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Abstract

Perceptual adaptation is an active cognitive process where listeners re-analyse speech
categories based on new contexts/situations/talkers. It involves top-down influences from
higher cortical levels on lower-level auditory processes. Individuals with congenital
amusia have impaired pitch processing with reduced connectivity between frontal and
temporal regions. This study examined whether deficits in amusia would lead to impaired
perceptual adaptation in lexical tone perception. Thirteen Mandarin-speaking amusics and
13 controls identified the category of target tones on an 8-step continuum ranging from
rising to high-level, either in isolation or in a high-/low-pitched context. For tones with no
context, amusics exhibited reduced categorical perception than controls. While controls’
lexical tone categorization demonstrated a significant context effect due to perceptual
adaptation, amusics showed similar categorization patterns across both contexts. These
findings suggest that congenital amusia impacts the extraction of context-dependent tonal
categories in speech perception, indicating that perceptual adaptation may depend on
listeners’ perceptual acuity.
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Highlights:

e We studied whether perceptual adaptation is affected by perceptual acuity, i.e.,
amusia.

e Amusics showed reduced categorical perception of lexical tones.
e Amusics failed to recalibrate their tonal categories based on different contexts.

e Perceptual adaptation is a higher-order cognitive process that depends on
perceptual acuity.



1 Introduction

Perceptual adaptation or talker normalization refers to the phenomenon that listeners
extract phonological categories based on the specific characteristics of the speech of
individual talkers (Huang & Holt, 2012). That is, speech categories, such as vowels
(Assgari & Stilp, 2015; Ladefoged & Broadbent, 1957), consonants (Johnson, 2016; Wade
& Holt, 2005), and tones (Francis et al., 2006; Huang & Holt, 2009; Moore & Jongman,
1997; Wong & Diehl, 2003), are tuned to the speech of different talkers. In the literature,
the presentation of different talkers has been achieved by either manipulating the acoustic
context in which the same sound occurs, i.e., simulating a scenario with a virtual change
of “talkers” as indexed by the specific features of the context (Francis et al., 2006; Huang
& Holt, 2009; Ladefoged & Broadbent, 1957; Wade & Holt, 2005; Wong & Diehl, 2003),
or by employing different tokens produced by real-life multiple talkers (Johnson, 2016;
Moore & Jongman, 1997), or both (Assgari & Stilp, 2015). Specifically, perceptual
adaptation can be observed when listeners rely on extrinsic spectral or temporal cues from
the context to identify an ambiguous sound in speech, as different contexts may lead to
different categorizations of the same sound, be it a tone or a segment (Huang & Holt, 2012).
Much research has been done on how contexts or talkers affect categorization of lexical
tones in tone languages, which distinguish word meaning at the syllable level with varying

pitches, e.g., /si55/ (high tone, 55, ‘poem’) versus /si22/ (low tone, &, ‘right”) in Cantonese.

The results indicate that the effect of context on tone categorization shows a contrastive
pattern: the same tone is more likely to be perceived as having a higher pitch in a low-
pitched context compared to a high-pitched context, and vice versa (Francis et al., 2006;

Huang & Holt, 2009; Wong & Diehl, 2003). In essence, perceptual adaptation reflects



context-dependent speech categorization, or “adaptive coding”, in which listeners use
general perceptual mechanisms to adjust speech categories based on the context (Huang &
Holt, 2012).

Although perceptual adaptation has been studied extensively across different
phonological categories in the general population (Huang & Holt, 2012), little is known
about whether this process is impacted by individuals’ perceptual acuity. The extent to
which perceptual adaptation occurs depends on the magnitude of the acoustic manipulation
of the context, e.g., the degree of lowering/raising of contextual pitch for tone
categorization (Francis et al., 2006) and the amplitude of preceding spectral peaks for
vowel categorization (Assgari & Stilp, 2015). In particular, the degree of categorical shift
in tone perception (e.g., high versus low) is proportional to the pitch difference between
the preceding context and the target continuum (Francis et al., 2006). While a context
lowered/raised two semitones relative to the target tones led to 100% of the tones being
categorized as high after the low-pitched context but low after the high-pitched context, a
one-semitone shift of the context only adjusted the categories of 74% of the tones, and a
half-semitone shift merely affected 32% of the tones in the predicted direction (Francis et
al., 2006). A question thus arises as to whether individual differences in pitch acuity would
impact the results. The present study investigated this issue by examining the impact of
congenital amusia, a disorder in pitch processing (Vuvan et al., 2015), on perceptual
adaptation.

Congenital amusia (amusia hereafter) is a neurodevelopmental disorder of pitch
processing (Vuvan et al., 2015), which causes severe impairments in music perception and

production (Ayotte et al., 2002; Dalla Bella et al., 2009), mild impairments in speech



perception and imitation (Hutchins et al., 2010; Liu et al., 2010, 2013), but largely intact
speech production (Liu et al., 2010, 2016; Nan et al., 2010). Behavioral studies suggest that
individuals with amusia (amusics hereafter) have difficulty with fine-grained pitch
discrimination, being unable to detect pitch changes that are below one semitone, i.e., 25
or 50 cents, in discrete tone sequences (Hyde & Peretz, 2004; Jiang et al., 2011; Peretz et
al., 2002), or distinguish subtle dynamic pitch contours in speech (Hutchins et al., 2010;
Jiang et al., 2010, 2012; Liu et al., 2010; Liu, Jiang, et al., 2012; Liu, Maggu, et al., 2015;
Liu et al., 2016). Studies using staircase adaptive tracking procedures indicate that amusics
have elevated thresholds for the detection of pitch changes (e.g., 0.28 semitones in Liu et
al., 2010 for pure tones) and discrimination (e.g., 0.86 semitones in Liu et al., 2010 for pure
tones) and identification (e.g., 4.44 semitones in Liu et al., 2012b for complex tones) of
pitch direction compared to typically developing controls (Jiang et al., 2013; Liu et al.,
2010, 2016, 2017; Liu, Jiang, et al., 2012; Liu, Xu, et al., 2012; Loui et al., 2008). They
also have impaired short-term memory for pitch (Tillmann et al., 2016), as a result of their
reduced pitch perception abilities (Jiang et al., 2013).

Electrophysiological studies of amusia provide a more nuanced picture of amusics’
pitch processing abilities, by revealing dissociation (Liu, Maggu, et al., 2015), association
(Zendel et al., 2015; Zhou et al., 2017; Zhou, Liu, Jiang, & Jiang, 2019; Zhou, Liu, Jiang,
Jiang, et al., 2019), or a mixture of both (Moreau et al., 2013; Peretz et al., 2009) between
brain and behaviour. For instance, despite showing impaired lexical tone identification at
the behavioural level, amusics showed preserved frequency-following responses (FFRs)—
which have both subcortical and cortical origins based on recent evidence (Coffey et al.,

2019)—to musical and linguistic tones in both quiet and noisy conditions (Liu et al., 2015,



although see Lehmann et al., 2015 for different results). They also demonstrated intact pre-
attentive discrimination of pitch deviants (as small as 25 cents) as indexed by a normal
mismatch negativity (MMN), but failed to detect these sounds consciously both
behaviourally and neurally with an absence of P3b (indexing conscious discrimination of
sounds; Polich, 2007) (Moreau et al., 2013). Similarly, although unable to detect out-of-
tune notes (25 cents) in melodies behaviourally, amusics showed an early right anterior
negativity (ERAN, reflecting music-syntactic processing; Koelsch, 2009) to those notes,
but failed to exhibit a P600 (signifying syntactic integration; Hagoort et al., 1993) at a later
processing stage (Peretz et al., 2009). However, when specifically required to detect out-
of-tune (50 cents) and out-of-key (1 semitone) notes with sustained attention, amusics
showed both impaired behavioural performance and a lack of both ERAN and P600
compared to controls, indicating an impairment in top-down processing of tonal rules in
music (Zendel et al., 2015). Moreover, amusics were unable to detect irregularities in
musical structure both behaviourally and neurally, showing an absence of an ERAN, N5
(reflecting harmonic integration; Koelsch et al., 2000), and LPC (late positive component,
signifying structural reanalysis and repair; Koelsch, 2011a) to harmonic syntactic
violations (Zhou, Liu, Jiang, Jiang, et al., 2019). In a cross-modal semantic priming study
(e.g., a target image depicting an upward movement primed by a downward musical scale,
thus leading to semantic incongruency between the prime and the target), amusics also
showed impaired processing of iconic musical meaning as represented by the direction of
pitch changes both behaviourally with impaired judgment of semantic congruency between
the primes and targets, and neurally with a missing N400 (indexing meaning processing;

Koelsch, 2011b) (Zhou et al., 2017). Finally, they also exhibited impaired recognition of



emotional connotations of major/minor (happy/sad) and consonant/dissonant
(pleasant/unpleasant) chords both behaviourally (impaired ratings) and neurally (missing
N400) (Zhou, Liu, Jiang, & Jiang, 2019). Therefore, it appears that amusics’ pitch
processing deficits involve conscious, higher-level processing of musical pitch, structure
and meaning (N400, N5, P600), whereas low-level, pre-attentive processing of pitch (FFR,
MMN, ERAN) may be intact in amusia (Peretz, 2016).

The neurobiological basis of amusia has been explored in several neuroimaging
studies, both structurally (Albouy et al., 2013; Chen et al., 2015; Hyde et al., 2006, 2007;
Loui et al., 2009; Wang et al., 2017) and functionally (Albouy et al., 2013; Hyde et al.,
2011; Norman-Haignere et al., 2016; C. Zhang, Peng, et al., 2017). Using diffusion tensor
tractography, an early study showed a reduced right AF volume (arcuate fasciculus; a white
matter tract) connecting the temporal and frontal brain regions, which was correlated with
amusics’ pitch discrimination thresholds and pitch production-perception abilities (Loui et
al., 2009). The authors thus suggested that amusia might be a disconnection syndrome for
music, parallel to conduction aphasia for language, given the essential role the AF plays in
language functioning (Loui et al., 2009). Using both tract- and network-based analysis of
diffusion tensor imaging data, a later study identified a few other impaired white matter
tracts beyond the frontotemporal auditory pathway, including the corpus callosum, the right
inferior/superior longitudinal fasciculus, and the right inferior frontal-occipital fasciculus,
thus confirming a large-scale white matter disconnection in the amusic brain (Wang et al.,
2017). However, another study indicated that whether the AF was detectable in the amusic
brain depended on the tractography algorithm used, as different algorithms led to different

results in the sample of amusics they examined (Chen et al., 2015). Thus, the authors



concluded that reduced AF connectivity might not reflect the underlying anatomy or
phenotype of amusia (Chen et al., 2015). Nevertheless, studies using voxel-based
morphometry and cortical thickness measures revealed that amusics had reduced white
matter in the right inferior frontal gyrus (IFG) and greater cortical thickness in the right
IFG and the right superior temporal gyrus (STG), which were correlated with their music
perception scores, thus suggesting that amusia is associated with a cortical anomaly which
may in turn affect white-matter connectivity during development (Hyde et al., 2006, 2007).
A follow-up functional MRI (magnetic resonance imaging) study showed reduced
functional connectivity between the right auditory seed region and the right IFG/pars
orbitalis in the amusic brain, supporting the notion of amusia as a disconnection syndrome
(Hyde et al., 2011). Combining behavioural, MEG (magnetoencephalography), and voxel-
based morphometry measures, Albouy et al. (2013) largely replicated the findings of
abnormal white and grey matter concentration in the right IFG and in the right STG, as
well as decreased right frontotemporal connectivity in amusia. However, amusics appeared
to have a functional auditory cortex (although see different results among Cantonese
speakers with amusia in Zhang et al., 2017), by showing a positive linear BOLD (blood-
oxygen-level-dependent) response to increasing pitch distances between successive tones
in bilateral auditory cortices (at the planum temporale/lateral Heschl’s gyrus border) (Hyde
et al., 2011), and by exhibiting pitch-responsive cortical regions (e.g., lateral Heschl’s
gyrus) similar to controls in terms of extent, selectivity, and anatomical location (Norman-
Haignere et al., 2016). Therefore, it has been proposed that deficits in pitch processing in
amusia arise from the impaired connectivity and top-down projection along the right

frontotemporal pathway, with a seemingly functional auditory cortex (Peretz, 2016).



Thus, combining evidence from behavioural, electrophysiological, and
neuroimaging studies, individuals with amusia demonstrate behavioural deficits in
processing subtle pitch changes in music and speech as well as show impairments in basic
musical skills such as processing of musical pitch, structure, and meaning. However, these
behavioural deficits may or may not manifest in the brain through EEG
(electroencephalography) or BOLD signals. The unique pitch processing profile in amusia
provides an excellent opportunity to examine the underlying mechanism of perceptual
adaptation. According to the “ideal adapter framework”, successful speech perception
requires the listener to be an “ideal adapter”, who constantly adjusts perceived linguistic
categories based on new situations or contexts, e.g., the variant speech acoustics of
different talkers (Kleinschmidt & Jaeger, 2015). However, given amusics’ impairments in
pitch processing, it might be asked whether subtle changes of a pitch context would induce
perceptual adaptation in amusics, similarly to controls. In addition, speech perception is an
active process, where the analysis of speech categories is contingent on context and guided
by focused attention (Heald & Nusbaum, 2014). Specifically, the reshaping of responses
during perceptual adaptation involves information-contingent operations that require top-
down influences from higher cortical levels on lower-level auditory processes, with
changes in frontal lobe responses modulating temporal lobe responses to speech categories
(Davis & Johnsrude, 2007; Heald & Nusbaum, 2014). In particular, the literature suggests
that perceptual adaptation may be subserved by right-hemisphere (Mathias & von
Kriegstein, 2014; Myers & Theodore, 2017), left-hemisphere (Chandrasekaran et al., 2011;
Choi & Perrachione, 2019a), or bilateral (Perrachione et al., 2016; Sjerps et al., 2019;

Wong et al., 2004) speech perception processes. Given the disconnection between the right
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frontal and temporal brain regions in amusia (Peretz, 2016), testing whether amusics have
impaired perceptual adaptation would contribute to our understanding of the human speech
recognition system and theories and debates about context-dependent speech processing
(Heald & Nusbaum, 2014; Kleinschmidt & Jaeger, 2015; Scott, 2019).

A few recent studies have investigated the effects of contextual variation on tone
perception in Cantonese speakers with amusia (Shao et al., 2019; Shao & Zhang, 2018,
2019; C. Zhang et al., 2018). Results indicate that Cantonese amusics showed reduced
accuracy rates in lexical tone identification compared to controls across all contexts (Shao
et al., 2019; C. Zhang et al., 2018), and that sentential context facilitated controls’ tone
identification but not amusics’ (Shao & Zhang, 2018). In addition, while amusics showed
intact early sensory encoding (N1 amplitude) but impaired voluntary attention switch (P3b
amplitude) to deviant tones relative to controls across different contexts (single versus
multiple talkers), they showed delayed cognitive control (N2b/c latency) and reduced
involuntary attention switch (P3a amplitude) to deviant tones compared to controls in the
single-talker condition only (Shao & Zhang, 2019). Across single- and multiple-talker
conditions, amusics showed reduced accuracy and longer reaction times in detecting
deviant tones compared to controls (Shao & Zhang, 2019). Overall, the findings are
inconclusive as to whether amusics indeed have a deficit in talker normalisation per se, as
they showed worse tone perception than controls regardless of context (Shao et al., 2019;
Shao & Zhang, 2019; C. Zhang et al., 2018). Although Shao & Zhang (2018) examined
identification of the six Cantonese tones with and without a carrier sentence in amusia, e.g.,
“/j155/” vs. “This 1s /ji55/7, they did not include another context with a varied pitch to elicit

a categorical shift of the same tone as typically done in the literature (Francis et al., 2006;
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Huang & Holt, 2009; Moore & Jongman, 1997; Wong & Diehl, 2003). Thus, it remains to
be determined whether amusics would show an impairment in perceptual adaptation when
their performance across different contexts does not depend on their pitch acuity but on the
context alone.

In the present study, we examined perceptual adaptation in Mandarin speakers with
and without amusia using the design and stimuli from the seminal work by Huang and Holt
(2009). In Huang and Holt (2009), a continuum of eight tones with different slopes was
used to examine the effect of context on the identification of Mandarin Tone 1 (level tone)
and Tone 2 (rising tone). Among the eight tones, the onset Fos varied from 165 Hz (typical
Tone 2) to 200 Hz (typical Tone 1) while the offset Fos maintained at 200 Hz. When the
contextual sentence shifted from a high-pitched (200 Hz) to a low-pitched (165 Hz)
rendition, the ambiguous tone (with an onset Fo of 180 Hz) in the no-context condition
became less ambiguous: being identified more as Tone 1 in the low-pitched context but
Tone 2 in the high-pitched context. Thus, this design tested a genuine context effect, rather
than the ability to perceive different lexical tones across various conditions (Shao et al.,
2019; Shao & Zhang, 2018, 2019; C. Zhang et al., 2018). In particular, we compared
identification of lexical tones across three contexts: no, high-pitched, and low-pitched.
Through acoustic manipulation, the high- versus low-pitched contexts served as an
indication that the talker was either high-pitched or low-pitched. Thus, with sentential pitch
context, the speaker information was implied implicitly (Francis et al., 2006; Huang & Holt,
2009; Moore & Jongman, 1997; Wong & Diehl, 2003). Therefore, we used this design to
examine whether Mandarin speakers with amusia could adjust their lexical tone categories

based on different contexts as typically developing individuals in the present study. We
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predicted that Mandarin speakers with amusia would show deficits in perceptual adaptation
for lexical tone perception, due to their impaired pitch processing abilities and reduced
connectivity between the frontal and temporal neural networks.

2 Methods

2.1 Participants
Participants (n = 13 in each group) were recruited by advertisements through bulletin

board systems and social media at Shenzhen University, China. All participants had normal
hearing in both ears, with pure-tone air conduction thresholds of 25 dB HL or better at
frequencies of 0.5, 1, 2, and 4 kHz. All were native speakers of Mandarin, and none
reported having speech or hearing disorders or neurological/psychiatric impairments in the
questionnaires concerning their music, language, and medical background. Written
informed consents were obtained from all participants prior to the experiments. The
Institutional Review Board of Northwestern University and The Joint Chinese University
of Hong Kong — New Territories East Cluster Clinical Research Ethics Committee
approved the study.

All participants were right-handed as assessed by the Edinburgh Handedness
Inventory (Oldfield, 1971). The diagnosis of amusia in these participants was conducted
using the Montreal Battery of Evaluation of Amusia (MBEA) (Peretz et al., 2003). Those
who scored 65 or under on the pitch composite score (sum of the scores on the scale,
contour, and interval subtests) or below 78% correct on the MBEA global score were
classified as amusic, as these scores correspond to two standard deviations below the mean
scores of normal controls (Liu et al., 2010; Peretz et al., 2003). Controls were chosen to
match with amusics on sex, handedness, age, years of education, and musical training

background, but having significantly higher MBEA scores (Table 1).
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[Insert Table 1 about here]

2.2 Stimuli
Stimuli were obtained from Huang and Holt (2009). There were three contexts (no,

high-pitched, low-pitched) and 24 target stimuli (= 3 syllables * 8 tones). The “no” context
was the condition in which the target stimuli were presented alone without any context.
The high- or low-pitched context stimuli were a 1.75 seconds long semantically neutral

Mandarin sentence, “I& JtiX 17, qing3 shuol zhe4 ci2, please say this word,” manipulated

with two different mean Fos (fundamental frequencies) across the entire sentence, 200 Hz
(high-pitched context) and 165 Hz (low-pitched context). The target stimuli were a
continuum of eight tones carried by three Mandarin syllables, /wu/, /yi/, and /yii/, each with
a duration of 447 msec. As shown in Supplementary Figure 1, the initial Fos of the target
stimuli ranged from 165 to 200 Hz (in 5 Hz steps), and the final Fo was 200 Hz. The context
and target stimuli were combined together to form 72 individual trials (= 3 contexts * 3
syllables * 8 tones). Each trial was repeated five times. This led to 360 trials in total for the
tone categorization experiment.

2.3 Procedure
The tone categorization experiment was done in a soundproof room using E-Prime

2.0 (Schneider et al., 2002), with stimuli delivered through Sennheiser HD 380 PRO
Headphones and a Roland UA-55 Quad-Capture audio interface at a comfortable listening
level. The trials with or without context were run in separate blocks. In block 1, target
stimuli with no context were presented in a random order. In block 2, target stimuli with
the high- or low-pitched context were randomly mixed and presented. Participants were
required to judge the tones of the target stimuli by pressing “1” (for Tone 1) or “2” (for

Tone 2), while the corresponding pitch trajectories were depicted on the computer screen
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as — and k. The inter-trial-interval was 1000 msec. It took on average 15 minutes to

complete the task.

2.4 Data analysis
Tone categorization data for each participant were extracted as the percentage of

Tone 2 response across the five repetitions of each of the three syllables over the eight Fo
onset steps. Reaction time on each trial was also collected. Given that there was no right
or wrong response in an absolute sense (i.e., Tone 2 responses depended on individual
participants’ categorical boundaries across the eight Fo onset steps), all reaction time data
were retained for analysis. For visual inspection, each participant’s data were plotted with
categorization rates (mean percentages of Tone 2 responses across the three syllables) as a
function of Fo onset of the target stimuli under the three contexts (Supplementary Figure
2). Three amusics (A01, A03, and A10) and one control (C02) failed to demonstrate
categorical perception of the tone stimuli, by either responding randomly (AO1) or failing
to detect a rising pitch in most trials (A03, A10, and C02) (Supplementary Figure 2A, C, J,
O). Following the protocol in previous studies, e.g., excluding participants who did not
achieve a mean accuracy of 80% for vowel identification at continuum endpoints (Assgari
& Stilp, 2015), their data were excluded from subsequent statistical analyses.

Statistical analyses were conducted using R 4.0.2 (R Core Team, 2020), in which
mixed-effects models were fit using the /me4 package (Bates et al., 2015) and statistical
significance of the fixed effects was evaluated using the anova() function from the /merTest
package (Kuznetsova et al., 2017). Post-hoc comparisons were conducted using the
emmeans package, with p-values adjusted using the Holm method and degrees-of-freedom
derived using the Kenward-Roger method (Lenth, 2019). Because the stimuli with no

context were presented in a separate block from those with either a high- or low-pitched
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context, results from the two blocks were analysed separately. For the high- versus low-
context block, linear mixed-effects models were performed with the percentage of Tone 2
response or log-transformed reaction time as the dependent variable, and Group (effect-
coded: amusics versus controls), Context (effect-coded: high versus low), and Fo onset of
target stimuli (dummy-coded: 165 Hz as the reference level versus each of the other seven
steps, i.e., 170, 175, 180, 185, 190, 195, and 200 Hz) as well as all possible interactions as
fixed effects. As random effects, we included by-subject (10 amusics and 12 controls) and
by-syllable (three syllables: /wu/, /yi/, and /yii/) intercepts. Initially, we also included by-
subject and by-syllable random slopes for Context and Fo onset of target stimuli. However,
due to convergence issues, these random effects were later removed from the final models.
Results from the no-context block were analysed with a similar procedure using linear
mixed-effects models, in which the fixed effects excluded Context while other effects
remained the same.

To examine individual differences in categorical perception across participants,
contexts, and groups, a generalised linear mixed-effects model (logistic regression) was
carried out for each participant under each context, with the response (0 =Tone 1, 1 = Tone
2) as the dependent variable, step number (1-8) as the fixed effect, and the by-case (five

repetitions) and by-syllable (three syllables) intercepts as random effects using the glmer()

(=)

function in the /me4 package. Following the formula log,

= by + byx in Xu et al.
(2006), where P; is the identification score and x is the step number, the intercept of the
fitted logistic curve was defined as by, the sharpness of the categorical boundaries was

calculated as b;, and the mean categorical boundary was calculated as x.» = -bo/b;. The R-

squared for the fixed effect in each fitted model was obtained using the rsq package (D.
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Zhang, 2020), in order to explore the proportion of variation explained by step number in
the logistic regression models. To explore the effects of Context and Group on the measures
from logistic regression, linear mixed-effects models were fit with Context (effect-coded:
no, high, low), Group (effect-coded: amusics versus controls), and Context x Group as
fixed effects and the by-subject intercepts as random effects.

For each participant, intra-individual variability was assessed using correlations
among the Tone 2 categorization rates along the eight Fo onset steps between each pair of
the three syllables (/wu/-/yi/, /wu/-/yii/, and /yi/-/yli/) under each context. Within each
group, inter-individual variability was assessed using correlations among the Tone 2
categorization rates along the eight Fo onset steps between each pair of participants for each
context. Group differences in intra-/inter-individual variability were evaluated using Welch
two sample #-tests (two-tailed) for each condition. Higher correlations would indicate
greater consistency in tone categorization across syllables within each participant and
between participants within each group, which would in turn suggest lower intra-/inter-
individual variability.

3 Results

Figure 1A shows the 10 amusics’ and 12 controls’ mean percentages of Tone 2
responses as a function of Fy onset of the target stimuli presented with no context. As can
be seen, amusics exhibited a shallower slope than controls in the categorization of tones
with no context as a function of their initial Fos. The linear mixed-effects model with group,
Fo onset of target stimuli, and their interaction as fixed effects and participants and syllables
as random effects revealed no group effect [F(1, 20) = 0.14, p = 0.710], but significant

effects of Fo onset [F(7, 490) = 325.25, p < 0.001] and group x Fo onset interaction [F(7,
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490) = 3.56, p <0.001], suggesting that amusics’ categorical perception of isolated Tone 2
versus Tone 1 was not as strong as controls’. Pairwise comparisons by group x Fo onset
indicated that controls provided more Tone 2 response to 180 Hz than amusics (#(188) = -
2.10, p = 0.037), suggesting that controls were better able to detect the rising pitch pattern
from 180 Hz (Fo onset) to 200 Hz (Fo offset) in this tone than amusics.

Figure 1B presents boxplots of reaction times of the two groups in categorizing the
tones with different Fo onsets. The linear mixed-effects model revealed a significant main
effect of group [F(1, 20) =4.97, p = 0.037], as amusics in general responded more slowly
than controls. The effect of Fo onset was also significant [F(7, 490) = 4.82, p < 0.001],
which was mainly driven by the faster response time for tones with Fo onset of 165 Hz
compared to some other onsets [165 vs. 175 Hz: #(490) =-3.13, p = 0.040; 165 vs. 190 Hz:
#(490) = -3.26, p = 0.026], as well as by the slower response time for tones with Fo onset
of 180 Hz compared to some other onsets [180 vs. 165 Hz: #490) = 3.76, p = 0.005; 180
vs. 170 Hz: #(490) = 3.24, p = 0.027; 180 vs. 195 Hz: #(490) = 3.06, p = 0.048; 180 vs. 200
Hz: 1(490) = 3.30, p = 0.023]. The group x Fo onset interaction was also significant [F(7,
490) =2.34, p=0.023], as amusics showed significantly longer reaction times than controls
on tones with Fo onsets of 190 Hz (#(36.1) = 3.38, p = 0.002), 195 Hz (#(36.1) =2.85, p =
0.007), and 200 Hz (#36.1) =2.22, p = 0.033), but not on other tones (all ps > 0.05).

[Insert Figure 1 about here]

Figure 2 shows the 10 amusics’ and 12 controls’ mean percentages of Tone 2
responses as a function of Fy onset of the target stimuli following high- versus low-pitched
contexts. While controls’ lexical tone categorization demonstrated a significant context

effect due to perceptual adaptation, i.e., percentages of Tone 2 responses increased in the
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high-pitched context as compared to the low-pitched context (Figure 2B), amusics showed
similar categorization patterns across both contexts (Figure 2A). The linear mixed-effects
model with group, context, Fo onset of target stimuli, and their interactions as fixed effects
and participants and syllables as random effects revealed no main effect of group [F(1, 20)
=0.25, p = 0.624]. However, there were significant main effects of Fo onset [F(7, 1002) =
786.67, p < 0.001] and context [F(1, 1002) = 20.34, p < 0.001], as percentages of Tone 2
responses decreased as Fo onsets increased and the high-pitched context induced more
Tone 2 responses than the low-pitched context. Furthermore, significant interactions were
observed between group x Fo onset [F(7, 1002) = 5.35, p < 0.001], group x context [F(1,
1002) = 12.50, p < 0.001], context x Fo onset [F(7, 1002) = 2.28, p = 0.026], and group x
context x Fo onset [F(7, 1002) =2.07, p = 0.044]. Between-group pairwise comparisons on
each Fo onset in each context revealed that controls provided more Tone 2 responses than
amusics to tones with Fo onsets of 170 Hz (#125) =-2.11, p = 0.037), 175 Hz («(125) = -
2.81, p = 0.006), and 180 Hz (#(125) = -3.40, p < 0.001) in the high-pitched context, but
less Tone 2 responses than amusics to 185 Hz (#125) =2.07, p = 0.041) in the low-pitched
context. These results suggest that controls, but not amusics, showed context-dependent
perception of tonal categories.
[Insert Figure 2 about here]

Figure 3 shows boxplots of reaction times of the two groups in categorizing the tones
with different Fo onsets in the high- versus low-pitched contexts. The linear mixed-effects
model revealed significant effects of Fo onset [F(7, 1002) = 18.98, p <0.001] and group x
Fo onset interaction [F(7, 1002) = 5.33, p < 0.001]. Across both contexts, controls on

average spent more time than amusics on judging tones with onset Fos of 175, 180, and 185
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Hz, but less time on other tones (Figure 3A, B). However, none of these pairwise
comparisons were significant according to post-hoc analysis. Other effects or interactions
were not significant [group: F(1, 20) = 0.01, p = 0.922; context: F(1, 1002) = 0.37, p =
0.542; group x context: F(1, 1002) = 0.55, p = 0.459; context x Fo onset: F(7, 1002) = 0.74,
p = 0.634; group x context x Fo onset: F(7, 1002) = 0.51, p = 0.831].

[Insert Figure 3 about here]

Figure 4 shows boxplots of the four measures from logistic regressions between
identification scores and step numbers for the 10 amusics and 12 controls under no, high-
pitched, and low-pitched contexts. It is worth noting that the outliers in these plots were
due to perfect or quasi perfect separation of the tonal categories in some participants, which
led to inflated coefficient estimates (Albert & Anderson, 1984). For example, the mean
percentages of Tone 2 response under the high-pitched context for the control participant
C06 were 1, 1, 1, 0.67, 0, 0, 0, O for the eight steps (see Supplementary Figure 2S). The
estimated coefficients from the logistic regression were 95.44 (by) and -23.59 (b;). These
estimates should be treated as outliers and interpreted with caution. For visual comparison
of the curves approximating the logistic function between percentages of Tone 2 response
and the eight steps across all three contexts for each group, see Supplementary Figures 3
and 4, which recapitulate the data in Figures 1A and 2A, B but with the three contexts
combined for the purpose of comparison.

[Insert Figure 4 about here]

The linear mixed-effects model with the intercept (by) of the fitted logistic curve

(Figure 4A) as the dependent variable, group, context and their interaction as fixed effects,

and participants as random effects revealed a significant effect of group [F(1, 20) = 6.56,
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p = 0.019], but no effect of context [F(2, 40) = 1.42, p = 0.253] or context x group
interaction [F(2, 40) = 0.51, p = 0.604]. Similarly, for the sharpness (b;) of the categorical
boundaries (Figure 4B), there was a significant effect of group [F(1, 20) =5.83, p =0.025],
but no context effect [F(2, 40) = 1.03, p = 0.366] or context x group interaction [F(2, 40)
=0.34, p=0.711]. These results suggest that controls showed more accurate categorization
(i.e., larger intercepts) and stronger categorical perception (i.e., steeper slopes) for the
identification curves than amusics across all three contexts (see also Supplementary Figure
3).

The linear mixed-effects model on the categorical boundary (x.», Figure 4C) revealed
a significant effect of context [F(2, 40) =4.51, p = 0.017], but no group effect [F(1, 20) =
0.23, p = 0.633] or context x group interaction [F(2, 40) = 2.38, p = 0.105]. Post-hoc
comparisons suggested that the effect of context was mainly driven by the control group
(see also Supplementary Figure 4), as categorical boundaries differed between no and high-
pitched contexts (#(40) = -3.40, p = 0.004) and between low- and high-pitched contexts
(1(40)=-3.21, p=10.007) in controls, while other pairwise comparisons were nonsignificant
(all ps > 0.05). These results demonstrate that controls [mean (SD) boundary in high
context: 4.64 (0.45); mean (SD) boundary in low context: 3.98 (0.65)], but not amusics
[mean (SD) boundary in high context: 4.13 (0.84); mean (SD) boundary in low context:
4.07 (1.21)], showed a categorical boundary shift across the low versus high contexts. To
examine whether the degree of this boundary shift was related to participants’ perceptual
acuity, correlation analysis was conducted between participants’ MBEA global scores and
the differences in categorical boundaries between the high- and low-pitched contexts for

each group (Figure 5). A significant positive correlation was observed between the
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boundary differences between the low and high contexts and MBEA global scores in the
amusic group (#8) =2.61, p = 0.031, » = 0.68), but not in the control group due to ceiling
performance on the MBEA (#10) = 0.10, p = 0.925, » = 0.03). This suggests that there is a
link between perceptual acuity and contextual adaptation in amusia.

[Insert Figure 5 about here]

Interestingly, both the amusic and control groups showed similar categorical
boundaries between no (controls mean (SD): 3.94 (0.64); amusics mean (SD): 3.98 (0.29))
and low-pitched contexts (controls mean (SD): 3.98 (0.65); amusics mean (SD): 4.07
(1.21)). That is, while controls’ categorical boundary shifted from 180 Hz in no/low context
to closer to 185 Hz in high context, amusics’ boundary remained around 180 Hz across all
three contexts (see Figure 4C and Supplementary Figure 4). The finding of no boundary
shift between no and low-pitched contexts in controls may be because the pitch of this
context was not low enough to facilitate the recognition of Tone 2 in Mandarin. Using a 5-
point scale, the canonical form of Tone 2 in Mandarin is /35/, or mid-rising, with its Fo
contour starting from the middle range of the tonal space and ending in the high range (Y1
Xu, 1997). If calculated linearly, the low tone (Tone 3) in Mandarin relative to the most
easily identifiable Tone 2 used here (i.e., 165-200 Hz) would have a pitch around 130 Hz.
Thus, a context with a mean pitch of 130 Hz would be an ideal low-pitched context for the
tone continuum used here. However, we used the low-pitched context of 165 Hz in Huang
and Holt (2009), which may be the reason for no boundary shift between no and low-
pitched contexts in the current results.

The linear mixed-effects model on the R-squared (Figure 4D) revealed a significant

effect of group [F(1, 20) = 12.99, p = 0.002], but no context effect [F(2, 40) = 3.06, p =
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0.058] or context x group interaction [F(2, 40) = 0.05, p = 0.953]. The higher R-squared
values achieved from controls’ relative to amusics’ fitted models suggested that controls’
tone recognition curves followed the logistic function more closely than amusics’ (see
Supplementary Figure 3).

Previous studies indicate that context-driven improvement in speech processing
efficiency is a hallmark of perceptual adaptation (Choi & Perrachione, 2019b; Mullennix
& Pisoni, 1990). In order to examine whether the two groups’ processing speed increased
in the with-context conditions (high- and low-pitched contexts combined) compared to the
no-context condition (see Supplementary Figure 5 for comparison of reaction times in the
three conditions), a linear mixed-effects model was fit on log-transformed reaction times,
with Group (effect-coded: amusics versus controls), Context (effect-coded: with-context
versus no-context), and Fo onset of target stimuli (dummy-coded) as well as all possible
interactions as fixed effects, and subjects and syllables as random effects. The results
revealed a significant effect of context [F(1, 1530) = 147.19, p <0.001], as reaction times
were faster in the with-context conditions than in the no-context condition. There was also
a significant effect of Fo onset [F(1, 1530) = 21.54, p <0.001], as the tones at/near the end
of the continuum (Fo onsets = 165, 170, 195, 200 Hz) were responded to faster than those
in/near the middle (Fo onsets = 175, 180, 185, 190 Hz). Although the main effect of group
[F(1,20)=0.92, p =0.348] was not significant, there were significant group x context [F(1,
1530) =90.60, p <0.001] and group x Fo onset [F(7, 1530) =5.75, p < 0.001] interactions.
Post-hoc comparisons revealed that amusics showed significantly shorter reaction times in
the with-context conditions than in the no-context condition (#1530) = 14.66, p < 0.001),

whereas controls’ reaction times across conditions did not differ significantly (#(1530) =
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1.94, p = 0.053). While amusics only demonstrated significantly shorter reaction times for
tones at/near the rising end (Fo onsets = 165, 170 Hz) than those in/near the middle (Fo
onsets = 180, 185 Hz), controls spent more time on responding to the tones in/near the
middle (Fo onsets = 175, 180, 185 Hz) than those from both the rising (Fo onsets = 165,
170 Hz) and high ends (Fo onsets = 190, 195, 200 Hz) (see Supplementary Figure 5). Other
interactions were not significant [context x Fo onset: F(7, 1530) = 1.93, p = 0.062; group x
context x Fo onset: F(7, 1530) = 1.77, p = 0.089]. These results suggest that the amusic
group sped up more than the control group for the with-context conditions, thus gaining
more benefit from adaptation in the connected speech context than the control group in
terms of processing speed (reaction time).

As an index of intra-individual variability in participants’ performance on tone
categorization across the three carrier syllables (/wu/, /yi/, /yii/) in each context,
Supplementary Table 1 lists the mean (SD) correlations among the Tone 2 categorization
rates along the eight Fo onset steps between each pair of the three syllables under each
context in each group (the higher the correlation, the lower the intra-individual variability).
Welch two sample #-tests suggested that controls showed significantly lower intra-
individual variability than amusics in two out of the nine pairwise comparisons (/wu/-/yi/
under no context and /yi/-/yii/ under the high-pitched context, Supplementary Table 1).

As an index of inter-individual variability in participants’ performance on tone
categorization in each group for each context, Supplementary Figure 6 shows correlation
matrices of the Tone 2 categorization rates along the eight Fo onset steps between each pair
of participants in each context per group (the higher the correlation, the lower the inter-

individual variability). While there was no group difference in inter-individual variability



24

under no context [#(220) = 0.74, p = 0.457; control mean (SD): 0.952 (0.040); amusic mean
(SD): 0.948 (0.044)], controls showed lower inter-individual variability than amusics in
both the high-pitched context [#220) =4.33, p <0.001; control mean (SD): 0.950 (0.042);
amusic mean (SD): 0.896 (0.133)] and the low-pitched context [#(220) = 6.46, p < 0.001;
control mean (SD): 0.951 (0.038); amusic mean (SD): 0.899 (0.080)]. As can be seen from
Supplementary Figure 6E, the high inter-individual variability under high context in the
amusic group was mainly driven by A13, whose Tone 2 categorization rates were 0.87,
0.40, 0.27, 0.27, 0.27, 0.13, 0.27, 0.20 along the eight Fo onset steps (see also
Supplementary Figure 2M). Overall, the results demonstrate higher intra- and inter-
individual variability in the amusic group than the control group, which can also be seen
from the array of single-subject plots in Supplementary Figure 2.
4 Discussion

The present study investigated whether Mandarin speakers with amusia have
impaired perceptual adaptation for lexical tone identification. Results suggest that, when
there was no context, Mandarin-speaking amusics showed weaker and less accurate
categorical perception of lexical tones than controls, although the two groups did not differ
significantly in the categorical boundary. When the tones were preceded by a sentential
context with either a high or low pitch, controls adjusted their categorization of these tones
based on the context, i.e., moving the categorical boundary upwards and classifying more
tones as Tone 2 following the high-pitched context, as compared to the low-pitched context.
By contrast, amusics showed similar categorization patterns across both contexts. Thus,

the findings indicate that amusics may recognize a tone correctly but does not adjust its
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category based on a different context, i.e., the amusic speech recognition system does not
adapt to novel contexts/situations/talkers.

In tone languages such as Mandarin, Fois the primary physical correlate of pitch used
in lexical tones to distinguish word meanings (Whalen & Xu, 1992). It has been shown that
Mandarin tones are perceived in a categorical fashion, with specific categorical boundaries
existing along various tonal continua and members of the same category being less
distinguishable than those of different categories, even when the acoustic differences
between these tones are equivalent (Peng et al., 2010; Yisheng Xu et al., 2006). A recent
study reported impaired categorical perception of lexical tones in Mandarin speakers with
amusia, who showed different categorical boundaries than controls in the identification
tasks and reduced performance on the discrimination tasks (Jiang et al., 2012). In the
current study, however, although we observed a group difference in the intercept of the
fitted logistic curve (i.e., more accurate categorization in controls) and the sharpness of the
categorical boundaries (i.e., stronger categorical perception in controls) across all three
contexts, the two groups only differed in categorical boundary in the high-pitched context,
but not in the other two contexts. The discrepancy between Jiang et al. (2012) and the
current study may result from the difference in task difficulty, as our tasks used a larger
step size (5 Hz; around 0.5 semitones) in the tone continua than that (3 Hz; around 0.2
semitones) in Jiang et al. (2012). Given that amusics’ pitch change detection thresholds are
on average around 0.28 semitones (Liu et al., 2010), their impaired categorical perception
of lexical tones may be caused by their difficulty in distinguishing those tones (Jiang et al.,

2012).
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Apart from the above findings on categorical perception of lexical tones in amusia,
our study also revealed that Mandarin speakers with amusia could not make perceptual
adjustment to the same acoustic properties depending on the context, as typically
developing individuals would do. Namely, while the two groups showed a similar
categorical boundary between Tone 1 and Tone 2 (Step 4, onset Fo = 180 Hz) under the
no-context condition, controls’ categorical boundary between the two tones shifted
upwards (closer to Step 5, onset Fo = 185 Hz) in the high-pitched condition, with
ambiguous tones (onset Fo = 180 Hz) being classified more as Tone 2 than Tone 1 under
the influence of a high-pitched context. In order to reliably detect and differentiate tonal
information in speech, listeners usually have to utilize both intrinsic and extrinsic cues to
tonal identity in the environment (Francis et al., 2006; Wong & Diehl, 2003). Intrinsic cues
refer to the pitch register and contour of a tone at the syllable level, and extrinsic cues
reside in the situations, contexts, or talkers that are external to the particular acoustic
property of the tone. When intrinsic cues do not provide sufficient information for tonal
judgment, extrinsic information facilitates the perception of tones by offering situation-,
context-, or talker-specific cues (Huang & Holt, 2009; Moore & Jongman, 1997). In the
current study, a precursor sentence provided an external context in which the target tones
along a continuum occurred. Under the influence of this context, controls, but not amusics,
shifted the categorical boundary of the tonal continuum. That is, the high-pitched context
influenced controls’ rising tone categorization by pushing it toward higher onset frequency
alternatives. Thus, controls, but not amusics, showed context-dependent perception of
Mandarin tones. The lack of perceptual adaptation to tonal categories in contexts is likely

due to pitch processing deficits in amusia, as correlation analysis revealed a positive
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relationship between individual differences in perceptual acuity (i.e., MBEA global scores)
and the degree of perceptual adaptation (i.e., the difference in categorical boundaries across
contexts) in the amusic group (Figure 5). Although previous studies have shown amusics’
impaired ability to perceive different lexical tones across various conditions (Liu, Jiang, et
al., 2012; Nan et al., 2010; Shao et al., 2019; Shao & Zhang, 2018, 2019; C. Zhang et al.,
2018), the current study is the first to demonstrate the lack of a categorical boundary shift
in context-dependent tone perception in amusia. It is worth noting that perceptual
adaptation as assessed by the present experiment was specifically adaptation to the talker,
as the increase/decrease of the fundamental frequency of the carrier sentence may induce
a change in talker (high-pitched versus low-pitched) from a listener’s perspective (Barreda,
2012). Previous studies have also simulated a virtual change of “talkers” by manipulating
the acoustic features of the context where the target sounds occur, e.g., by
increasing/decreasing the formant frequencies of the context phrase to simulate “talkers”
with different vocal tract lengths (Ladefoged & Broadbent, 1957). However, it has been
debated whether it is the perceived talkers or general auditory processes that trigger
context-dependent perceptual adaptation (Laing et al., 2012). By manipulating the number
of talkers and the magnitude of acoustic contrasts of the context, a recent study revealed
that talker information does influence perceptual adaptation (Assgari & Stilp, 2015). More
research is needed to pinpoint the exact nature of context-dependent talker adaptation.

It is well established that contextual cues are crucial for speech perception (Francis
et al., 2006; Huang & Holt, 2009; Johnson, 2016; Ladefoged & Broadbent, 1957; Moore
& Jongman, 1997; Wade & Holt, 2005; Wong & Diehl, 2003). The ability to adjust speech

categories based on contextual cues, i.e., perceptual adaptation, has been argued to be a
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domain-general auditory process, rather than specific to the speech domain (Huang & Holt,
2009, 2012). The impaired perceptual adaptation in amusia would lend support to this
hypothesis. Although primarily a musical disorder (Ayotte et al., 2002), amusia has been
shown as a domain-general pitch-processing deficit (Liu et al., 2010, 2016; Vuvan et al.,
2015). While several proposals have been put forward to explain the core deficit of amusia,
including the “melodic contour deafness” hypothesis (Patel, 2008), impaired short-term
memory for pitch (Tillmann et al., 2016), and lack of pitch awareness (Peretz, 2016), it
may be the case that amusia is due to a combination of reduced abilities to process pitch in
music and speech (Liu et al., 2017). The findings from the present study suggest that while
amusics are able to derive discrete tone categories from a tone continuum, their speech
processing system does not make adaptative adjustment of these categories in the face of
the variability of the speech signal across different contexts. That is, amusics do not take
into account contextual cues in mapping acoustic cues onto phonetic categories. This may
be because they failed to register the different pitch levels of the contexts, as previous
research has suggested that listeners’ tonal judgments are modulated by the degree of pitch
shift of the contexts (Francis et al., 2006). Thus, perceptual acuity of amusics could affect
their perceptual adaptation, as suggested by the significant correlation between MBEA
global scores and boundary differences between contexts in the amusic group.
Alternatively, a changing context had no impact on category mapping for amusics, because
they focused only on the target tones and ignored the context where they occurred. It may
also be due to the fact that amusics’ mental representations of lexical tones are less stable
than typical listeners (Liu, Jiang, et al., 2012; Nan et al., 2010; Shao et al., 2019; Shao &

Zhang, 2018, 2019; C. Zhang et al., 2018), as degraded internal representations are
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associated with errors in encoding contextual information (Botvinick & Plaut, 2004).
Future studies would need to tease these factors apart and look into the underlying causes
for impaired perceptual adaptation in amusia. It will also be interesting to examine whether
amusics would have difficulty in learning and inferring other underlying categories in a
changing environment (Qian et al., 2012), as well as how they perceive categories in music
(McMurray et al., 2008).

The finding of impaired perceptual adaptation in amusia may contribute to the
debates and theories about context-dependent speech processing, which has seen an
explosion of recent interest (Scott, 2019). Previous literature suggests that perceptual
adaptation may be subserved by bilateral (Perrachione et al., 2016; Sjerps et al., 2019;
Wong et al., 2004), left-hemisphere (Chandrasekaran et al., 2011; Choi & Perrachione,
2019a), or right-hemisphere (Mathias & von Kriegstein, 2014; Myers & Theodore, 2017)
speech perception processes. For instance, adaptation to multiple talkers requires greater
activation of the middle/superior temporal and superior parietal regions in both
hemispheres compared to a single talker condition (Wong et al., 2004). Bilateral adaptation
to speech from a single talker versus multiple talkers has also been observed in superior
temporal gyrus (STQG), including Heschl’s gyrus (HG) and planum temporale (PT), and
posterior middle temporal gyrus (pMTG) in both hemispheres (Perrachione et al., 2016).
Across listeners, normalized representations of vowels are observed in parabelt
(nonprimary) auditory cortex, including the STG in both hemispheres (Sjerps et al., 2019).
However, the intersection of talker and speech representations is processed in the left
pMTG (Chandrasekaran et al., 2011). Similarly, transcranial direct current stimulation

(tDCS) of the left superior temporal lobe disrupted talker adaptation in a connected speech
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context (as in the present experiment), but not in an isolated speech context (Choi &
Perrachione, 2019a). However, there has been evidence showing that talker adaptation is
also subserved by right-hemisphere processes (Mathias & von Kriegstein, 2014; Myers &
Theodore, 2017). For example, although phonological categories are implicated in the left
posterior temporal regions, talker-specific phonetic variation is encoded in the right
temporoparietal regions (Myers & Theodore, 2017). Specifically, adaptation to a speaker’s
voice is implicated in the anterior part of the right superior temporal sulcus (STS) (Belin
& Zatorre, 2003). Similarly, the processing of pitch in context involves higher cortical
areas such as the right STG and planum polare (PP) (Patterson et al., 2002), the right
inferior frontal cortices (Griffiths et al., 1999), as well as the interaction between right
temporal and frontal cortices (R. J. Zatorre et al., 1994). While the posterior STG is
involved in categorial perception of consonants (Chang et al., 2010), the categorization of
lexical tones is implicated in the left frontal operculum (Gandour et al., 2000; Robert J
Zatorre & Gandour, 2008). Previous research suggests that amusics’ brain anomaly mainly
lies in the disconnection of the right frontotemporal pathway (Peretz, 2016). Given that
perceptual adaptation requires the top-down influences from frontal responses on temporal
responses (Davis & Johnsrude, 2007; Heald & Nusbaum, 2014), the results from our
current study (intact tone categorization but impaired perceptual adaptation) are in
agreement with the neural basis of amusia and the cognitive and neural mechanisms of
perceptual adaptation involving right-hemisphere processes.

It is worth noting that although congenital amusia is a severe musical disorder
affecting basic musical skills such as the perception and production of music, it only has

minor impacts on speech processing, especially when perception and production of subtle
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pitch contrasts are investigated (Hutchins et al., 2010; Jiang et al., 2010, 2012; Liu et al.,
2010; Liu, Jiang, et al., 2012; Liu, Maggu, et al., 2015; Liu et al., 2016). When the
experimental stimuli involved large pitch contours in speech, amusics performed as well
as controls on intonation discrimination (Ayotte et al., 2002; Patel et al., 2008). The current
results are in line with this behavioural pattern in amusia. That is, while the direction of the
contextual effect indicated impaired perceptual adaptation in amusia, the extent of
differences between the two groups seemed very subtle (see Figures 1-2 and
Supplementary Figures 3-4). Indeed, five (A04, A07, A08, A11, A13) out of the 11 amusics
demonstrated different response patterns to tones in the high- versus low-pitched contexts,
albeit in an inconsistent and atypical way compared to controls, thus showing a certain
degree of perceptual adaptation (see Figure 5 and Supplementary Figure 2D, G, H, K, M).
Notably, these five amusics had relatively high MBEA global scores compared to other
amusics, suggesting a link between perceptual adaptation and perceptual acuity in amusia.
Moreover, our reaction time data suggested that although controls spent significantly less
time than amusics on identifying tones in isolation (see Figure 1), the two groups did not
differ in response time when identifying tones in context (see Figure 3). In addition, both
groups on average responded more slowly to tones in isolation than in context (see
Supplementary Figure 5). Importantly, the significant group x context interaction on
reaction time suggests that the amusic group sped up more than the control group for the
with-context conditions, thus gaining more benefit from adaptation in the connected speech
context than the control group in terms of processing speed. Measures on intra- and inter-
individual variability in tone categorisation also suggested only subtle group differences

(see Supplementary Table 1 and Supplementary Figure 6). Therefore, at a very basic level,
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amusics had no problem perceiving Mandarin tones categorically. However, when facing
a changing context, the amusic group failed to incorporate contextual information to
recalibrate their tonal categories. Therefore, compared to controls, amusics do not appear
to be an “ideal adapter” in categorical speech perception (Kleinschmidt & Jaeger, 2015),
although they do not report problems with everyday speech communication (Liu et al.,
2010).

Apart from impaired perceptual adaptation as revealed in our current data, our
participants with amusia also performed significantly worse than controls on all subtests of
the MBEA, including pitch and rhythm perception as well as recognition memory. Thus, a
question arises as to whether these deficits are due to general cognitive abilities, especially
working memory. However, previous research indicates that individuals with amusia have
normal intelligence and typical short-term memory for verbal content such as digits or
words (Ayotte et al., 2002; Liu et al., 2010; Tillmann et al., 2009; Williamson & Stewart,
2010). For nonverbal tones, their mean memory span is around 4.4, compared to 6.8 in
controls (Williamson & Stewart, 2010). Given that the stimuli in our experiment were
verbal sounds and participants were only required to identify the tone of one stimulus at a
time (either in isolation in the no-context condition, or the single final tone following a
four-syllable context, “Please say the word __”, that occurred repetitively in the high- or
low-pitched context), it is unlikely that our results on perceptual adaptation had been
affected by factors other than pitch perception in amusia.

In addition to pitch processing deficits, recent research has also revealed segmental
processing deficits in amusia, including impairments in phonemic awareness (Jones,

Lucker, et al., 2009), duration processing (Jones, Zalewski, et al., 2009), amplitude-
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modulation detection (Whiteford & Oxenham, 2017), categorical perception of vowels (C.
Zhang, Shao, et al., 2017), recognition of vowels in noise (Tang et al., 2018), and speech
comprehension in quiet and noise (Liu, Jiang, et al., 2015). Future studies should
investigate whether perceptual adaptation deficits in amusia are limited to tracking Fo, or
whether amusics might also be at a disadvantage for perceptual adaptation to consonant or
vowel categories, e.g., based on ambiguous spectral information that is biased by preceding
context for consonants (Laing et al., 2012) or other, non-pitch phonetic cues such as
spectral peaks for vowels (Assgari & Stilp, 2015). In addition, it will also be interesting to
examine to what extent amusics perform like individuals with other developmental
disorders such as dyslexia. It has been proposed that amusia and dyslexia may have a shared
neural basis, given the deficits in pitch or phonemic awareness in these disorders (Loui et
al., 2011). Similar to those with amusia (Jiang et al., 2012), individuals with dyslexia show
impaired categorical perception of lexical tones (Y. Zhang et al., 2012). Adults and children
with dyslexia also exhibit reduced neural adaptation to stimulus repetition, including voices,
words, objects, and faces, and the degree of neural adaptation is associated with reading
skills in dyslexia (Perrachione et al., 2016). Future studies should explore further whether
similar cognitive and neural bases underlie pitch impairments in amusia and reading
impairments in dyslexia.
S Conclusions

The speech signal is dynamic, flexible, and context specific. Reliable adaptation to
subtle changes in our auditory environment is essential for successful speech
communication. The current study revealed that individuals with congenital amusia

showed less robust lexical tone categorization and failed to recalibrate their tonal categories
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in response to varying contextual cues. Thus, congenital amusia impacts the extraction of
context-specific information in speech perception, an active process that listeners

encounter in everyday life.
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8 Figure legends

Figure 1. Mean percentages of Tone 2 responses and reaction times of 10 amusics and 12
controls as a function of Fo onset of the target stimuli presented with no context.

Figure 2. Mean percentages of Tone 2 responses of 10 amusics and 12 controls as a
function of Fy onset of the target stimuli following high- versus low-pitched contexts.

Figure 3. Reaction times of 10 amusics and 12 controls as a function of Fo onset of the
target stimuli following high- versus low-pitched contexts.

Figure 4. Results from logistic regressions between identification scores and step numbers
for 10 amusics and 12 controls: (A) the intercept of the fitted logistic curve (by), (B) the
sharpness of the categorical boundaries (b;), (C) the mean categorical boundary (x.»), and
(D) R-squared.

Figure 5. Scatterplots and correlations between participants’ MBEA global scores and the
differences in categorical boundaries between the high- and low-pitched contexts for each

group.
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Table 1. Characteristics of the amusic (n = 13, 8 female, 5 male, all right-handed) and
control (n = 13, 8 female, 5 male, all right-handed) groups. Age, education, and musical
training are in years; scores on the six MBEA subtests (scale, contour, interval, rhythm,
meter, and memory) are in number of correct responses out of 30; the pitch composite score
is the sum of the scale, contour, and interval scores; MBEA global score is the percentage
of correct responses out of the total 180 trials; ¢ is the statistic of the Welch two sample #-
test (two-tailed, df = 24).

Group Control mean (SD) Amusic mean (SD) t P
Age 20.23 (1.30) 21.23 (2.52) -1.271 0.216
Education 13.80 (1.32) 13.64 (1.03) 0.319 0.753
Musical training 0.08 (0.30) 0.31 (0.63) -1.197 0.243
Scale 28.15 (1.28) 19.77 (2.42) 11.039 <.001
Contour 28.62 (1.19) 21.46 (3.95) 6.251 <.001
Interval 28.31 (1.38) 19.15 (2.91) 10.248 <.001
Rhythm 28.69 (1.49) 21.77 (2.68) 8.132 <.001
Meter 28.85 (1.28) 22.31(3.17) 6.891 <.001
Memory 29.23 (0.93) 24.46 (3.36) 4.938 <.001
Pitch composite 85.08 (2.87) 60.38 (6.02) 13.346 <.001
MBEA Global 95.47 (2.39) 71.62 (5.34) 14.707 <.001




Figure 1

(A) Tone 2 response with no context
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(B) Reaction time with no context
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Figure 2

Mean percentage of Tone 2 response
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Figure 3

(A) High—pitched context (B) Low—pitched context

3000 3000 -

2000 . . 2000 - .

Group

. . E Amusic
E Control

Reaction time (ms)
Reaction time (ms)

—
=
>
—
1
—
>
=
<
f

&

165 170 175 180 185 190 195 200 165 170 175 180 185 190 195 200
Target F0 onset frequency (Hz) Target F0 onset frequency (Hz)




Figure 4
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Figure 5
Correlations between MBEA global scores and boundary differences
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