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Attending to Pitch Information Inhibits Processing of Pitch
Information: The Curious Case of Amusia

Benjamin Rich Zendel,' 23 Marie-Elaine Lagrois,>* Nicolas Robitaille,2* and “Isabelle Peretz'->>
'International Laboratory for Brain, Music and Sound Research, Montréal, Québec H3C 3]7, Canada, 2Centre for Research on Brain, Language and Music,
Montréal, Québec H3G 2A8, Canada, and *Département de Psychologie, Université de Montréal, Québec H3C 3]7, Canada

In normal listeners, the tonal rules of music guide musical expectancy. In a minority of individuals, known as amusics, the processing of
tonality is disordered, which results in severe musical deficits. It has been shown that the tonal rules of music are neurally encoded, but
not consciously available in amusics. Previous neurophysiological studies have not explicitly controlled the level of attention in tasks
where participants ignored the tonal structure of the stimuli. Here, we test whether access to tonal knowledge can be demonstrated in
congenital amusia when attention is controlled. Electric brain responses were recorded while asking participants to detect an individually
adjusted near-threshold click in a melody. In half the melodies, a note was inserted that violated the tonal rules of music. In a second task,
participants were presented with the same melodies but were required to detect the tonal deviation. Both tasks required sustained
attention, thus conscious access to the rules of tonality was manipulated. In the click-detection task, the pitch deviants evoked an early
right anterior negativity (ERAN) in both groups. In the pitch-detection task, the pitch deviants evoked an ERAN and P600 in controls but
not in amusics. These results indicate that pitch regularities are represented in the cortex of amusics, but are not consciously available.
Moreover, performing a pitch-judgment task eliminated the ERAN in amusics, suggesting that attending to pitch information interferes

with perception of pitch. We propose that an impaired top-down frontotemporal projection is responsible for this disorder.
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Introduction

In the majority of individuals, musical knowledge, such as tonal-
ity, guide perception and performance. Awareness of tonal viola-
tions results from conscious access to tonal knowledge that was
acquired implicitly through exposure to music throughout life.
Despite normal exposure to music, people with congenital amu-
sia fail to detect tonal violations. As a consequence, amusics may
not experience music or enjoy musical activities as most humans
do (Peretz, 2013).

There is increasing evidence that amusics have some tonal
knowledge. For example, tonal pitch structure can facilitate the
discrimination of speech phonemes and acoustic timbre in amu-
sics (i.e., priming), which suggests the presence of sophisticated
tonal knowledge (Omigie et al., 2012a; Tillmann et al., 2012).
Similarly, electrical brain responses elicited by tonal violations
indicate that amusics possess tonal knowledge but are unable to
use it. Peretz et al. (2009) presented amusics and controls with
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melodies that occasionally contained a tonal violation. Amusics
could not perceptually distinguish the in-tune melodies from the
melodies with a pitch deviant; however, the pitch deviants evoked
an N200 that was related to the automatic detection of a melodic
tonal violation [i.e., early right anterior negativity (ERAN); Koel-
sch, 2011]. In the controls, the ERAN was followed by a P600 that
indexes the attentive process of integrating the incongruous note
into the melodic context (Besson and Faita, 1995; Patel et al.,
1998; Brattico et al., 2006). No P600 was observed in amusics
(Peretz et al., 2009). Similarly, Omigie et al. (2013) found that the
N1 was augmented for tones that were less expected based on the
tonal hierarchy (Krumhansl and Kessler, 1982). The N1 modula-
tion was observed in both controls and amusics while detecting a
timbral deviant (Omigie et al., 2013). Overall, these studies dem-
onstrate that the amusic brain is sensitive to tonality but lacks
access to this knowledge.

Critically, in previous studies, attention was not systematically
controlled. Attention modulates the emergence of a P600 in ad-
dition to early processing of acoustic information. For example,
the N1, mismatch negativity, and ERAN are all enhanced when
the incoming stimulus is attended (Néitinen and Picton, 1987;
Niitanen et al., 2007; Koelsch, 2011). This modulation is be-
lieved to be part of a selection process that arises from frontal
areas of the brain, as these attention-selection processes are re-
duced after frontal lobe damage (Knight et al., 1981; Chao and
Knight, 1998). In amusia, it is likely that aspects of these frontal
attentional mechanisms are disrupted. For example, amusia is
associated with decreased white matter concentration in the in-
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Table 1. Participant demographics and performance on the MBEA and on-line test

Zendel et al. @ Attention without Awareness in Amusia

MBEA On-line test
Sex Age Education (years) Global (%) Contour (of 30) Interval (of 30) Scale (of 30) Rhythm (%) Melody (%)
A1 Male 66 14 53 19 18 16 58 38
A2 Female 70 15 62 20 21 21 88 29
A3 Female 64 20 60 18 21 21 88 63
Ad Male 67 19 45 15 15 15 38 21
A5 Male 61 19 53 16 17 20 53 50
A6 Female 69 21 60 23 20 17 88 79
A7 Female 62 18 68 20 26 22 75 67
A8 Female 70 15 51 17 19 15 63 54
A9 Female 68 8 66 26 20 20 88 46
Amusics 6 Female 66 17 57.5% 19.3% 19.6% 18.5% Al 50%
Controls 8 Female 64 15 822 282 26.8 27.0 82 89

*p < 0.0001 by t test comparing amusics to controls.

ferior frontal gyrus (IFG; Hyde et al., 2006; Mandell et al., 2007),
decreased volume of the arcuate fasciculus (Loui et al., 2009), and
reduced functional connectivity between the IFG and the audi-
tory cortex (Hyde et al., 2011; Albouy et al., 2013). An abnormal
propagation of pitch information along this pathway may cause
fluctuations in both the early-negative and late-positive brain
responses associated with attentional mechanisms related to the
detection of pitch deviances. Importantly, it is likely that the dis-
ordered attentional mechanisms in amusia relate to conscious
access (Loui et al., 2008; Peretz et al., 2009).

Materials and Methods

Rationale

To control for attention and manipulate conscious access to the rules of
tonality, participants were given two tasks. First they were asked to detect
an individually adjusted near-threshold click embedded in a melody.
This task allowed us to record cortical responses to tonal violations when
attention was sustained on an auditory task, but focused away from tonal
information. Critically, using individual thresholds for the click helped
maintain a similar level of attention in all participants. Second, partici-
pants were asked to detect a tonal violation in a melody. This task allowed
us to record cortical responses to tonal violations when attention was
focused on tonal information. In control participants, we expect both
tonal violations to evoke an ERAN in the click-detection and pitch-
detection tasks, and a P600 in the pitch-detection task only. If conscious
access is the core deficit of amusia, and not sustained attention or audi-
tory processing, a normal ERAN and N1 should be observed in amusics.
In contrast, the P600 should be absent because it is related to conscious
access of a tonal violation. One limitation with this task is that amusics
have known difficulties detecting tonal violations, and thus their overall
level of attention during the pitch-detection task may differ from their
overall level of attention during the click-detection task. To address this
issue, a second analysis was done that compared ERPs between the pitch-
detection and click-detection tasks within each group. Differences in
these ERPs would highlight attentional differences between the two con-
ditions. Specifically, it is well known that there is an increased negativity
during the N1-P2 epoch (i.e., 100-300 ms) that is related to sustained
auditory attention (Nédtinen and Picton, 1987). Given that sustained
attention is required for both the click-detection and pitch-detection
tasks, we expect little difference between the ERPs in the pitch-detection
and click-detection tasks when the target note is in tune. Furthermore, we
expect an increased positivity related to the P600 when the note violates
the tonal structure of the melody during the pitch-detection task in con-
trols only. This pattern of results would demonstrate similar levels of
attentional focus between the two tasks, and demonstrate that detecting
a near-threshold click requires a similar level of attention as detecting a
pitch deviant.

Participants
Twenty people were recruited for the study and provided formal in-
formed consent according to the Research Ethics Council for the Faculty

of Arts and Sciences at the Université de Montréal. Nine were amusic (six
female and three male) and 11 were nonamusic controls (eight female
and three male). All participants were nonmusicians, and the group of
controls and amusics were matched in terms of age and education level
(Table 1). Amusics were determined by their scores on the Montreal
Battery of the Evaluation of Amusia (MBEA; Peretz et al., 2003). All
amusic participants had a global MBEA score that was two SDs below the
mean of the controls. In addition, amusics were severely impaired in the
detection of out-of-key notes in melodies and less impaired in the detec-
tion of off-beat notes in the same melodies when assessed with the online
test (Peretz et al., 2008).

Material and procedure

Participants were presented with 40 novel melodies constructed from the
Western major scale. All melodies were four bars long and played using a
synthesized piano tone. The root-mean square (RMS) amplitude of each
note was equated. On average, melodies had 10.3 notes (range: 7-15
notes) and lasted 5.4 s (range: 2.8 —12 s). They were randomly mixed with
the same melodies in which 40 target tones were played out-of-key [ 100
cents (1 semitone)] and 40 target tones that were out-of-tune [ =50 cents
(one-half semitone)]. All melodies were presented through Etymotic
(ER-2) insert earphones at 75 dB SPL. The interstimulus interval was
2270 ms. The target tone was always on the first beat of the third bar and
was always 500 ms long. The melodies were the same as the melodies
from a previous study on amusia (Peretz et al., 2009). The difference in
material between the prior study and this one concerns the insertion of a
click in half the melodies. The clicks were 0.023 ms and were individually
adjusted in amplitude so the click would be just above threshold. When
present, the click occurred =4 notes (average 7.2 notes) after the target
tone, and was calibrated in amplitude such that a listener could detect
~75% of the clicks. Accordingly, there were six versions of each melody
(i.e., in-tune, click; in-tune, no click; out-of-tune, click; out-of-tune, no
click; out-of-key, click; out-of-key, no click) yielding a total of 240 mel-
odies. For all participants, two distinct sets of 120 stimuli were used with
each task comprising three randomly mixed versions of each melody. In
both tasks, each type of target tone (in-key, out-of-tune, or out-of-key)
occurred in one-third of the melodies and half of the melodies had a click.
A sample stimulus is illustrated at the top of Figure 1.

First participants completed the click-detection task. To determine the
starting amplitude of the click, participants were presented with melodies
that contained a 76 dB SPL click. Participants were asked whether they
could hear the click. The amplitude of the click was reduced in steps of 10,
5,5, 3, and 1 dB until the participant could no longer detect the click.
The amplitude was then increased in 1 dB steps until they could detect the
click. This amplitude was chosen as the starting click amplitude in the
click-detection task. Across all participants, the average level was 69.3 dB
SPL (SD, 5.7). After the click threshold was determined, participants
were asked whether they heard a click in the melody and, if so, how sure
they were that they heard the click. After each melody, participants could
respond, “click, sure,” “click, not sure,” “no click, not sure,” or “no click,
sure” by pressing a button on a computer keyboard. Participants were
not informed that the melodies could contain an out-of-key or out-of-
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nation, such as blinks and vertical and lateral
eye movements, for each individual (Berg and
Scherg, 1994). After this correction, trials with
>120 wV of activity were considered artifacts
and excluded from further analysis. Overall, an
average of 13.8% of trials were rejected. To de-
termine whether there was an impact of Group,
Note type, or Listening condition, a mixed-

Respond now

design ANOVA was calculated on the number
of rejected trials. Only the effect of listening
No é‘ick condition was significant (F(, 4y = 5.81,p =

sure 0.027), with more trials being rejected during

3

the pitch-detection task compared with the
click-detection task (17.3 vs 10.4%). There was
no impact of Group or Note type on the num-
ber of rejected trials (p > 0.1). Averaged ERPs
were then bandpass filtered to attenuate fre-
X quencies <0.1 Hz and >15 Hz and referenced
to the linked mastoid.

Data analysis
Behavioral. Behavioral data were analyzed sepa-
rately for the pitch-detection and click-detection

In-key
Out-of-key (+100 cents) |, | Click
Out-of-tunes (+50 cents) [¥ No click
b —
Pitch-detection task
Respond now X

1 2 3 4 1 2
Wrong note No wrong note] Click

sure sure sure

X
Figure 1. Experimental paradigm. Stimuliin both tasks were similar. During the pitch-detection task, participants were asked

to identify whether there was a wrong note in the melody. During the click-detection task, participants were asked to identify a

near-threshold click in the melody. The two tasks were completed in separate blocks of trials.

tune note during the click-detection task. To maintain individual accu-
racy level at ~75% correct, the intensity of the clicks was adjusted during
the task. Based on the accuracy of the eight previous trials, the intensity of
the click was decreased by 2.25 dB if the accuracy was at least eight out of
eight and by 0.75 if the accuracy was seven out of eight. The intensity was
increased by 0.75 dB if accuracy was five out of eight, and by 1.5 dB if
accuracy was four out of eight or below.

Next, participants completed the pitch-detection task. In this task,
participants were asked whether they heard an incongruous note in the
melody, and how sure they were that there was an incongruous note.
After each melody, participants could respond “wrong note, sure,”
“wrong note, not sure,” “no wrong note, not sure,” or “no wrong note,
sure” by pressing a button on a computer keyboard. For the pitch-
detection task, participants were told to ignore the clicks. For both tasks,
the response choices were displayed on the screen (Fig. 1) and the posi-
tion of the response buttons on the keyboard was counterbalanced across
participants. Before each test, there were 12 practice trials that included
performance feedback. No feedback was provided for the experimental
trials. The pitch-detection and click-detection tasks were not counterbal-
anced, so participants remained blind to the presence of the out-of-key
and out-of-tune notes, allowing for attention to be focused on detecting
the click and not on tonal anomalies.

Electric brain activity was digitized continuously from 70 active elec-
trodes at a sampling rate of 256 Hz, with a high-pass filter set at 0.1 Hz,
using a Biosemi ActiveTwo system (Biosemi). Five electrodes were placed
bilaterally at mastoid, inferior ocular, and lateral ocular sites (M1, M2,
101, LO1, LO2). All averages were computed using Brain Electrical
Source Analysis (BESA; version 5.2). ERPs were averaged to the onset of
the target note (i.e., out-of-tune note, out-of-key note, or in-key note).
The analysis epoch included 200 ms of prestimulus activity and 900 ms of
poststimulus activity. Continuous EEG was then averaged separately in
the click-detection and pitch-detection task for each melody type (i.e.,
in-tune, out-of-tune, and out-of-key) and each electrode site. Prototyp-
ical eye blinks and eye movements were extracted from the continuous
EEG. A principal component analysis of these averaged recordings pro-
vided a set of components that best explained the eye movements. These
components were then decomposed into a linear combination along
with topographical components that reflected brain activity. This linear
combination allowed the scalp projections of the artifact components to
be subtracted from the experimental ERPs to minimize ocular contami-

tasks. The ratings (1-4) were separated into ac-
curacy and confidence scores. A trial was con-
sidered accurate if the person made the correct
judgment, regardless of his or her confidence.
If correct, it was scored as 1; if incorrect, it was
scored as 0. Raw accuracy was the overall per-
centage of correct responses. For group com-
parisons, accuracy was further calculated as hits minus false alarms
(HFAs). In the click-detection task, a false alarm corresponded to the
hearing of a click when there was none. Similarly, in the pitch-detection
task, a false alarm corresponded to reporting a wrong note when there
was none. The HFA scores were calculated separately for in-key (click-
detection task only), out-of-key, and out-of-tune melodies. HFAs could
not be calculated for the in-key note during the pitch-detection task
because responses to the in-key note were needed to calculate the false-
alarm rate for out-of-key and out-of-tune notes. Confidence was quan-
tified by separating “sure” from “not sure” responses regardless of the
judgment. “Sure” responses were coded as 1. “Not sure” responses were
coded as 0. Confidence was the percentage of trials reported as “sure.”
These responses were analyzed using mixed-design ANOVAs that in-
cluded Group (amusic, control) and Note type [in-key (click-detection
task only), out-of-key, out-of-tune].

EEG. To quantify the EEG data, a series of pairwise permutation tests
was done using BESA statistics (version 1.0; Maris and Oostenveld, 2007;
Maris, 2012). The analysis was entirely data driven and included every
time point at each electrode in the analysis. The first part of the analysis
focused on within-subject effects by comparing the ERPs recorded to the
out-of-tune and out-of-key notes to the in-key note in both groups.
These comparisons were performed to identify the ERAN and P600. The
ERAN was defined as a difference in the ERP evoked by the out-of-key or
out-of-tune note that was more negative than the in-key note during the
100-300 ms epoch at frontocentral electrodes. The P600 was defined as a
difference in the ERP evoked by the out-of-key or out-of-tune note that
was more positive than the in-key note during the 400—800 ms epoch at
posterior electrodes. These epochs were chosen because previous studies
have demonstrated that the ERAN and P600 occur within these time-
frames (Besson and Faita, 1995; Koelsch, 2011). Before comparing ERPs
between amusics and controls, a series of t tests was calculated that com-
pared the amplitude of ERPs for the in-key note to the ERPs for the
out-of-key or out-of-tune note at every electrode and time point. From
this analysis, clusters of electrodes and time points where there were
differences between the two melody types were identified. Clusters were
formed over time by grouping time points based on both having a signif-
icant t test (i.e., p < 0.05). Clusters were formed over space by grouping
electrodes within 4 cm of each other (i.e., adjacent electrodes) that had
significant ¢ tests at the same time point. Accordingly clusters were dy-
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namic; that is, the electrodes that formed a A
cluster could change over the identified epoch.
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O Control
@ Amusic

Critically, the formation of these clusters was

entirely data driven. However, given the num-

ber of multiple comparisons, it was likely that 80 -

some of the identified clusters were actually

type I errors. 70 1
To account for the multiple comparisons, a $ 60 -

permutation approach was used to determine b

the probability of the differences being real. R 50 -

This permutation test involved comparing the !:;

clusters identified in the previous step by ran- S 40

domly assigning participants or conditions 5

into two groups or conditions, and repeating g 30

the multiple ¢ tests. If the effect of group or

condition is real, the t tests comparing the ran- 20 A

domly permutated groups or conditions

should yield nonsignificant results (Maris and 10 -

Oostenveld, 2007). To derive a probability es-

timate, 1000 different permutations were cal- 0

culated. The percentage of permutations where

the largest ¢ value in the cluster was significant B

provides an estimate of likelihood of the origi- 100 -

nal difference being due to chance alone (i.e., a

p value; Maris and Oostenveld, 2007). For ex- 90 -

ample if 100 of the 1000 random permutations

were significant, then the p value would be 0.1; 80

if 800 of the 1000 permutations were signifi- 70

cant, the p value would be 0.8. Accordingly, to
achieve a p value <0.05, a maximum 50 of the
1000 permutations could be significant. All sig-
nificant clusters are reported by p values; clus-
ters with the lowest p value are reported first.
Importantly, we focused our analysis on two

40 -

Confidence (%)
[
o

cluster types based on our hypotheses, and we 30
did not interpret nonhypothesis-driven clus- 20 A
ters. The first cluster type was the ERAN and

the second cluster type was a P600. To deter- 10 A

mine group differences, a second analysis com-

In-key Out-of-tune Out-of-key
o 9 O
0D
¢}
o o
o)
e}
o
o

pared the ERAN and P600 between controls
and amusics. First, difference waves were cal- 0
culated separately between the out-of-key/out-
of-tune melody and the in-key melody. This
isolated the impact of pitch deviance in each
participant, and allowed for permutation test-
ing of this effect between groups. To focus the
analysis on the ERAN and P600, only time
points that were considered part of the ERAN
or P600 in controls during the first analysis were compared in each con-
dition. This was done because the epoch of the ERAN and P600 clusters
was longer in controls and the ERAN in controls completely overlapped
the ERAN observed in amusics. The electrode location of differences
between the groups remained data driven. Significance was determined
using the same permutation method reported above. This analysis tests
for the difference in the ERAN or P600 between amusics and controls.

Finally, to determine whether attentional deployment was similar in
both the pitch-detection and click-detection tasks, a second set of com-
parisons was calculated. This compared ERPs from the pitch-detection
task and from the click-detection task separately for each Group for all
three Note types. Other than the ERPs being compared, the analysis was
the same as the within-subject analysis described above.

Figure 2.

“sure” responses).

Results

Behavioral data

Click-detection task

As can be seen in Figure 2A, pitch deviance had an impact on
click-detection accuracy HFA (F(, 55, = 18.26, p < 0.0001). Ac-
curacy was lower after the presentation of an out-of-tune note

T T T T T T T T 1

20 30 40 50 60 70 80 90 100
Accuracy (%)

(lick-detection task. 4, Accuracy (percentage hits — percentage false alarms (H% — FA%)] as a function of Group and
Stimulus type. Error bars represent the standard error. B, Accuracy (percentage correct) as a function of confidence (percentage

compared with an out-of-key or in-key note (p < 0.0001 for both
by pairwise comparison). Overall, amusics tended to be less ac-
curate than controls but this difference failed to reach signifi-
cance (F(, 5y = 3.36, p = 0.08). The Group X Note type
interaction was not significant (p = 0.55). The confidence data
were not impacted by amusia either, as the main effect of Group,
and its interactions with Note type and Click were not significant
(p = 0.96, 0.39, 0.9, 0.97). Like accuracy, the Note type had an
impact on confidence as there was a significant interaction be-
tween Note type and Click (F, 55, = 5.33, p = 0.009). Follow-up
simple main effects revealed that Note-type had no effect on con-
fidence when there was no click present (F, 55 = 0.88, p = 0.42),
but affected confidence when a click was present (F, 34, =
4.33, p = 0.02). Pairwise comparisons revealed that confi-
dence was lowest when detecting a click after an out-of-tune
note (p = 0.007).

Given that there were no significant group differences in ac-
curacy and confidence during the click-detection task, correla-
tions were calculated using the group average across stimulus
types (i.e., click-present and click-absent) on raw accuracy data
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A participants were more confident when
they were more accurate, while amusics’
100 ~ -
confidence was unrelated to performance.
90 4 0O Control
30 - - = & Amusic Electrophysio!ogy .
- The first step in the data analysis was to
— 70 _ - isolate the early negativity associated with
§ 60 - I = detecting pitch violations (i.e., the ERAN)
% — and later positive activity related to the
X 50 - = . . . . .
I = _ conscious detection of the violation (i.e.,
> 40 - - - the P600). This analysis was done sepa-
g 30 - _ = _ rately for each group, in both the click-
g - detection and pitch-detection tasks, and
20 _ was done by comparing the ERPs from the
10 - = in-key melodies to the ERPs from the out-
0 of-tune melodies or the ERPs from the
Out-of ' Out-of-k out-of-key melodies. Given that clusters
-10 - Ut-ol-tune B Ut-oi=key were data driven, they are presented in
their order of probability, such that the
B cluster with the lowest p value (the most
100 - o o o 8 . statistically significant result), as deter-
% © Control O o Q0 mined by the permutation testing, is pre-
® Amusic . 8 o ¢ sented first. llustrations of the topography
80 - — ° . of each statistical effect (Figs. 4—6) are pre-
70 70'7 o* se'ntec% to highlight a sample of the scalp dis-
= tribution at the peak of the effect. These
) 60 1 topographies are dynamic during the clus-
Q o
o 50 - ° A06 ter. Therefore the peak was chosen as a rep-
3 resentative distribution of the effect.
= 40 7 o
c
S 30 - ° Click-detection task
Controls. One significant cluster was identi-
20 1 fied when comparing the in-key and out-of-
10 - tune notes while controls were monitoring
0 the melodies for the presence of a near-
0 10 20 30 40 50 60 70 80 9 100 threshold click. For this cluster, the ERP for
the out-of-tune note was more negative
Accuracy (%) than the in-key note from 132 to 288 ms at
frontocentral electrodes (p < 0.0001). The
Figure3. Pitch-detection task. A, Accuracy (percentage hits — percentage false alarms (H% — FA%)] as a function of Group and scalp distribution of the electrodes that form

Stimulus type. Individual data points are plotted to illustrate the little of overlap between the groups. Error bars represent the
standard error. B, Accuracy (percentage correct) as a function of confidence (percentage “sure” response) for the pitch-detection

task. The two best-performing amusics (A06, A07) are highlighted.

(i.e., percentage correct) and confidence data. Participants
were more confident when they were more accurate (r,9) =
0.50, p = 0.03).

Pitch-detection task

Pitch-detection accuracy (HFA) is shown along with individual
data points in Figure 3A. As expected, controls were far more
accurate than amusics in detecting pitch deviants (F, ;) = 51.57,
p < 0.0001). Accuracy was similar for both out-of-key and out-
of-tune notes as the main effect of Note type and its interaction
with Group were not significant (p = 0.48 and 0.15, respectively).
Accuracy (HFA) of two amusics approached the tail of the distri-
bution of the controls (A06 and A07). While A06 and A07 per-
formed below controls, they managed to correctly identify 60.9
and 62.6% of the stimuli (Fig. 3B).

Confidence in judgments was unrelated to performance in
amusics. The correlation was close to zero (rg, = —0.11, p =
0.78). In contrast, confidence and accuracy were positively cor-
related in the control group, although the correlation failed to
reach significance (r(,5) = 0.47, p = 0.14). Accordingly, control

this cluster at 150 ms is presented in Figure
4A along with the ERP waveforms at elec-
trode FC4. Given the latency and topogra-
phy, this cluster is likely an ERAN.

Three significant clusters were identified when comparing the
out-of-key to the in-key notes. For the first cluster, the ERPs for
the out-of-key note were more negative than the in-key note from
139 to 283 ms at frontoright electrodes (p = 0.015). The scalp
distribution of the electrodes that form this cluster at 155 ms is
presented on the left of Figure 4B, while the ERPs are presented
on the right. Again, this cluster is likely an ERAN. For the second
cluster, the ERPs for the out-of-key note were also more negative
but later, from 603 to 691 ms at posterior and frontoright elec-
trodes (p = 0.017). For the third cluster, the ERPs for the out-of-
key note were again more negative than the in-key note over left
frontal electrodes from 329 to 539 ms (p = 0.026). The second
and third clusters do not correspond to an ERAN or a P600 and
will not be discussed further.

Amusics. Essentially, the same pattern of results was found in
amusics compared with controls. The ERPs for the out-of-tune
note were more negative than the ERPs for the in-key note from
157 to 231 ms at frontocentral electrodes (p = 0.002; Fig. 4C).
Given the latency and topography, this cluster is likely an ERAN.
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inblue, in-key notesare presentedinred, and their differenceis presented in black. Additionally, vertical lines indicate the epoch when the difference wassignificant. A, A topographical map of the amplitude difference between
the out-of-tuneand in-key stimuliin controls at 150 ms (ERAN). ERPs from electrode FC4 are plotted to the right. B, A topographical map of the amplitude difference between the out-of-key and in-key stimuliin controls at 155
ms (ERAN). ERPs from electrode FC4 are plotted to the right. €, Topographical map of the amplitude difference between the out-of-tune and in-key stimuliin amusics at 195 ms (ERAN). ERPs from electrode FC4 are plotted to
theright. D, Topographical map of the amplitude difference between the out-of-key and in-key stimuli in amusics at 230 ms (ERAN). ERPs from electrode FC4 are plotted to the right.
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Figure 5.  ERPs recorded during the pitch-detection task in controls (there were no significant differences between out-of-key/out-of-tune and standard melodies in amusics). For the topo-
graphical plots, the boxes represent electrodes where the differences were significant at the reported time. For the ERP plots, out-of-tune/out-of-key notes are presented in blue, in-key notes are
presented in red, and their difference is presented in black. Additionally, vertical lines indicate the epoch when the difference was significant. 4, Topographical map of the amplitude difference
between the out-of-tune and in-key stimuli at 160 ms (ERAN). ERPs from electrode FC4 are plotted below. B, Topographical map of the amplitude difference between the out-of-tune and in-key
stimuli at 600 ms (P600). ERPs from electrode Pz are plotted below. €, Topographical map of the amplitude difference between the out-of-key and in-key stimuli at 150 ms (ERAN). ERPs from
electrode FC4 are presented below. D, Topographical map of the amplitude difference between the out-of-key and in-key stimuli at 600 ms (P600). ERPs from electrode Pz are plotted below.

Similarly, the ERP for the out-of-key note was more negative  Pitch-detection task

compared with the in-key note from 199 to 270 ms at central-  Controls. Two significant clusters were identified when compar-
right electrodes (p = 0.035; Fig. 4D). Given the latency and to-  ing ERPs for in-key and out-of-tune notes for controls during the
pography, this cluster is likely an ERAN. pitch-detection task. For the first cluster, the ERPs for the out-of-
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Differences between the ERPs of controls and amusics during the pitch-detection task (there were no significant differences between controls and amusics during the click-detection

task). Forall topographical plots, the boxes represent electrodes where the difference was significant at the reported time. For the ERP plots, controls are presented in blue, and amusics are presented
inred. Additionally, vertical lines indicate the epoch when the difference was significant. A, Topographical map of the amplitude difference between ERAN in controls and amusics averaged from 135
t0 232 ms for the out-of-tune note. Difference waves (out-of-tune — in-key) are presented below at electrode F4. B, Topographical map of the amplitude difference between the P600 in controls
and amusics averaged from 553 to 709 ms for the out-of-tune note. Difference waves (out-of-tune — in-key) are presented below at electrode Pz. C, Topographical map of the amplitude difference
between ERAN in controls and amusics averaged from 129 to 223 ms for the out-of-key note. Difference waves (out-of-key — in-key) are presented below at electrode AF3. D,
Topographical map of the amplitude difference between the P600 in controls and amusics averaged from 553 to 709 ms for the out-of-key note. Difference waves (out-of-key — in-key)

are presented below at electrode Pz.

tune note were more positive than those for the in-key note from
553 to 709 ms at central-posterior electrodes (p < 0.00001). The
scalp distribution of the electrodes that form this cluster at 600
ms is presented in Figure 5B along with the ERP waveforms at
electrode Pz. Given the latency and topography, this cluster is
likely a P600. For the second cluster, the ERPs for the out-of-tune
note were more negative than ERPs for the in-key note from 135
to 232 ms at frontoright electrodes (p = 0.011). The scalp distri-
bution of the electrodes that form this cluster at 160 ms and the
ERP waveforms at electrode FC4 is presented in Figure 5A. Given
the latency and topography, this cluster is likely an ERAN.

Two significant clusters were identified when comparing the
out-of-key to the in-key notes. For the first cluster, the ERPs for
the out-of-key note were more positive than those for the in-key
note from 439 to 637 ms at central-posterior electrodes (p <
0.00001). The scalp distribution of the electrodes that form this
cluster at 600 ms and the ERP waveforms are presented in Figure
5D. Given the latency and topography, this cluster is likely a P600.
For the second cluster, the ERPs for the out-of-key note were
more negative than those for the in-key note from 779 to 891 ms
at anteriofrontal electrodes (p = 0.046). This cluster is not likely
an ERAN or P600. However, a third cluster was identified where
the ERPs for the out-of-key notes were more negative than the
ERPs for the in-key notes from 129 to 223 ms at frontocentral
electrodes, suggesting the presence of an ERAN. However, this
cluster failed to reach significance (p = 0.12).

Amusics. The pattern of results differed in amusics. Only one
significant cluster was identified, where the ERPs for the out-of-
tune note were more positive than the ERPs for the in-key note
from 762 to 856 ms at frontoright electrodes (p = 0.008). Al-
though this cluster could be a delayed P600, it is unlikely given the
frontal distribution of the effect. No other clusters approached

statistical significance for the comparison between out-of-tune
and in-key notes; the p value for the second-most-significant
cluster was 0.56. In addition, no significant clusters were identi-
fied for the comparison between in-key and out-of-key notes in
amusics. Accordingly, there was no evidence of an ERAN or a
P600 in amusics when asked to detect a pitch deviant.

Inspection of the ERPs elicited in the two amusic participants
(A06, A07) who were able to detect the note deviance above
chance revealed no evidence of an ERAN or of a P600.

Amusics versus controls

No significant differences between controls and amusics were
found for the ERAN for both the out-of-tune or out-of-key notes
during the click-detection task, as there were no clusters of elec-
trodes or clusters of electrodes that were significantly different
between the groups.

In the pitch-detection task, the ERAN evoked by out-of-tune
notes was larger in controls compared with amusics from 135 to
232 ms (p = 0.03). The scalp distribution of the electrodes iden-
tified as significant during the permutation testing and the differ-
ence waves for each group at electrode F4 are presented in Figure
6A. The P600 evoked by out-of-tune notes was also larger in
controls compared with amusics from 553 to 709 ms (p = 0.02).
The scalp distribution of the electrodes identified as significant
during the permutation testing and the difference waves for each
group at electrode Pz are presented in Figure 6B. Similarly, the
ERAN evoked by the out-of-key note was larger in controls com-
pared with amusics from 129 to 223 ms, although the permuta-
tion test failed to reach significance (p = 0.08; Fig. 6C). The P600
evoked by the out-of-key note was also larger in controls from
439 to 637 ms (p = 0.003; Fig. 6D).
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Impact of task demands

Comparisons between the pitch-detection task and the click de-
tection tasks were calculated for each stimulus type (in-key, out-
of-key, and out-of-tune) in both groups. In controls, for the
in-key notes, there were no significant differences between the
pitch-detection and click-detection tasks. For the out-of-key
notes, two clusters were significant. For the first cluster, ERPs
from the pitch-detection task were more positive than ERPs from
the click-detection task from 256 to 545 ms, starting at frontal
electrodes, progressing to most of the electrodes on the scalp, and
finishing at posterior electrodes (p < 0.0001). For the second
cluster, ERPs from the pitch-detection task were more positive
than ERPs from the click-detection task at posterior electrodes
from 555 to 690 ms (p = 0.017). For the out-of-tune notes, there
was one significant cluster where ERPs from the pitch-detection
task were more positive than ERPs from the click-detection task
at posterior electrodes from 555 to 720 ms (p = 0.015). These
differences likely reflect the P600 reported above.

In amusics there were no significant differences between the
ERPs for the pitch-detection and click-detection tasks for any of
the stimulus types. This suggests that sustained attention was
similar in both tasks. Moreover, the lack of late positivities in the
pitch-detection task likely reflects a lack of P600 in this group.

Results summary

The main finding from this study was that abnormal neural re-
sponses to pitch deviance in a melody only emerge in the amusic
brain when detection of the deviance was required. This result
cannot be due to variability in attentional deployment, as both
the click-detection and pitch-detection tasks required sustained
attention and the only within-subject differences between the
ERPs from two tasks were related to a P600 evoked by the out-of-
key and out-of-tune notes in controls during the pitch-detection
task. When task difficulty was equated across participants by
maintaining the detection of a click near threshold, pitch devi-
ance elicited brain responses that were similar in amusics and
controls. This indicates that the amusic brain has implicit knowl-
edge of pitch irregularities in music. Most critical were the differ-
ences between amusics and controls in their brain responses to
pitch deviants when asked to detect an incongruous note. There
was no evidence that amusics consciously differentiated between
incongruous and in-key notes, while controls did. The results
support the idea that knowledge of tonal structure is intact in
amusics (Omigie et al.,, 2012a; Tillman et al., 2012), but that
conscious use of this knowledge is disturbed. Reduced connec-
tivity along the right frontotemporal pathway is the likely origin
of this perturbation.

Discussion

The impact of amusia on the detection of tonal violations was
only evident when amusics were asked to attend to pitch infor-
mation. Attention is a critical factor in EEG studies because it
modulates most long-latency ERP components. Controlling for
attention is critical for the laboratory study of amusic adults be-
cause they are self-aware that music processing is a challenge for
them. Since the near-threshold click appeared after any pitch
incongruity could have occurred, attention to pitch incongruities
was unintentional and equivalent for all participants. Neuro-
physiologically, the only difference between the pitch-detection
and click-detection tasks was the emergence of a P600 in controls
during the pitch-detection task. An increased N1 amplitude
would be expected if deployment of attention was different be-
tween the two tasks as the N1 is sensitive to attention (Niitinen
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and Picton, 1987). There was no evidence that the N1 was im-
pacted by the task, suggesting that deployment of attention was
similar in both tasks. Interestingly, the presence of an out-of-tune
note disturbed click-detection accuracy similarly for amusics and
controls, despite the finding that most amusics were unable to
detect the mistuned notes above chance. The interference caused
by the mistuned note probably occurred without awareness,
likely due to an auditory attentional blink (Raymond et al., 1992).
The auditory attentional blink is a processing deficit that occurs
after a distracter sound (i.e., mistuned note), is largest when the
target (i.e., click) differs from the distracter, and when there are
other distracter sounds following the target (i.e., the in-key notes
that end the melody; Duncan et al., 1997; Shen and Mondor,
2006, 2008). The presence of this interference effect in both
groups supports the idea that melodic structure is tracked nor-
mally by amusics.

Observation of an ERAN in both controls and amusics was
consistent with the interference effect found in behavior. More-
over, the ERAN was evoked by both the out-of-tune and out-of-
key notes. Representation of the out-of-tune note can be derived
from the acoustical regularities of the preceding pitch intervals in
the melody, while recognition of the out-of-key note requires
acquired knowledge of tonality. Understanding tonal structure
requires top-down knowledge of how notes are typically used in a
melody. Knowledge of tonality may have been acquired through
implicit exposure to music. Indeed, several amusics engage and
appreciate music (Omigie et al., 2012b) and lack of musical ex-
posure is unlikely to be the cause of amusia (Mignault Goulet et
al.,, 2012). One interesting finding was that the clusters identified
as an ERAN were shorter in amusics compared with controls
during the click-detection task. This difference may have been
related to the statistical analysis, as no significant differences were
found during the click-detection task in a direct comparison be-
tween controls and amusics. Alternatively, it is possible that the
ERAN was delayed in amusics, and this may be due to abnormal-
ities along the frontotemporal pathway (Hyde et al., 2011; Albouy
et al., 2013). Most critical, these findings demonstrate that tonal
schemata are present in the amusic brain.

The amusic deficit in accessing tonal knowledge becomes ap-
parent when asked to make musical pitch judgments. In controls,
both the out-of-key and out-of-tune notes evoked an ERAN and
a P600 in the pitch-detection task, although the ERAN for the
out-of-key note failed to reach statistical significance. In amusics,
neither an ERAN nor a P600 were observed, and the incongruous
notes were not reliably distinguished. The lack of a P600 in amu-
sics is consistent with previous electrophysiological studies that
reported a lack of late positivities related to conscious detection of
a pitch deviant (e.g., P3, P600; Peretz et al., 2009, 2005; Moreau et
al., 2013). Interestingly, Peretz et al. (2009) found an ERAN using
a similar task. However, the ERAN was only present in response
to an out-of-tune note, not to an out-of-key note. In the current
study, the ERAN was not evoked by either incongruity. The dif-
ference between the two studies could be related to task differ-
ences. Peretz et al. (2009) asked participants to make a judgment
on the whole melody based on a seven-point scale ranging from
“highly incongruous” to “highly congruous,” while the current
study focused on identifying a single “wrong note.” The more
general question in Peretz et al. (2009) may have allowed for
increased nonconscious access to pitch information derived from
acoustical regularities, which is needed to detect an out-of-tune
note, while access to the tonal rules of music, which would be
needed to detect an out-of-key note, remained unavailable. We
therefore propose that the absence of an ERAN and P600 in the
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current study reflects a genuine defect in frontal connectivity to
the temporal lobes.

Unlike control listeners, amusics do not know what a wrong
note is. Even obviously dissonant music and isolated dissonant
chords sound pleasant to them (Ayotte et al., 2002; Cousineau et
al., 2012). Attempts in our laboratory to use explicit task feedback
and practice have not been successful in improving music per-
ception in amusics. Their seemingly intact tonal knowledge is
disconnected from conscious experience. In support of this,
amusics’ confidence was not related to accuracy when detecting a
pitch deviant, while they were related when detecting a click. In a
previous study, Omigie and Stewart (2011) found that amusics
were less confident during a tonal statistical learning task, despite
performing at a similar level to controls. Tillman et al. (2014)
reported that amusics had longer reaction times to detect a famil-
iar song compared with an unfamiliar song, suggesting decreased
confidence in their judgments. Overall, this pattern of results
suggests that amusics have low confidence when making judg-
ments about pitch information, but not when making other au-
ditory judgments.

In neural terms, a lack of awareness of pitch information sug-
gests that the frontal areas and its connections to other structures
are the principal structural abnormality in amusics, not primary/
secondary auditory areas in the superior temporal gyrus (STG).
In support of this proposal, Hyde et al. (2011) observed a de-
creased BOLD response in amusics in the right IFG (BA 47/11) as
a function of pitch distance in a melody, while controls had in-
creased BOLD activity. Furthermore, connectivity analyses re-
vealed that the auditory cortex was functionally connected to the
right IFG in the normal brain but showed decreased functional
connectivity in the amusic brain (Hyde et al., 2011). Dynamic
causal modeling of the N100m revealed decreased backwards
connectivity along the right frontotemporal pathway in amusics
compared with controls (Albouy et al., 2013). These indications
of reduced connectivity along the right frontotemporal pathway
in response to tones may have at least two causes that are not
mutually exclusive: altered backwards connectivity from the IFG
to the auditory cortex and altered activity in the IFG itself.

The IFG is critically involved in tasks requiring the detection
of musical key violations (Maess et al., 2001; Tillmann et al.,
2003) and in working memory tasks related to pitch (Zatorre et
al., 1994; Gaab et al., 2003; Gosselin et al., 2009; Koelsch et al.,
2009). The IFG is likely the core structural deficit in amusia be-
cause in addition to the pitch perception deficit, pitch memory is
severely impaired in amusics (Gosselin et al., 2009; Williamson
and Stewart, 2010; Tillmann et al., 2012; Albouy et al., 2013).
Moreover the ERAN has sources in the IFG (Maess et al., 2001),
and the ERAN was abolished when amusics were asked to make a
tonal judgment, but not when asked to detect a click. Accord-
ingly, pitch irregularities are likely detected normally in amusics
using bottom-up information traveling from the STG to the [FG
without top-down interference, resulting in a normal ERAN as
observed in the click-detection task. In contrast, a top-down
search for irregularities would interfere with, or even inhibit, the
proper functioning of the pitch deviance detection system in the
STG. This interference may be a result of an abnormal backwards
propagation of information along the frontotemporal pathway.
This account emphasizes the importance of top-down projec-
tions that involve higher-order cortices for conscious perception.
Accordingly, the roll of the IFG may be to amplify the auditory
deviance detection system in the STG (Opitz et al., 2002), as the
process of cognitive amplification is an important aspect of con-
sciousness (Dehaene and Changeux, 2011).
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The current characterization of congenital amusia as a disor-
der of connectivity between an intact auditory perceptual system
in the STG and impaired higher-level processing in the IFG bears
striking similarities to other disorders. Congenital disorders in
both reading (i.e., dyslexia) and face recognition (i.e., prosopag-
nosia) are also believed to be disorders of connectivity (Eimer et
al., 2012; Boets et al., 2013). This conclusion is best illustrated by
arecent fMRI study conducted in adults with dyslexia. Boets et al.
(2013) found that phonetic representations in the STG are similar
between controls and dyslexics. It is the functional and structural
connectivity between the STG and the left IFG that is reduced in
dyslexics. One of the most relevant findings related to the present
study is the possibility that patients suffering from disorders of
consciousness due to disordered connectivity have preserved
bottom-up but impaired top-down processing along the fronto-
temporal pathway (Boly et al.,, 2011). The similarities among
these disorders suggest that an alteration in consciousness can
give rise to severe cognitive impairments by disconnecting core
perceptual systems from the IFG. Hence, congenital amusia can
serve as a valuable model for the characterization of the neural
correlates of consciousness in the human brain.
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