of more than 200 subjects
(Peretz et al., 2008). Note that both the MBEA and the on-line test
use the same melodies as used here. Furthermore, the on-line test
also requires subjects to detect if there is an ‘incongruent note’, as
done here. However, in the on-line test, a simple yes/no response is
required whereas here, for the first time, a rating scale was used.
The use of a rating scale was motivated by the possibility that ratings
might reflect degrees of sensitivity to the presence of pitch incongrui-
ties. These graded behavioural measures can be more easily compared
with brain responses, which are typically more fine-grained.

Materials and procedure

Amusic and control subjects were presented with the same melodies as
used in a prior study with students (Brattico et al., 2006). There were
160 melodies, all computer-synthesized with the timber of piano, using
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26 different pitches of the equal-tempered scale and nine different
semitone intervals. The melodies were derived from a set of 40 unfa-
miliar melodies that sound typically Western. All had a metrical
rhythm, contained four bars and had notes from only one major key
with no silence between tones. The melodies lasted from 3 to 7s
(mean: 5s). These melodies were considered congruous and were
repeated once. They were randomly mixed with the same 80 melodies
in which 40 target tones were played out-of-key and 40 target tones
were mistuned by a quarter tone (see Fig. 1 for an example). The
target tone is the first beat of the third bar; its duration is constantly
500 ms across stimuli.

The 160 stimuli were presented to the subjects through Sennheiser
HD450 headphones in a quiet room, at an intensity level of 70dB
SPL-A, with an interstimulus interval of 4s. During this interval,
subjects were required to judge whether there was an anomalous
note (a '‘wrong’ note) by using a rating scale from 1 (highly incon-
gruous) to 7 (highly congruous). They were provided with four exam-
ples and were tested individually. Subjects were further requested to
blink at the end of each sequence, to view their answer sheet, and to
remain relaxed.

While the subjects listened to the melodies, the EEG was continu-
ously sampled at 256 Hz from 60 electrodes (0.5-50Hz online filter
and 0.5-25Hz offline bandpass filter, 24 dB/octave; nose reference)
via an InstEP amplifier. Bipolar electrode pairs monitored horizontal
and vertical electro-oculograms. Offline, the EEG contaminated by
eye and movement artefacts was corrected, and the signals were
filtered and baseline corrected. Independent component analyses
were used to isolate the components due to non-encephalic artefacts
(Jung et al., 2000) which were reconstructed. The number of artefact-
free responses was 76.0+6.6 for the congruous, 38.1+£3.8 for the
out-of-key and 38.5+4.2 for the out-of-tune condition in amusics,
and 78.9+1.5, 39.2+1.0, 39.6£0.7, respectively, in controls. The
EEG was divided into epochs of 1000 ms including a 100 ms baseline
activity before the onset of the target note.

The resulting ERPs time-locked to the onset of the target tone from
the individual waveforms were analysed, irrespective of performance,
at electrodes F3, Fz, F4, FC3, FCz, FC4, C3, Cz, C4, P3, Pz, P4, PO3,
POz, PO4. ERPs were quantified as mean amplitudes of 40 ms around
the individual peaks obtained within 180-300ms for N200 and
600-780ms for P600, relative to a 100ms baseline activity before
the target tone onset. The mean amplitudes were subjected to ana-
lyses of variance with repeated measures. The mean latencies were
similarly analysed. Since latency measures did not differ between
groups nor across conditions (F < 1), their analyses are not reported.
The original degrees of freedom for all analyses are reported in the
article. Type | errors associated with inhomogeneity of variance
were controlled by decreasing the degrees of freedom using the
Greenhouse-Geisser epsilon, and the probability estimates are based
on these reduced degrees of freedom. Post hoc tests were conducted
by Fisher's least-significant difference (LSD) comparisons.

Results and comments

The behavioural results confirm that five out of eight amusics
have difficulties detecting pitch anomalies in melodies, while
control subjects could easily distinguish conventional melodies
from those containing a mistuned or an out-of-key altered tone
(Fig. 1). This was supported by an ANOVA that yielded an inter-
action between pitch Category and Group, with F(2,30)=8.88,
P <0.005. The effect of pitch Category was highly significant in
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Figure 1 Example of a congruous melody (A), an incongruous melody with an out-of-key tone (B) and a mistuned tone by a quarter
tone (4 in C). Target tones were 500 ms long. The mean ratings given by each amusic and each control subject, as a function of the
target tone condition, are presented below. Bar indicates standard error.

controls, with F(2,16)=41.39, P<0.001. Controls found both
the out-of-key and out-of-tune changes less congruent than the
diatonic changes (both P<0.001 by bilateral ¢-tests), and the mis-
tuning more incongruent than the out-of-key changes (P<0.001).
In contrast, five amusics judged all melodic stimuli congruent
irrespective of their category, whereas three of them were able
to distinguish the melodies with pitch violations (Fig. 1). Among
these ‘pitch sensitive’ amusics, two had failed on the on-line test,
which used the same melodies and the same pitch violations (with
62.5% correct in both cases). The surprisingly high score observed
here in three out of eight amusics suggests that the use of a
graded scale and/or a larger number of stimuli (160 here versus

48 in the on-line test) might be well suited to reveal melodic
pitch discrimination abilities in amusia. Indeed, as discussed in
the participants’ section above, there is no reason to consider
these three ‘pitch-sensitive’ amusics as representing a distinct
type of amusia. Moreover, they represent a minority of amusics;
most amusics remain largely deaf to melodic pitch incongruities.
As predicted, the behavioural difficulty in detecting pitch incon-
gruities in melodies between amusics and normals is mirrored by
the late positive components of the event-related potentials
(Fig. 2). This was confirmed by a four-way ANOVA considering
Group (amusics, controls), pitch Category (congruous, out-of-tune
and out-of-key), Frontality (frontal, fronto-central, central, parietal
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Figure 2 Grand-average ERPs for amusics and controls, time-locked to the onset of the target tone, recorded at the 15 electrodes used

in the statistical analysis.

and parieto-occipital electrodes) and Laterality (left, middle, right
electrodes). In controls, both the out-of-tune and out-of-key tones
elicited a large positivity relative to the congruous tone,
F(2,16)=8.8, P=0.01 by the four-way ANOVA, the positivity
being larger for the mistuned pitch (P<0.05). In amusics, includ-
ing the three who showed sensitivity to pitch anomalies in their
ratings, there was no such late positivity [F(2,14)=2.4, NS; see
Fig. 4 for individual datal. This difference in P600 between
controls and amusics was significant, F(2,30)=3.7, P=0.04 for
the Group by pitch Category interaction. The time-window,
morphology, and scalp distribution of the observed late positivity

correspond to the P600 component of the event-related poten-
tials, indexing the attentive, possibly conscious, processes of inte-
gration and re-parsing of the incongruous event into the musical
context (Besson and Faita, 1995; Patel et al., 1998; Brattico et al.,
2006). Our results, thus, indicate that this process occurs in
controls and not in amusics.

Interestingly, in both controls and amusics, the out-of-tune tone
elicited a larger early negativity as compared to the congruous tone
(see the peaks marked as N200 as recorded at FC4 in Fig. 3). This
was confirmed by the ANOVA considering Group (amusics, con-
trols), pitch Category (congruous, out-of-tune and out-of-key),
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Figure 3 Grand-average ERPs at the FC4 and Pz electrodes in amusics (A) and in controls (B). The N200 and P600 are indicated by an
arrow. Below (C), the voltage maps from grand-average difference waves obtained at 235-242 ms for the out-of-tune condition minus

the congruous condition.

Frontality (frontal, fronto-central, central, parietal and parieto-
occipital electrodes) and Laterality (left, middle, right electrodes).
The early negativity, here termed N200, was significantly larger
for the mistuned pitches, F(2,30)=9.9, P=0.001, in both amusics
and controls (the interaction with Group being F<1). This N200
response to mistuning also reached significance in the five amusics
who showed no pitch sensitivity in behaviour (with t(4)=4,
P=0.02 and Z=-2, P=0.04, by paired t-test and Wilcoxon rank
test, respectively, as measured at FC4). This early negativity was
also larger for the out-of-key tone in controls (P<0.05) but not in
amusics (P>0.05 by post hoc least-significant difference com-
parisons). As can be seen in Fig. 4, the N200 for the mistuned
tone was present in all but one amusic and was unrelated to the
congruency ratings, with r=0.09 and 0.07 for Pearson and
Spearman correlation, respectively. The N200 was also larger on
the right than the left side of the brain, F(4,60)=3.1, P<0.05, for
the interaction between Laterality and pitch Category in both
controls and amusics. The N200 was also slightly more anterior
in the amusic than in the control brain, F(8,120)=2.3, P<0.05
for the interaction between Group, pitch Category and Frontality.
The different scalp distribution, summarized in Fig. 3, most likely
reflects the modulation of the early event-related potential deflec-
tions by the late positivities seen in controls but not in amusics.

The time-window, morphology and laterality of the N200
wave are typical of the family of negative change-related ERPs,
which includes, among others, the mismatch negativity, the N2b,
and the Early Right Anterior Negativity (ERAN). All can index the
neural detection of an unexpected pitch in melodic contexts
in normal subjects (Brattico et al., 2006; Miranda and Ullman,
2007).

Note that the N200 was slightly larger for the out-of-key tone
than the congruous tone at F4 in amusics (P=0.06 by post hoc
LSD comparison). This N200 was only marginally significant at F4
while in controls the N200 for out-of-key tones reached signifi-
cance at several electrodes (F3, FC3, FCz, FC4, C3, C4, P3, Pz, P4,
with P<0.05 by post hoc LSD comparisons). Therefore, this indi-
cation of a brain response to out-of-key notes in amusics was
considered as weak evidence for emerging processing of musical
pitch in terms of keys and was not further discussed. Future
research should aim at replicating this finding.

In order to further statistically assess the major ERP findings of
the present study, an additional ANOVA was conducted by con-
sidering only Group (controls, amusics), a subset of Pitch category
(out-of-tune, congruous), and Time window (N200at FC4,
P600at Pz) as factors. This analysis confirmed the presence of a
normal N200 for the mistuned tone in the absence of a normal
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INDIVIDUAL AMPLITUDES AT 180-300 MS IN AMUSICS
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subtraction of the congruous condition. Amusics and controls did not differ in the congruous condition [¢(15)=1.75, NS].

P600 in amusics by yielding a significant interaction between the
three factors considered, F(1,15)=5.4, P=0.03.

Note that the first negative component, which peaked at
around 110ms from stimulus onset with maximal amplitudes at
central regions, did not differ between pitch categories. Thus, we
conclude that it corresponds to the N1 obligatory response to
tone onset. A second N1 peak occurred at 620ms, as a neural
response to the onset of the next sound (always following the
target tone by 500ms). This second N1 was modulated in
amplitude by the previous neural events, and thus was not
studied separately.

Discussion and conclusion

Results show that the amusic brain can track quarter-tone pitch
differences by exhibiting an early right-lateralized negative brain
response, here termed N200. This is the first demonstration of
near-normal neural processing of musical pitch incongruities in
congenital amusia. It is important because it reveals that the
amusic brain is equipped with the essential neural circuitry to
perceive fine-grained pitch differences. What distinguishes the
amusic from the normal brain is the absence of awareness of
this ability. Thus, the amusic brain appears to be more in tune
than conscious perception reveals.

The capacity of the amusic brain to respond to quarter-tone
changes, as indexed by the early negative brain responses elicited
by mistuned tones in all but one amusic participant, can be related
to frequency of occurrence. Indeed, the mistuned pitches were
rare events within and across the presented melodies (with a prob-
ability of occurrence of 2.4 and 5.4% in terms of pitch heights and
intervals, respectively). In contrast, the out-of-key tones, that did
not elicit clear brain responses in amusics, occurred frequently
(76% in terms of both pitch height and intervals) because
melodies are constructed with the same pitch heights and scale
steps (even though the melodic tones used 26 different pitches
and 9 interval sizes across the entire set). Thus, auditory sensory
memory could have established a sensory memory trace for the
most frequent intervals in terms of semitones, rather than quarter
tones. In this melodic context, the mistuned pitches, by introdu-
cing quarter-tone intervals, may have created a frequency mis-
match negativity (e.g. Saarinen et al., 1992). Accordingly, the
N200 observed in both amusics and controls for the mistuned
pitches may correspond to the mismatch negativity elicited by
low probability events in complex auditory patterns (e.g. Bonte
et al., 2005). Thus, the presence of a mismatch negativity for
mistuned pitches provides evidence that the amusic brain is
sensitive to frequency of occurrence of fine-grained pitch differ-
ences in a musical context.

This sensitivity of the amusic brain to compute fine-grained
pitch differences seems to occur without awareness. Indeed, the

1202 YOJel\ 8 U0 1sonB Aq $20/GE/2.Z1/S/ZE L/OI10IE/UIRIC W00 dNO™DlWapeoe)/:Sdy WO) POPEOJUMOQ



1284 | Brain 2009: 132; 1277-1286

N200 to mistuned tones was visible in the individual waveforms of
all but one amusic. This brain response was not followed by a late
positive component (P600) as observed in normal brains. The
P600 was also missing in the three amusics who showed sensitivity
to the pitch violations in their ratings. Informal interactions with
these three ‘pitch-sensitive’ amusics indicated that they were not
aware of anything wrong in the melodies; they just felt sometimes
that the melody was ‘weird’ without being able to go beyond
such statements. Thus, their ratings might also reflect (implicit)
perception without awareness.

Implicit perception without awareness may be related to a reduc-
tion of attentional resources in amusia. However, as observed
in our earlier study (Brattico et al., 2006), the kind of pitch
incongruities examined here do not seem to require attention.
Moreover, if amusics were paying less attention to the melodies,
the amplitude of their N200 to the mistuned tones should have
been attenuated as compared with normal controls (as found in
Loui et al., 2005). This was not the case. Future research should
determine the extent to which attention and musical context mod-
ulate pitch perceptual abilities in amusia. In particular, implicit or
indirect behavioural measures should be used in order to track the
graded nature of conscious experience, as recently done by
Tillmann and collaborators in a brain-damaged case (Tillmann
et al., 2007) and discussed by Seth and collaborators (2008).
Nevertheless, the N200 indicates that the auditory cortex in the
amusic brain is able to compute very fine-grained pitch differ-
ences and use the statistical regularities of these basic acoustical
properties to monitor melodies on-line. However, this normal,
early process does not seem to reach higher, conscious stages of
processing in amusic individuals.

The finding of an early N200 response to fine-grained pitch
differences in amusics raises the question of the nature of the
neural representation that supports it. One possibility is that
pitch sensitivity is normal in congenital amusia and lack of confi-
dence is the origin of the observed behavioural failures. Amusic
subjects are often under-confident about their perceptual experi-
ences. They may treat uncertainty as a lack of perception and
report no awareness even when more objective measures show
that they can detect the presence of a change to some extent.
Such differences in confidence might have contributed to the
dissociation that has been recently observed between impaired
pitch discrimination and preserved pitch singing in amusic cases
(Loui et al., 2008). Another possibility is that the neural represen-
tation of pitch is accurate but too weak to support reliable dis-
crimination. Our prior event-related potential findings in the same
amusic participants (Peretz et al., 2005) are compatible with both
accounts. The absence of brain responses to quarter-tone pitch
differences may have been masked by the presence of abnormally
large N2-P3 responses to the conscious detection of large pitch
changes. Based on the present findings, one can predict that a mis-
match negativity should be observed for quarter-tone changes
when amusics must ignore the stimuli. Nevertheless, the observa-
tion of a mismatch negativity will not distinguish between a
sensitivity or confidence account of the brain responses to
pitch deviance in amusia. What is needed is evidence from other
neuroimaging methods, such as fMRI.

|. Peretz et al.

As demonstrated here, neuroimaging methods can provide
insights that would be unattainable using strictly behavioural
measures (Hannula et al., 2005). For example, automatic percep-
tion of fearful faces and corresponding amygdala activation can be
observed in patients with neglect syndrome. Such patients show
amygdala activation for neglected stimuli (which they cannot
report; Vuilleumier et al., 2001). Similarly, the mismatch negativity
can index implicit auditory learning before people can actually do
the task behaviourally (Tremblay et al., 1998; van Zuijen et al.,
2006). Hence, neuroimaging can reveal distinct neural signatures,
corresponding to different brain regions or different time courses
of activation, for unconscious perception. Based on the present
findings, one can predict that the amusic brain can normally
pick up acoustical pitch differences in the auditory cortex but
that this acoustical information cannot be integrated into a
conscious percept because such a neural representation is too
weak or because its percept is not supported by long-term
memory representations of musical key schemas.

In effect, there was little evidence that the amusic brain could
detect the presence of an out-of-key note, although the pitch
changes were at least twice as large in terms of pitch (semitone)
distance. Contrary to normal brains, there was no evidence of an
early negativity and late positivity in responses to tones that lied
outside the key of the melody in the amusic brain. It should be
emphasized that tonal pitch distance could not be derived here
from frequency of occurrence. Key violations recruit a higher-level,
more abstract brain mechanism. Tonal pitch distance can only
be computed by reference to the key of the melody, that is, by
mapping the incoming pitches onto scale steps. This knowledge is
apparently missing in amusia.

It has been shown in a number of studies that tonal encoding of
pitch recruits fronto-temporal neural networks. These regions have
been implicated in the detection of chords that lie outside the
harmony of the context (e.g. Tillmann et al., 2006; see Koelsch
and Siebel, 2005 for a review). The brain regions involved in the
perception of tonal violations in melodies, as used here, are likely
to be the same ones as those involved in harmony because
perception of out-of-key violations requires consideration of the
rules of the same tonal system. Recent event-related potential
studies support this notion. Out-of-key tones elicit early frontal
negativities in both familiar and unfamiliar melodies (Brattico
et al., 2006; Miranda and Ullman, 2007) and are localized in
the secondary auditory cortex with an additional source in the
frontal cortex (Brattico et al., 2006). The present N200 observed
for tonal violations in melodies is also comparable in polarity, scalp
distribution and latency to the ERAN reported repeatedly by
Koelsch and collaborators in the context of harmonic
violations (see Koelsch, 2009, for a recent review and a distinction
between ERAN and mismatch negativity that is consistent with the
present results). The ERAN is partially automatic, linked to viola-
tion of tonal rules, and depends on frontal brain structures. In
contrast, the late positivities that follow the ERAN have a
central-posterior distribution, depend on attention, and are located
in temporo-parietal structures. All these characteristics were
observed in the brain potentials of the normal participants here,
and were essentially missing in the brain responses of the amusic
participants. This dissociation in amusia between the missing ERAN
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and the normal mismatch negativity provides further support
to the distinction of ERAN as reflecting the processing of tonal
structure and the mismatch negativity as reflecting perceptual
aspects of auditory processing in melodic context (Koelsch,
2009). Furthermore, the absence of an ERAN-P600 complex in
response to key violations in the amusic brain is consistent with
the notion that the core deficit in amusia concerns tonal encoding
of pitch (e.g. Peretz, 2008) due to cortical malformations in
the temporo-frontal network (Hyde et al., 2006, 2007).

The discovery of unsuspected brain responses to fine-grained
pitch differences has a number of theoretical and clinical impli-
cations. Theoretically, as mentioned above, it would be important
to specify whether this pitch tracking mechanism could affect
not only perception, such as emotional responses, but also produc-
tion—such as singing—without conscious awareness. Clinically,
this automatic pitch-tracking mechanism could be the target of
therapeutic strategies. The cortical tuning of this early brain
response to the frequency of distribution of scale steps in melodies
might serve to build knowledge about musical keys. Such knowl-
edge is acquired through exposure to the statistical regularities
of pitch intervals in normal brains (Krumhansl, 1990). Although
preliminary findings suggest that probabilities of pitch transitions
might be difficult to learn by adult amusics (Peretz and Saffran,
2006), the present results are encouraging and interventions at
this level during childhood might compensate for the neurogenetic
vulnerability.

In conclusion, the recording of electrical activity in the amusic
brain revealed the existence of a near-normal ability to detect
pitch irregularities in a musical context at an early processing
stage. This early neural information, typically computed in the
right auditory cortex (Deouell, 2007) appears, however, insuffi-
cient to make contact or to build schemas about musical keys
for conscious detection of violations in the right inferior frontal
region (Maess et al., 2001). This is consistent with the anatomical
anomalies observed in the auditory and inferior frontal cortex of
amusic individuals (Hyde et al., 2006, 2007; Mandell et al., 2007).
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