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Abstract

Harmonic syntactic structures are organized hierarchically through local and
long-distance dependencies. The present study investigated whether the processing of
harmonic syntactic structures is impaired in congenital amusia, a neurodevelopmental
disorder of pitch perception. Harmonic sequences containing two phrases were used as
stimuli, in which the first phrase ended with a half cadence and the second with an authentic
cadence. In Experiment 1, we manipulated the ending chord in the authentic cadence to be
either syntactically regular or irregular. Sixteen amusics and 16 controls judged the
expectedness of these chords while their EEG waveforms were recorded. In comparison to
the regular endings, irregular endings elicited an ERAN, an N5 and a late positive component
in controls but not in amusics, indicating that amusics were impaired in perceiving harmonic
syntactic structures induced by local dependencies. In Experiment 2, we manipulated the half
cadence of the harmonic sequences to examine the processing of harmonic syntactic
structures induced by long-distance dependencies. An ERAN-like response and an N5 were
elicited in controls but not in amusics, suggesting that amusics were impaired in processing
long-distance syntactic dependencies. Furthermore, for controls, the neural processing of
local and long-distance syntactic dependencies was correlated in the late (as indexed by the
NS5) but not in the early stage. These findings indicate that amusics are impaired in the
detection of syntactic violations and subsequent harmonic integration. The implications of

these findings in terms of hierarchical music-syntactic processing are discussed.
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1 Introduction

Music and language are unique to human beings. They both contain structural
organizations based on syntactic principles (Koelsch et al., 2013; Patel, 2008). For example,
in the sentence “the boy who ran the fastest won the prize”, the subject relative clause “who
ran the fastest” is nested in the main clause “the boy won the prize”, which creates the
long-distance dependency between syntactic constituents ("the boy" and "won"). Such
syntactic structure constitutes a hierarchy, which refers to an organization of items based on
their importance (Krumhansl, 1990). Hierarchy is considered to be a distinctive property of
syntax in language (Fitch & Hauser, 2004; Friederici et al., 2006; Hauser, Chomsky, & Fitch,
2002).

Similar to language, tonal music is “syntactic” in the sense that perceptually discrete
elements (such as tones or chords) are combined into musical sequences based on
hierarchical relationships (Bigand et al., 2014). Typically, musical hierarchy can be
represented by the perceived stabilities of musical events (Krumhansl, 1990). The more
important they are, the more stability listeners feel (Bigand, 1993; Krumhansl, 1990).
Specifically, tonic chords are perceived as the most stable, followed by dominant and
subdominant chords, and then the remaining diatonic chords. Non-diatonic chords are
perceived as the most unstable (Bharucha & Krumhansl, 1983). Taking the musical period as
an example, a period usually contains two phrases, where the first phrase ends with a

dominant chord (V) while the second phrase ends with a tonic chord (I). As shown in Figure



1, hierarchical syntactic structures are represented in both long-distance and local
dependencies. For the long-distance dependency, as with language, the dominant chord at the
end of the first phrase needs to be completely resolved by the tonic at the end of the next
phrase, owing to the fact that the tonic is perceived as more stable than the dominant chord.
For the local dependency, at the ending of the period, the progression of dominant and tonic
chords would be perceived more stable than that of dominant and supertonic chords. This is
because the tonic is perceived as more stable than the dominant chord, whereas the dominant
chord is perceived as more stable than the supertonic chord (Krunmhansl, 1990), the latter of
which needs to be recursively expanded to create a progression of dominant and tonic chords
in the end (Lerdahl & Jackendoff, 1987; Rohrmeier, 2011). According to music theory,
ending on the dominant chord for the first phrase could be named as a half cadence, while the
succession of the dominant and tonic chords at the end of a period is named as an authentic
cadence (or full cadence). If we defined the succession of the dominant and tonic chords in
the authentic cadence as a local hierarchical relation, then the dominant in the half cadence
and the tonic in the authentic cadence would constitute a long-distance dependency of

hierarchical syntactic structures.

Insert Figure 1, about here.

Previous studies have investigated the neural processing of music-syntactic structures
induced by local and long-distance dependencies, respectively. In particular,

electroencephalography (EEG) studies have shown that syntactic violations of local



dependency in the authentic cadence elicited an early right anterior negativity (ERAN) and a
subsequent late negativity (the so-called N5) (e.g., Kolesch et al., 2000; Koelsch & Jentschke,
2010). While the ERAN reflects the detection of syntactic violation at the early stage (e.g.,
Kolesch et al., 2000; Koelsch & Jentschke, 2010), the N5 reflects the processes of harmonic
integration (Koelsch et al., 2000; Loui et al., 2005) or the processing of meaning information
(Koelsch, 2011, 2012; Steinbeis & Koelsch, 2008) in the later stage. These effects are
specific to musical syntactic processing. Taking the ERAN as an example, apart from the
involvement in processing harmonic syntactic structures, it is also involved in the detection of
syntactic violation in rhythmic structures (L. Sun et al., 2018), which is different from the
mismatch negativity (MMN, Alain, Achim, & Woods, 1999; Tervaniemi et al., 2001) elicited
by non-syntactic violations of expectations (such as pitch deviants in the oddball paradigm)
(Kolesch, 2009).

Unlike the investigations of the syntactic processing induced by local dependencies,
only one EEG study refers to the syntactic processing induced by long-distance dependencies
(Koelsch et al., 2013). It has been demonstrated that irregular long-distance dependencies
evoked an ERAN-like response and an N5 in both musicians and nonmusicians, which
reveals that even musically untrained listeners could perceive long-distance dependencies in
musical structures (Koelsch et al., 2013). Overall, these findings suggest that similar neural
activities are associated with the processing of local and long-distance dependencies in
musical syntactic structures. However, no study has yet directly compared between the

processing of local and long-distance dependencies in hierarchical music-syntactic structures.



Given the important role pitch plays in harmonic syntax, it is crucial to understand
whether low-level pitch processes (such as pitch discrimination) are directly linked to
higher-level pitch processes (such as harmonic syntactic processing). Congenital amusia
(hereafter amusia) is a neurodevelopmental disorder of pitch perception, which is not
attributed to brain lesions, hearing loss, lack of exposure to music, or any cognitive or
socioaffective disturbance (Ayotte, Peretz, & Hyde, 2002; Peretz et al., 2002). It remains
unclear whether pitch processing deficits in amusia extend to the processing of harmonic
syntactic structures. Examining the neural processing of harmonic syntactic structures in
amusia would provide insight into whether there exists a neural network specific to musical
pitch processing (Norman-Haignere et al., 2016; Zhou et al., 2017).

Previous studies have demonstrated that amusics are impaired in explicit pitch
discrimination and identification (e.g., Foxton et al., 2004; Hyde & Peretz, 2004; Jiang et al.,
2010, 2011; Liu et al., 2010), despite showing intact implicit pitch processing (e.g., Omigie et
al., 2012). The dissociation between implicit and explicit performance has also been reported
in musical structural processing in both behavioral and EEG studies. Behaviorally, amusics
failed to perceive harmonic syntactic structures based on the local dependency in the
authentic cadence, being unable to distinguish a tonic chord from a Neapolitan chord (Jiang,
Liu, & Thompson, 2016), despite showing intact implicit processing of such structures
(Tillmann, Gosselin, Bigand, & Peretz, 2012). Using event-related potentials (ERPs), Zendal
et al. (2015) found that amusics elicited an ERAN in response to out-of-key and out-of-tune

notes in melodies in the implicit but not in the explicit task, although a recent study by Y. Sun



et al. (2018) showed that amusics failed to elicit an ERAN for out-of-key notes in melodies
even in an implicit task. Although the detection of out-of-key and out-of-tune notes in the
studies by Zendal et al. (2015) and Y. Sun et al. (2018) required sensitivity to tonal hierarchy,
these notes might also represent auditory sensory violations in melodies (Bigand et al., 2003;
Koelsch et al., 2007). In order to rule out the possible confounding effect of auditory sensory
violations associated with out-of-key and out-of-tune notes, it is necessary to design a more
carefully controlled study to further examine the neural processing of syntactic structures in
amusia, e.g., by using in-key notes or chords.

The present study thus examined the impact of amusia on the neural processing of
harmonic syntactic structures induced by both local and long-distance dependencies. First,
given the dissociation between implicit and explicit performance reported in previous studies
(e.g., Omigie et al., 2012; Tillmann et al., 2016a; Zendal et al., 2015), we employed explicit
rather than implicit tasks in order to pinpoint the neural origin of the anomaly in amusia.
Second, the present study contained two experiments. Two phrases were used in both
experiments, where the first phrase ended with a half cadence and the second phrase ended
with an authentic cadence. We manipulated the syntactic regularity of the local dependency
in the authentic cadence (Experiment 1) and the syntactic regularity of the long-distance
dependency between the dominant in the half cadence and the final tonic (Experiment 2).
This design enabled us to compare the patterns of ERPs elicited by local and long-distance
syntactic dependencies from the two experiments. We predicted that the amusic brain would

show atypical responses to harmonic syntactic structures, based on the evidence that amusics



are impaired in explicitly perceiving harmonic syntactic structures at the behavioral level

(Jiang et al., 2016).

2 Experiment 1

In Experiment 1, we investigated the impact of amusia on the processing of hierarchical
syntactic structures induced by local dependency. We manipulated the ending chord (tonic
versus supertonic chords) of harmonic sequences, creating syntactic-regular versus -irregular
conditions. Unlike the tonic ending, the supertonic ending cannot hierarchically prolong the
first chord of the sequence or close the established dominant that remained open at the end of
the half cadence (Lerdahl & Jackendoff, 1983; Rohrmeier, 2011) (Figure 2 and Audio Files
S1 and S2). Moreover, the use of the supertonic prevented us from introducing any
out-of-key note or new chord function (Jentschke, Friederici, & Koelsch, 2014; Jentschke &
Koelsch, 2009; Koelsch, Jentschke, Sammler, & Mietchen, 2007). In order to rule out the
ERP effects elicited by sensory novelty, we also controlled for the frequency of occurrence of
the notes in the regular and irregular chords. Given that the ERAN and N5 are supposed to
reflect the detection of syntactic violation and subsequent harmonic integration (e.g., Koelsch
et al., 2000; Koelsch & Jentschke, 2010), we predicted that the irregular syntactic structures
that are induced by the ending chord of the supertonic would elicit an ERAN and an N5 in

controls but not in amusics.

Insert Figure 2, about here.



2.1 Method

2.1.1 Participants

Table 1 summarises the demographics of the participants. Sixteen amusics and 16
matched controls were recruited through advertisements in the bulletin board systems of
universities in Shanghai, China. Participants’ musical abilities were measured by the
Montreal Battery of Evaluation of Amusia (MBEA; Peretz, Champod, & Hyde, 2003), which
consists of six subtests assessing perception of scale, interval, contour, rhythm, and meter in
music, as well as recognition memory of musical melodies. Before being invited to the lab for
testing, all potential amusics self-reported that they had difficulty in carrying a tune when
singing and in differentiating melodies during musical listening. The potential controls
self-reported that they were able to sing in tune and differentiate melodies during musical
listening. Participants were diagnosed as amusic if they scored 65% or below on the
composite score of the three pitch-based subtests, i.e., scale, contour, and interval subtests
(Liu et al., 2010), and below 78% correct on the MBEA global score, which represents two
standard deviations below the mean score of controls (Liu et al., 2010; Peretz et al., 2003).
We also calculated the d’ of the MBEA for each participant, and the d’ for each amusic was
below the cutoff of 1.23 reported by previous studies (Henry & McAuley, 2013; Pfeifer &

Hamann, 2015).
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As shown in Table 1, the two groups were matched on age and years of education but
differed significantly in scores of the MBEA and pitch discrimination thresholds. All
participants were native speakers of Mandarin, right-handed, with normal hearing, and no
history of psychiatric or neurological diseases. Although students in China usually attend a
45-min music lesson per week as part of the school curriculum, none of our participants had
received extracurricular training in music. Hand dominance was assessed by the Edinburgh
Handedness Inventory (Oldfield, 1971). Ethical approval was obtained from Shanghai
Normal University, and all participants signed a written consent form before the experiments

were conducted.

Insert Table 1, about here.

2.1.2 Stimuli

Two original chord sequences were transposed to 12 major keys, resulting in 24
different sequences. Each harmonic sequence contained two phrases. The first phrase ended
with a half cadence while the second phrase ended with an authentic cadence. Each of the 24
sequences consisted of two different versions. The syntactic-regular version ended on a tonic
chord, whereas the syntactic-irregular version ended on a supertonic chord (see Figure 2).
The stimuli thus consisted of 48 chord sequences, of which 24 were syntactically regular and

24 syntactically irregular.
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Each of the 48 sequences was presented 4 times, resulting in 192 sequences for the
entire experiment. Presentation time of the chords was 500 msec, except for the fifth and the
final chords that lasted 1000 msec. Sequences were created using Cubase 5.1 (Steinberg
Media Technologies GmbH, Hamburg, Germany), exported with the grand piano timbre
(Galaxy Vienna Grand Library), with 44.1 kHz sampling rate and 16-bit resolution. The
loudness was normalized with Adobe Audition CS 6 at an approximate intensity of 68 dB

SPL.

2.1.3 Procedure

The sequences were pseudorandomized and presented over two blocks of 96 trials
through two loudspeakers positioned to the left and right of the participant. After the
presentation of each chord sequence, participants were instructed to decide whether the
progression of the chords was consistent with their expectation by pressing one of the two
response buttons. Consistent with previous ERP studies (e.g., Koelsch et al., 2007; Kolk et al.,
2003), the association between hand side (left or right) and the response (yes or no) was
counterbalanced across participants in each group. The first block began with a practice

session of 6 trials to familiarize the participants with the procedure.

2.1.4 Electroencephalography (EEG) recording and analysis

EEG data were recorded from 64 standard scalp locations (International 10-20 system),
digitized at a rate of 500 Hz, with a 0.05 Hz low cutoff filter and a 100 Hz high cutoff filter.

The data were referenced off-line to the algebraical mean of left and right mastoid electrodes,
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filtered offline with a band-pass filter of 0.1 to 30 Hz (24-dB/oct slope). Trials were averaged
offline with an epoch length of 1200 msec, including a baseline from 200 msec to 0 msec
before the target onset. Trials with artifacts exceeding the amplitude of £75 pV in any
channel were rejected (Vaughan-Evans et al., 2014). On average, 12.6% of all trials were
rejected, and 84 trials (SD = 7) were retained per condition, with rejections being similarly
distributed across groups and conditions (F's < 1). After the time window was selected, the
amplitudes were averaged under each condition for each participant.

Consistent with previous music-syntactic studies (e.g., Kolesch et al., 2007;
Poulin-Charronnat, Bigand, & Koelsch, 2006), electrodes were grouped into four separate
regions of interest (ROIs): left anterior (AF3, F1, F3, F5, FC1, FC3, FC5), right anterior
(AF4, F2, F4, F6, FC2, FC4, FC6), left posterior (PO3, P1, P3, PS5, PO1, PO3, POS), and
right posterior (PO4, P2, P4, P6, PO2, PO4, PO6). To test for specific patterns of scalp
distribution, anterior and posterior ROIs established the factor anteriority, and left and right
ROIs established the factor hemisphere.

Repeated measures ANOV As were conducted. Group (amusics, controls) was
considered as a between-subjects factor, whereas regularity (regular, irregular), anteriority
(anterior, posterior), and hemisphere (left, right) were considered as the within-subjects
factors. The mean amplitude of the respective electrodes in each region of interest was
computed for analysis. Only the significant effects containing the main experimental

variables (regularity and group) were reported. Overall ANOV As were followed up by
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simple effects tests if there were significant two-way interactions between the main

experimental variables.

2.2 Results and discussion

2.2.1 Behavioral results

Figure 3 shows the percentages of correct judgments (£ 1 SEM) for the regular and
irregular sequences in controls and amusics, respectively. A repeated measures ANOVA with
regularity as the within-subjects factor and group as the between-subjects factor revealed a
main effect of group, F1,30) = 19.21, p <.001, partial n® = .39, as controls (M = 75.75%, SD =
16.78) achieved higher accuracy than amusics (M = 53.81%, SD = 11.17). The overall
performance of amusics did not differ significantly from the chance level (#1s5) = 1.37, p = .19;
one-sample #-test). Further analysis showed that performance of amusics was above the
chance level in the regular condition (¢5)=2.83, p = .01, Cohen’ d = 0.71; one-sample #-test)
but not in the irregular condition (#1s) = -0.79, p = .44; one-sample #-test). The main effect of
regularity (F(1,30) = 3.00, p = .09) and the interaction between group and regularity (F(i,30) =

2.02, p = .17) were not significant.

Insert Figure 3, about here.

Bivariate correlation analysis showed that the accuracy was not significantly correlated
with the global MBEA scores, pitch detection thresholds, or pitch direction discrimination

14



thresholds for either amusics or controls (all ps > .14). Furthermore, no significant correlation
was found when accuracy rates in the regular and irregular conditions were considered
separately, for either amusics or controls (all ps > .07, see Table S1, Supplemental materials

for details).

2.2.2 Electrophysiological results

Figure 4 shows the electric brain responses to harmonically regular and irregular chord
sequences at four representative electrodes. For controls, irregular chords elicited negative
potentials with an approximate onset of 110 msec and an approximate peak latency of 230
msec. However, the early negative potentials were not observed in amusics. Furthermore,
irregular endings also elicited fronto-central negative potentials and posterior positive
potentials at a late time window (450—700 msec) in controls but not in amusics. Based on
visual inspection and previous research on the ERAN and N5 (Koelsch et al., 2000; Koelsch
et al., 2007), a time window from 110 to 230 msec after the onset of final chords was selected
for the analysis of the ERAN, and a time window from 450 to 700 msec was selected for the

analysis of the N5.

Insert Figure 4, about here.

An ANOVA with factors of group, regularity, anteriority, and hemisphere for the early
time window (110-230 msec) revealed an effect of regularity, F(1, 30, = 6.08, p = .02, partial

n® = .17, as irregular endings elicited an ERAN as compared to regular endings. There was
15



also an interaction between group, regularity, and hemisphere, F(1,30) = 6.13, p = .02, partial
n® = .17, owing to the fact that the ERAN with a right-hemispheric weighting was elicited in
controls (left hemisphere: F(;, 30y = 4.74, p = .04, partial n’® = .14; right hemisphere: Fa, 30 =
11.15, p = .002, partial n* = .27) but not in amusics (left hemisphere: Fu,30=1.03, p=.32;
right hemisphere: F{i,30) = 0.001, p = .98). Furthermore, the interaction between group,
regularity, and anteriority was marginally significant, F; 30, = 4.10, p = .05, partial n’=.12,
as the ERAN had an anterior maximum for controls (anterior regions: Fi 30y = 7.68, p = .009,
partial n* = .20; posterior regions: F,30=5.95, p=.02, partial n® =.17) but not for amusics
(anterior regions: F(;, 30 = 0.62, p = .44; posterior regions: F(i 30 = 2.77, p = .11).

At approximately 450-700 msec, irregular chords also elicited a late frontal negativity
(N5) and a late positive component (LPC). An ANOVA with factors of group, regularity,
anteriority, and hemisphere for the time window from 450 to 700 msec revealed an
interaction between group, regularity, and anteriority, Fi, 30) = 4.10, p = .05, partial 0’ =.12,
reflecting that an N5 and an LPC were elicited in controls (anterior regions: F(i,30) = 9.61, p

= .004, partial n° = .24 for the N5; posterior regions: F(;. 30) = 6.89, p = .01, partial n’ = .19
for the LPC) but not in amusics (anterior regions: F(;, 30y = 0.06, p = .81; posterior regions: F(i,
30) = 1.50, p = .23). No other main effects or interactions related to regularity were significant
(see Tables S2 and S3, Supplemental materials for more details).

Consistent with previous studies (e.g., Koelsch et al., 2007), for controls, irregular
endings elicited an ERAN as compared with regular endings, followed by an N5 and an LPC

at the late stage of processing. Since it has previously been suggested that the ERAN reflects
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the detection of syntactic violation and that the N5 reflects structural integration (Koelsch et
al., 2007), these results indicated that controls perceived the violation of musical syntax and
in turn integrated the harmony at the late processing stage. Furthermore, the observed LPC
may reflect the processes of structural re-analysis or structural repair that require attention
(Besson & Schon, 2001; Koelsch & Siebel, 2005; Patel, Gibson, Ratner, Besson, & Holcomb,
1998). Indeed, given that the progression between the dominant and the supertonic represents
a clear-cut violation that did not require holding information on-line over a delayed period,
this manipulation allowed further processes that were related to structural repair to happen.
For amusics, however, irregular endings did not elicit an ERAN, NS5, or LPC, suggesting
impairments in the detection and integration of harmonic violations. These ERP results are
consistent with previous findings that amusia is associated with impaired processing of
musical structures (Jiang et al., 2016; Peretz, Brattico, Jirvenpii, & Tervaniemi, 2009;
Tillmann, Lalitte, Albouy, Caclin, & Bigand, 2016; Zendel et al., 2015). Furthermore,
amusics showed worse performance in rejecting irregular sequences, as compared to regular
sequences. This response bias may be attributed to the rare occurrence of irregular sequences
in everyday musical listening, which may make it difficult for amusics to judge irregular

sequences.

3 Experiment 2

As explained earlier, although the processing of authentic cadence reflects the
perception of harmonic syntactic structures, hierarchical syntactic relations can also arise

from long-distance dependencies between the half cadence and the authentic cadence in
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paired phrases. Indeed, according to the generative theory of tonal music (Lerdahl &
Jackendoff, 1987) and the generative syntax model (Rohrmeier, 2011), the final chord of the
tonic hierarchically prolongs the first chord of the sequence and closes the established
dominant that remains open at the end of the half cadence. Thus, in Experiment 2, we focused
on the long-distance dependency of the syntactic structure by examining whether the half
cadence in the first phrase affects the processing of the authentic cadence in the second
phrase in amusia.

In Western tonal music, the musical form (e.g., the sonata form) often takes a three-part
arrangement of ABA (Webster, 2001). Harmonically, in the sonata form the exposition
establishes the tonic key, and then, the development modifies the ideas presented in the
exposition by harmonic instability. In most cases, this is brought about by fast modulations to
relatively distant tonal areas (Webster, 2001). Given that the modulation of key is widely
applied in the development of music events, for ecological validity, we modulated the key of
the third to fifth chords of the first phrase in the irregular condition (Figure 5 and Audio Files
S3 and S4), which is reminiscent of the modulation of key in the development of the sonata
form. Thus, similar to the design in Koelsch et al. (2013), the final chord in our irregular
condition did not prolong the first chord of the sequence, nor did it close the open dominant
established by the first phrase. Unlike the design in Koelsch et al. (2013), however, we did
not transpose the key of the entire first phrase, but only manipulated the half cadence in the
first phrase. In this case, any effect from the final chord would only be due to the irregular
long-distance dependency between the half cadence and the final chord. We recorded the
neural responses to the tonic (i.e., the final chord) in the authentic cadence in the last phrase.
Considering that the ERAN-like response and N5 are supposed to reflect the processing of
hierarchical syntactic structures represented by long-distance dependencies (Koelsch,

Rohrmeier, Torrecuso, & Jentschke, 2013), we predicted that irregular long-distance
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dependencies would elicited an ERAN-like response and an N5 in controls but not in

amusics.

Insert Figure 5, about here.

3.1 Method

3.1.1 Participants

The recruitment and inclusion criteria of the participants were identical to Experiment 1.
Sixteen amusics and 16 matched controls took part in the present experiment. Only one
amusic and two controls did not participate in Experiment 1. Table 2 shows the participants’

demographic information, the mean scores of the MBEA, and the pitch discrimination

thresholds for the two groups.

Insert Table 2, about here.

3.1.2 Stimuli

Two original chord sequences were created and then transposed to 12 major keys,
resulting in 24 different sequences. Each harmonic sequence contained two phrases, and each
phrase consisted of five chords. There were two different versions for each of the 24

sequences, in which the half cadence in the first phrase constituted either regular or irregular
19



long-distance dependencies with the second phrase. In the regular version, the first phrase
ended with a half cadence (i.e., on an open dominant) while the second phrase ended with an
authentic cadence, in which the final chord hierarchically prolonged the first chord as well as
closed the established dominant that remained open at the end of the half cadence. In the
irregular version, the key of the third to fifth chords of the first phrase was modulated. By
doing so, the second phrase of each irregular sequence prolonged the first chord of the
sequence but did not close the open dominant established by the first phrase (see Figure 5).
That is, the long-distance dependency between the first and the second phrase was not
fulfilled. This manipulation led to an irregularity of long-distance dependency, while keeping
the local structure of the second phrase intact.

The final stimuli thus consisted of 48 chord sequences, of which 24 were regular and 24
were irregular. Each sequence was presented 4 times, resulting in 192 sequences for the entire
experiment. Presentation time of the chords was 500 msec, except for the fifth and the final
chords that lasted 1000 msec. Sequences were created using Cubase 5.1 (Steinberg Media
Technologies GmbH, Hamburg, Germany), exported with the grand piano timbre (Galaxy
Vienna Grand Library), with 44.1 kHz sampling rate and 16-bit resolution. The loudness was

normalized with Adobe Audition CS 6 at an approximate intensity of 68 dB SPL.

3.1.3 Procedure

The procedure, ERP recording, and data analysis were the same as in Experiment 1. In

this experiment, an average of 15.3% of all trials were rejected, and 81 trials (SD = 9) were
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retained per condition, with rejections being similarly distributed across groups and

conditions (Fs < 1). Experiment 1 and 2 were separated by a three-month interval.

3.2 Results and discussion

3.2.1 Behavioral results

Figure 6 shows the percentages of correct judgments (£ 1 SEM) for the regular and
irregular sequences in controls and amusics, respectively. The factor regularity was entered
into a repeated measures ANOVA as the within-subjects factor and group as the
between-subjects factor. There was a main effect of group, F{1,30) = 19.89, p < .001, partial n*
= .40, as controls showed higher accuracy in ir/regularity judgment (M = 71.31%, SD = 15.62)
than amusics (M = 52.50%, SD = 6.09). The performance of amusics did not differ
significantly from the chance level (f15) = 1.64, p = .12; one-sample #-test). Further analysis
showed that performance of amusics was above the chance level in the regular condition (#s)
=4.53, p <.001, Cohen’ d = 1.13; one-sample #-test) but below the chance level in the
irregular condition (#s5) = -4.04, p = .001, Cohen’ d = -1.01; one-sample #-test). Moreover,
the main effect of regularity was also significant, F(1,30) = 26.16, p <.001, partial n’ = .47,
with both groups performing better on the regular condition (M = 71.12%, SD = 14.67) than
the irregular condition (M = 52.78%, SD = 21.45). No significant interaction between group

and regularity was observed (F(1,30) = 2.95, p = .10).

Insert Figure 6, about here.
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Bivariate correlation analysis indicated that the accuracy rates were not significantly
correlated with the global MBEA scores, pitch detection thresholds, or pitch direction
discrimination thresholds for either amusics or controls (all ps > .09). Furthermore, no
significant correlation was found when accuracy rates in the regular and irregular conditions
were considered separately, for either amusics or controls (all ps > .35, see Table S4,

Supplemental materials for details).

3.2.2 Electrophysiological results

Figure 7 shows the electric brain responses to the final chords under harmonically
regular and irregular chord conditions at four representative electrodes. For controls, irregular
endings elicited negative potentials with an approximate onset of 110 msec and an
approximate peak latency of 250 msec. This early negativity is reminiscent of the ERAN,
although it was not lateralized to the right. However, the early negative potentials were not
observed in amusics. Furthermore, irregular endings also elicited fronto-central negative
potentials at a late time window (400—800 msec) in controls but not in amusics. Based on
visual inspection and previous research on the ERAN and N5 (Koelsch et al., 2000; Koelsch
et al., 2007), a time window from 110 to 250 msec after the onset of the final chords was
selected for the analysis of the ERAN-like response, and a time window from 400 to 800

msec was selected for the analysis of the N5.

Insert Figure 7, about here.
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An ANOVA with factors of group, regularity, anteriority, and hemisphere for the early
time window (110-250 msec) revealed an interaction between group and regularity, F(i, 30) =
17.73, p < .001, partial n* = .37, owing to the fact that the ERAN-like response was elicited in
controls (F(1,30) = 18.54, p <.001, partial n® = .38) but not in amusics (Fa,30=2.72,p=.11).
The scalp topographies in Figure 6 suggest that the ERAN-like response had an anterior
maximum, but there was no significant interaction between anteriority and regularity (p
=.09), nor between anteriority, regularity, and group (p = .72).

At approximately 400-800 msec, irregular chords also elicited a frontal negativity. An
ANOVA with factors of group, regularity, anteriority, and hemisphere for the time window

from 400 to 800 msec indicated an interaction between group and regularity, F(i, 30) = 4.40, p

.04, partial n* = .13, as an N5 was elicited in controls (Fa,30)=8.35, p=.007, partial n

.22) but not in amusics (F < 1). The scalp topographies in Figure 6 suggest that the N5 had
an anterior maximum, but there was no significant interaction between anteriority and
regularity (p =.09), nor between anteriority, regularity, and group (p = .16). No other main
effects or interactions related to regularity were significant (see Table S5, Supplemental
materials for details).

To examine the effect of local transition probability between the last chord of the
first phrase and the first chord of the second phrase, we analyzed the ERPs of the first chord
of the second phrase. The results showed that an early negativity over the frontal scalp was

elicited in controls but not in amusics. A global ANOVA for a time window from 100-200
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msec indicated an interaction between group, regularity, and anteriority, F(i,30)=4.17, p

= .05, partial n* = .12, owing to the fact that the early negativity with a frontal distribution
was elicited in controls (anterior regions: F(1, 30 = 5.79, p = .02, partial n° = .16; posterior
regions: F(1,30) = 3.32, p = .08) but not in amusics (anterior regions: Fi 30 = 1.40, p = .25;
posterior regions: {1 30) = 0.82, p = .37) (see Supplemental materials, Table S6, First chord
of the second phrase for more details).

To rule out the possibility that the effect observed in the ending chord was due to the
local transitions from the first phrase to the second phrase, we also compared the ERPs of the
second chord and the penultimate chord of the second phrase between regular and irregular
conditions. For the second chord of the second phrase, the results did not show any
significant effect related to regularity (for statistics see Supplemental materials, Table S6,
Prefinal tonic). Similarly, no significant effect related to regularity was observed for the
penultimate chord (for statistics see Supplemental materials, Table S6, Penultimate chord).
These findings ruled out the possibility that the ERP effects elicited by the final chords were
due to sensory factors.

In summary, syntactic processing elicited an ERAN-like response and an N5 in the
control participants, indicating that controls perceived harmonic syntactic structures induced
by the violations of long-distance dependencies. This finding is consistent with the results by
Koelsch et al. (2013), who also found an ERAN-like response and an N5 in the processing of
long-distance syntactic dependency in nonmusicians. However, amusics failed to elicit these

ERP responses. The absence of electrophysiological effects was consistent with the poor
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performance of amusics at the behavioral level, suggesting that individuals with amusia could
not detect the violations of long-distance dependencies, nor could they integrate the harmonic
information at the late stage of processing. Compared with the behavioral results in
Experiment 1, however, both controls and amusics showed worse performance in the
rejection of irregular sequences. Although such a response bias between regular and irregular
conditions has been reported for typical people (e.g., James et al., 2008; Koelsch et al., 2007),
this finding suggests that irregular long-distance dependencies are more difficult to detect

than irregular local dependencies.

3.2.3 Correlation of ERPs between the two experiments

To test for the correlations between the ERP effects elicited by local and long-distance
dependencies of syntactic structures, we conducted additional correlation analyses between
the two experiments for the ERAN and N3, respectively. Only the data from the same
participants (15 amusics and 14 controls) were considered. Results showed that the ERAN in
Experiment 1 was not significantly correlated with the ERAN-like response in Experiment 2
for either amusics or controls (ps > .19). However, the N5 in Experiment 1 was significantly
correlated with that in Experiment 2 for controls (r(13) = .70, p <.01), although there was no
significant correlation for amusics (p > .26). These findings suggest that the ERPs elicited by
local and long-distance dependencies of harmonic syntactic structures were similar at the late

stage of processing for control participants.
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4 General discussion

Hierarchical syntactic relations in music can arise from local harmonic structures in an
authentic cadence, or from long-distance dependency syntactic structures resulted from the
relation between a half cadence and an authentic cadence in paired phrases. The present study
used ERPs to investigate the impact of amusia on the neural processing of harmonic syntactic
structures induced by local (Experiment 1) and long-distance dependencies (Experiment 2).
In Experiment 1, by manipulating the ending chord of the authentic cadence in harmonic
sequences, we observed that irregular endings elicited an ERAN followed by an N5 and an
LPC in controls but not in amusics, as compared with regular endings. This finding indicates
that amusics could not process local syntactic dependencies in the authentic cadence. In
Experiment 2, by manipulating the hierarchical syntactic relation between the half cadence
and the authentic cadence, we revealed that irregular long-distance dependencies elicited an
ERAN:-like effect and an N5 in controls but not in amusics. This finding suggests that
amusics were also impaired in perceiving syntactic structures of long-distance dependencies
in music. In both experiments, the ERP responses reflected the performance on the behavioral
tasks for both amusics and controls. Together, our findings suggest that amusics are impaired
in the early detection of the violations of hierarchical syntactic structures, and in the
subsequent structural integration and meaning processing.

The main contribution of the current study was to show the impact of amusia on the
neural processing of harmonic syntactic structures. Even without musical training, normal

listeners can develop sensitivity to hierarchical syntactic structures in music based on local
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(see Bigand & Poulin-Charronnat, 2006 for a review) and long-distance dependencies
(Koelsch et al., 2013) through musical exposure and perceptual learning. However, amusics
in the present study were unable to process syntactic structures based on local and
long-distance dependencies. These results confirm the previous finding that amusics cannot
explicitly process musical structure (Jiang et al., 2016; Peretz et al., 2009; Tillmann, Lalitte,
et al., 2016; Zendel et al., 2015), and extend to the processing of long-distance dependency of
syntactic structures.

The impairments in the processing of harmonic syntactic structures in amusics might be
related to their reduced sensitivity to tonality. Indeed, musical structure is governed by
functional regularity, which is based on the hierarchy of tonal stability (see Bigand, 1993 for
a review). It has been demonstrated that amusics are unable to perceive the stability of tones
in a hierarchical manner (Jiang et al., 2016), and that they cannot use tonality-related cues
(e.g., mode) to perceive musical tension (Jiang, Liu, & Wong, 2017). Consequently, amusics
are unable to make an explicit judgment of the tonal regularity of chords, thus resulting in
their reduced sensitivity to the distinction between regular and irregular syntactic structures.

It is possible that amusics’ deficits in harmonic syntactic processing are not due to their
impairments in low-level music processing or pitch discrimination, given that their scores on
the MBEA and their pitch perceptual thresholds were not correlated with their performance
on the judgment of musical expectancy. Previous studies have also suggested that deficits in
pitch perception are not related to pitch expectations (Omigie et al., 2012), musical syntax

and tonality performance (Jiang et al., 2016), or musical meaning processing (Zhou, Liu, Jing,
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& Jiang, 2017) in amusia. Our findings thus imply that the processing of harmonic syntactic
structures may be cognitively and neurally distinct from mechanisms responsible for low
level pitch discrimination. Taken together, amusics’ deficits may be relevant to pitch
processing at both low and high levels of music processing, and there may be a neural
network that is specific to pitch processing in music (Norman-Haignere et al., 2016; Zhou et
al., 2017). Given previous conclusions that amusics have internalized syntactic-like functions
of pitches (e.g., Tillmann et al., 2012, 2016a; Zendal et al., 2015), our findings support the
idea that amusics are unable to consciously access pitch information that is encoded in their
auditory cortex. Indeed, it has been suggested that an alteration in consciousness can give rise
to severe cognitive impairments in music (Zendal et al., 2015). The present findings thus
indicate that cognitive impairments in harmonic syntactic structures might be due to deficits
in conscious access of pitch.

For controls, our results provided evidence for the similarities and differences between
the processing of local and long-distance dependencies of syntactic structures. Unlike the
ERAN in Experiment 1, however, the ERAN-like response in Experiment 2 was not
anterior-right distributed but with a slight (statistically nonsignificant) left hemispheric
weighting. The ERAN and the ERAN-like response might reflect the early detection of
syntactic violations induced by local and long-distance dependencies, respectively. Indeed, as
revealed by our correlation analysis, the ERAN and the ERAN-like response in the two

experiments was not correlated with each other. This might be because in Experiment 2
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additional syntactic processing is required to recognize the long-distance structural
dependency between non-adjacent structures.

Unlike the ERAN, the amplitudes of the N5 in the two experiments were significantly
correlated for controls, suggesting similar processing of the syntactic structures between the
two experiments. It has been suggested that the N5 evoked by final chords probably reflects
the increased amount of harmonic integration (Koelsch et al., 2000; Koelsch et al., 2013) or
the processing of meaning information (Koelsch, 2011, 2012; Steinbeis & Koelsch, 2008).
Indeed, in both experiments, participants had to harmonically integrate the final chords into
the previous musical contexts. Such integration might correlate with the expectancy of
structural relations of musical events, which can, in turn, have meaning for the individual
(Huron, 2008; Koelsch, 2012; Meyer, 1956). Therefore, our findings suggest that the
processing of hierarchical syntactic structures induced by local and long-distance
dependencies might be similar during the processing stage of harmonic integration or
meaning processing. Future studies using neuroimaging techniques with high spatial
resolution would be needed to explore the neural correlations between local and long-distance
structural dependencies in music.

Hierarchical syntax is a key feature in both musical and linguistic structures. Consistent
with the findings in Koelsch et al. (2013), the present study confirms that typical people are
capable of perceiving hierarchical syntax in music. Moreover, our study extends previous
research to reveal the intricate mechanisms of local and long-distance dependencies in

hierarchical syntactic processing. Since previous linguistic-syntactic studies also showed
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neural differences between local and long-distance dependencies (e.g., Friederici, 2004; Jiang
& Zhou, 2009; Phillips, Kazanina, & Abada, 2005), the present study provides further
evidence for the “Shared Syntactic Integration Resource Hypothesis” (SSIRH) (Patel, 2003,
2008), which suggests that music and language may share cognitive and neural resources in
syntactic processing.

Finally, it has been suggested that amusia is associated with a short-term pitch memory
deficit (see Tillmann et al., 2016b for a review). However, pitch perception and memory are
interwoven in the processing of music (Cook, 1987; Huron & Parncutt, 1993; Jiang et al.,
2013). Even if there is a possible pitch memory deficit in amusia, it is unlikely that our
observed effects were due to the possible difference in memory for musical material between
the two groups. Specifically, although the processing of long-distance structural dependencies
may require additional working memory in establishing and maintaining syntactic
representations than local dependencies (Koelsch et al., 2013), studies on linguistic syntactic
processing have shown that on-line construction of syntactic form is not influenced by the
capacity of the working memory (Waters & Caplan, 2004), and that the processing of
syntactic structures is neuroanatomically separate from non-syntactic working memory
(Makuuchi et al., 2009). This might be due to the fact that syntactic processing in both music
and language relies on the representations of syntactic regularities that already exist in a
long-term memory format (Koelsch, Schmidt, & Kansok, 2002). On the other hand, if
short-term pitch memory is involved in syntactic processing and the processing of

long-distance structural dependencies demands more short-term memory resources than that
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of local dependencies, then the observed effects of group difference would be different across
the two experiments of our study. However, the effect sizes of the main effect of group were
similar in the two experiments (0.39 in Experiment 1 and 0.40 in Experiment 2). Taken
together, the observed group effects in our present study were unlikely to be due to the
possible difference in memory for musical material between the two groups.

To conclude, our findings revealed that amusics were impaired in the detection of
syntactic violations and subsequent harmonic integration. The amusic deficits in the
processing of local and long-distance dependencies of harmonic syntactic structures might be
due to their reduced sensitivity to tonality. These findings provide evidence to support the
view that there may be a neural network specific to pitch processing in music, and reveal the
similarities and differences between the processing of local and long-distance dependencies

of musical structures.
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Figure captions

Figure 1. Hierarchical syntactic structures in paired phrases. The first phrase ends on an
open dominant (V), and the second phrase ends on a tonic (I). The tree structure above the
scores represents a schematic diagram of the structural dependencies. In the second phrase,
the penultimate chord (V) is followed by the resolving tonic (I), representing the local
harmonic dependency in the authentic cadence. In the first phrase, the open dominant (V) in
the half cadence is not immediately followed by a resolving tonic chord but implies its
resolution with the final tonic (1), representing the long-distance dependency between the half
cadence and the final tonic. The same dependency exists between the initial and final tonic.

Figure 2. Illustration of stimuli in Experiment 1. (A) Regular version. The first phrase
ends on an open dominant, and the second phrase ends on a tonic. The penultimate chord (V)
is immediately followed by the resolving tonic (I), representing the local harmonic
dependency in the authentic cadence. Moreover, the final tonic prolongs the first chord of the
sequence and closes the established dominant that remained open at the end of the half
cadence. (B) Irregular version. The supertonic chord was used as an irregular ending,
representing the violation of the local harmonic dependency in the authentic cadence.
Moreover, the supertonic ending does not prolong the first chord of the sequence or close the
established dominant at the end of the half cadence. However, the use of the supertonic does
not introduce new chord function, and the frequency of occurrence of the ending chords has
been controlled for between the regular and irregular conditions. The arrows indicate new
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pitches that were not contained in any of the previous chords: the final tonic contained two
new pitches (in both the top voice and the base voice), whereas the final supertonic contained
one new pitch (in the top voice). Therefore, any effect responded to the syntactically irregular
condition should not be due to the factor of sensory novelty, because the final tonics
contained more new pitches than the final supertonics. Participants were instructed to decide
whether the progression of the chords was consistent with their expectation after the
presentation of each chord sequence.

Figure 3. Experiment 1: Boxplots of accuracy rates in amusics and controls for the
judgment of musical completion under regular and irregular conditions. These boxplots
contain the extreme of the lower whisker, the lower hinge, the median, the upper hinge, and
the extreme of the upper whisker. The two hinges are the first and third quartile, and the
whiskers extend to the most extreme data. The black crosses denote arithmetic mean. * p
<.05; *** p <.001; n.s., no significant difference.

Figure 4. Experiment 1: Grand mean waveforms elicited by regular and irregular
ending chords at four representative electrode sites for amusics and controls, respectively.
Bottom: Scalp distribution of the irregular-minus-regular difference waves in the 110-230
msec and 450—-700 msec latency ranges for amusics and controls, respectively.

Figure 5. Illustration of stimuli in Experiment 2. (A) Regular version. The first phrase
ends on an open dominant, and the second phrase ends on a tonic. The final tonic (I) prolongs
the first chord of the sequence (I) and closes the established dominant (V) that remained open

at the end of the half cadence, representing the long-distance dependencies of musical
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syntactic structures. (B) Irregular version. In the first phrase, the key of the last three chords
was modulated. In this case, the final chord in the irregular condition prolongs the first chord
of the sequence whereas it does not close the established dominant that remained open at the
end of the half cadence, representing the violation of the long-distance dependency of
syntactic structure. Moreover, the local dependency between the penultimate chord (V) and
the final tonic (I) keeps intact. Participants were instructed to decide whether the progression
of the chords was consistent with their expectation after the presentation of each chord
sequence.

Figure 6. Experiment 2: Boxplots of accuracy rates in amusics and controls for the
judgment of musical completion under regular and irregular conditions. * p <.05; *** p
<.001.

Figure 7. Experiment 2: Grand mean waveforms elicited by regular and irregular
ending chords at four representative electrode sites for amusics and controls, respectively.
Bottom: Scalp distribution of the irregular-minus-regular difference waves in the 110-250

msec and 400-800 msec latency ranges for amusics and controls, respectively.
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Figure 4
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Table 1. Participants’ characteristics and mean scores of the MBEA and pitch thresholds for

each group in Experiment 1. Standard deviation values are shown in parentheses.

Amusic (n = 16) Control (n = 16) t-test

Mean age (SD) 24.06 (2.17) 23.44 (2.22) p=.437
Sex 10F, 6M 11F, 5SM

Years education (SD) 16.94 (1.95) 17.06 (2.26) p=.868
Melodic score of MBEA (SD) 18.42 (2.03) 27.48 (1.05) p<.001
Global score of MBEA (SD) 18.75 (1.40) 27.32(0.77) p<.001
d’ of MBEA (SD) 0.85(0.31) 2.77 (0.26) p<.001
Pitch detection threshold 1.62 (1.61) 0.44 (0.31) p=.008
Pitch direction discrimination threshold 4.47 (1.67) 2.33 (2.32) p=.003

Note: F = female; M = male. The “Melodic score of MBEA” refers to the mean score of the three

pitch-based subtests.
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Table 2. Participants’ characteristics and mean scores of the MBEA and pitch thresholds for

each group in Experiment 2. Standard deviation values are shown in parentheses.

Amusic (n = 16) Control (n = 16) t-test

Mean age (SD) 24.00 (2.10) 23.56 (1.79) p=.530
Sex 10F, 6M 10F, 6M

Years education (SD) 17.00 (2.00) 17.06 (1.88) p=.928
Melodic score of MBEA (SD) 18.35 (1.97) 27.60 (0.94) p<.001
Global score of MBEA (SD) 18.58 (1.36) 27.38(0.92) p<.001
d’ of MBEA (SD) 0.82(0.32) 2.79 (0.30) p<.001
Pitch detection threshold 1.50 (1.63) 0.42 (0.31) p=.015
Pitch direction discrimination threshold 4.46 (1.70) 2.01 (2.31) p=.002

Note: F = female; M = male. The “Melodic score of MBEA” refers to the mean score of the three

pitch-based subtests.
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