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Abstract

Background: Williams syndrome (WS) is a neurodevelopmental disorder characterized by
hypersociability, heightened auditory sensitivities, attention deficits, and strong musical interests
despite differences in musical skills. Behavioral studies report individuals with WS exhibit
variable beat and rhythm perception skills.

Methods: We sought to investigate the neural basis of beat tracking in individuals with WS using
electroencephalography (EEG). Twenty-seven adults with WS and sixteen age-matched typically
developing control subjects passively listened to musical rhythms with accents on either the first or
second tone of the repeating pattern, leading to distinct beat percepts.

Results: Consistent with the role of beta and gamma oscillations in rhythm processing,
individuals with WS and typically developing control subjects showed strong evoked neural
activity in both beta (13-30 Hz) and gamma (31-55 Hz) frequency bands in response

to beat onsets. This neural response was somewhat more distributed across the scalp for
individuals with WS. Compared with typically developing control subjects, individuals with WS
exhibited significantly greater amplitude of auditory evoked potentials (P1-N1-P2 complex) and
modulations in evoked alpha (8-12 Hz) activity, reflective of sensory and attentional processes,
compared to typically developing control subjects. Individuals with WS also exhibited markedly
stable neural responses over the course of the experiment, and these were significantly more stable
than those of controls.
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Conclusions: These results provide neurophysiological evidence for dynamic beat tracking in
WS and coincide with the atypical auditory phenotype and attentional difficulties seen in this
population.
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1. Introduction

Rhythm operates in a complex and dynamic temporal system. Perceived in the context of

a musical beat, i.e., a regular pulse, rhythm can be organized hierarchically based on the
organization of strong and weak beats. The neurophysiological basis of beat perception
may be conceptualized under the framework of dynamic attending theory, which posits
that internal neural oscillators, operating at different timescales, can rapidly entrain to the
temporal regularities of external rhythmic stimuli over time (1,2). This framework has

been applied to explain rhythm and timing impairments in individuals with developmental
disorders, including individuals with Attention Deficit Hyperactivity Disorder (ADHD)
(3-5) and dyslexia (6), who exhibit disruptions in oscillatory activity both at rest and in
response to external stimuli. The present study applies the framework of dynamic attending
theory towards examining the neurophysiological correlates of beat perception in individuals
with Williams syndrome (WS).

Williams syndrome (WS) is a genetic, neurodevelopmental disorder caused by the

deletion of ~28 genes on chromosome 7 (7). Individuals with WS exhibit a specific
behavioral phenotype including mild to moderate cognitive impairment, attention problems,
hypersociability, and heightened auditory sensitivities (8,9). Notably, individuals with WS
exhibit increased emotional responsiveness to music, increased interest in music, and more
time spent playing music than their same-aged peers despite variable music perception and
production skills in both rhythmic and tonal domains (10-12).

The extant literature on beat and rhythm skills in WS highlights the high degree of
individual variability amongst participants within and across studies, with some individuals
with WS performing as well as age-matched peers and others performing more poorly.

(13). Some studies have found that individuals with WS perform worse than chronological
age-matched typically developing (TD) control individuals on same/different judgements

of rhythmic patterns (14), reproducing rhythmic patterns by clapping or singing (12), or
detecting the beat in music. Other work points to similarities between WS and TD groups
on rhythm discrimination or production tasks (8,12,15). Differences in results across studies
could relate to experimental paradigms that vary in their social context (12,15). Given that
individuals with WS are hypersocial and may perform differently in a social setting, social
factors could lead to differences in task performance. Furthermore, differences in results
across studies could relate to the type of task (rhythm perception vs. production), assessment
method (e.g., subjective judgements of performance), and associated task demands (e.qg.,
working memory confounds in same/different judgments). In the present study, we recorded
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brain activity during a passive beat perception paradigm, with the advantages of eliminating
these potential confounds on performance.

Our experimental design and rationale for the present study in participants with WS

have been informed by the substantial literature on the neurophysiological mechanisms
underlying beat perception in TD individuals. In a formative magnetoencephalography
(MEG) study, listeners heard sequences of tones with a physical accent (via increased
amplitude) on either the first or second tone in a sequence, thereby imposing distinct beat
percepts (16). In another experimental condition, participants were asked to imagine the
physical accents (in these “imagined beat” conditions there were no differences in loudness
between the two successive tones). Increases in evoked beta oscillations time-locked to the
accented tones (i.e., beats) were evident for both physically accented and imagined musical
beats, suggesting evoked beta activity as a neural marker for beat perception of simple
rhythms. Subsequent studies linked beta band neural activity to beat processing, particularly
for beat anticipation and functional coordination of auditory and motor networks (17,18).
Induced beta band power decreases after beat onset and rebounds prior to the subsequent
beat in both children and adults (19) and has been linked to both timing and content
predictions (20). Additionally, gamma activity may reflect rhythmic expectancy and sensory
processing (18,21). Taken together, the patterns of beta and gamma band fluctuations in
response to beat structure suggest that such neural activity is linked to sensory and motor
processes that optimize attention to auditory rhythmic stimuli, consistent with dynamic
attending theory.

The interplay between attention difficulties and atypical auditory processing in WS may
contribute to their beat perception skills. Dynamic attending theory, which postulates that
attention is facilitated by the temporal saliency of predictable external input, is especially
relevant for probing beat perception in WS because of the characteristic problems with
attention seen in this population (22,23). Individuals with ADHD, which is often comorbid
in WS (23-25), exhibit impaired beat-based timing (4). In combination with their attentional
difficulties, the high prevalence of auditory sensitivities in WS suggests difficulties in
inhibiting excitatory responses to sound or disengaging from auditory stimuli (10,26). It

is also possible that heightened responses to auditory stimuli could lead to enhanced beat
perception skills in individuals with WS.

Neuroimaging work further supports an atypical auditory phenotype characteristic of WS.
Electroencephalography (EEG) studies identify auditory evoked potentials, consisting of

the event-related-potential (ERP) waveform units P1, N1, P2, N2 (27), as canonical neural
markers of auditory stimulation. The heightened auditory sensitivities in WS are reflected

in increased auditory evoked potentials to tones compared to age-matched controls; the P2
component in particular is more positive compared to controls at any age (28-30) suggesting
atypical auditory processing in WS. Functional magnetic resonance imaging (fMRI) studies
additionally reveal atypically diffuse processing of both musical and non-musical auditory
stimuli in WS (31,32). As the P1-N1-P2 complex is implicated in rhythmic expectancy in
perception and production tasks in neurologically healthy adults (33), these components may
be greater in amplitude in individuals with WS compared to age-matched controls during
beat perception tasks.
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In addition to the above ERP correlates of the atypical auditory phenotype in WS, neural
oscillatory activity may underlie the sensory and attentional difficulties in this population.
Alpha band oscillatory activity is relevant for sensory processing and attentional segregation
(34,35). Alpha activity exerts inhibition over processing of task-irrelevant information
(34,36) and individuals with attentional difficulties exhibit atypical frontal alpha power
(37). One study found greater evoked alpha power to happy vssad musical stimuli in WS
compared to TD, potentially reflecting aberrant sensory and attentional processing (26).

In general, inefficient oscillatory responses (i.e.(5)) could potentially lead to downstream
difficulties in orienting and preparing for the next stimulus. Atypical sensory processing and
attentional difficulties in WS may manifest in atypical modulations of neural activity (such
as alpha power) to rhythmically predictable stimuli.

In the current study, we assessed neurophysiological responses known to correlate with

beat perception in individuals with Williams syndrome. Specifically, we 1) measured neural
responses to beat patterns in both individuals with WS and age-matched TD controls using
time-frequency oscillatory representations and auditory evoked potentials and 2) assessed
how the strength of neural responses persisted over the course of the experiment. We
hypothesized the neural responses to beat patterns in WS would differ from controls and
could be attributed to an interaction between the atypical auditory phenotype and attentional
difficulties in WS. This is the first study, to the best of our knowledge, to examine the
neurophysiological mechanisms of beat perception in Williams syndrome.

2. Methods

Participants

Twenty-seven individuals with WS (13 Female, Age: M=27.90 years, SD=9.18) completed
the study. Intellectual function for WS participants was assessed with the Kaufman Brief
Intelligence Test, 2" edition (KBIT-2; 38). The average KBIT-2 Composite 1Q for WS
participants was 64.0 (SD=13.9). A group of 16 age-matched TD individuals (12 Female,
Age: M=33.63 years, SD=11.54) completed the EEG portion of the experiment for
comparison purposes to the WS group. Further details about participants are provided in
the Supplement.

The study was approved by the Institutional Review Board of the university. All TD
controls and parents or guardians of WS participants provided written consent to participate.
Participants with WS provided written assent.

Behavioral Measures

Parents of the WS participants completed questionnaires assessing musical and auditory
traits in their children (Table 1). These included the Music Interest Scale (MIS; (39)),
Sensitivity to Sounds (40), and Beat Alignment Test (BAT, (41), which was completed by
the participants with WS. Please see the Supplement for a full description of these measures.
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EEG dynamic attending paradigm and procedure

The dynamic attending paradigm was adapted from the physical accent conditions of Iversen
et al. (2009), which reported similar neural responses between beats with physical accents
and “imagined” beats, where there were no amplitude changes present in the stimuli (16).
Here, we used the physical accent condition rather than the imagined beat condition to
ensure the stimuli contained a clear and consistent beat structure for participants with WS
and would not require additional cognitive demands from participants.

Participants were presented with continuous trials of 2 tones (woodblock sounds) and a rest
(Figure S1). The stimuli are available at https://osf.io/cxbd7/. Each woodblock sound had

an approximate duration of 60 ms and a frequency of 656 Hz. The tones and rests were
presented with an interonset interval of 200 ms; thus, each trial was 600 ms in total. Trials
ran continuously for 30 seconds (1 block, 50 trials per block), and each block was one of
two conditions. In the Accentl condition, the first tone of each trial was physically accented;
in the Accent2 condition, the second tone of each trial was physically accented. The physical
accents were achieved by an amplitude increase of approximately 9 dB. The placement of
the physical accent was the only aspect that differentiated the two conditions, resulting in
distinct beat percepts (perceived beat on tone 1 in the Accentl condition and perceived beat
on tone 2 in the Accent2 condition). Each participant received 9 blocks of each condition,
presented in a random order. The first two trials of each block were not analyzed to allow the
participant to adjust to the beat percept in the new block.

All participants completed the passive dynamic attending paradigm while watching a silent
film on a computer screen. The experiment lasted approximately 10 minutes and EEG data
were collected for the full duration. Please see the Supplement for further details on EEG
data collection.

EEG preprocessing

EEG data were preprocessed in MATLAB (2018b) with the EEGLAB toolbox version
14.1.2b (42). Please see the Supplement for a description of the EEG preprocessing pipeline.

Time-frequency analyses

Wavelet-based time-frequency decomposition was conducted using the Fieldtrip Toolbox
(43) in MATLAB. Evoked (phase-locked) time-frequency representations (TFRS) were
computed for each condition using the average event-related potential (ERP) waveform for
each participant. The average waveform was convolved with a Morlet wavelet of width=five
cycles with convolution from —400 to 800 ms and at 8 to 55 Hz (frequency step of 1 Hz,
time step of 2 ms). TFRs were normalized to control for differences in absolute power
between participants and to scale power values across frequencies such that baseline power
was computed as the average across both conditions for each participant. The relative
percent change in power from baseline was then calculated; these values replaced absolute
power, resulting in normalized power across conditions.
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Event-related potential (ERP) analyses

ERPs were calculated for each participant for each condition. Data for this analysis were
bandpass filtered from 1-30 Hz and baseline corrected from —100 to Oms, with Oms as the
start of each trial. Thus, each epoch was time-locked to the onset of the first tone presented
in each condition. Grand-averaged ERPs were computed from —100ms to 500ms for each
group and condition and averaged across 10 central electrodes (E6, E7, E13, E30, E55, E79,
E80, E106, E112, Cz).

Stability metrics

We conducted a stability analysis to examine if neural responses to the beats persisted over
the course of the experiment. Stability of neural responses over time were computed for
ERP responses by correlating the ERPs (separately for each participant for the Accentl and
Accent2 conditions) for the first quarter and last quarter of trials for each condition (44).
This was done for the same 10 central electrodes in the ERP analysis. Correlations were
Fisher z transformed, averaged, and then transformed back to r values to determine the mean
stability correlation for each group and condition. To assess differences in stability between
the WS and TD groups, we conducted a two-sample £test on the Fisher’s-z-transformed
stability correlations.

Cluster-based permutation testing

We applied nonparametric cluster-based random permutation tests to test for differences in
power (evoked time-frequency analyses) and amplitude (ERP analyses) between conditions
and groups (45). All statistics were performed on stimuli with nonoverlapping time windows
and divided into the following frequency bins: alpha (8-12 Hz), beta (13-30 Hz), and
gamma (31-55 Hz). Clustering in the time-frequency analyses identified adjacent power
values with a similar direction of effect by conducting t tests at each electrode and time
point within the =100 to 500 ms latency, separately for each frequency band. Clustering in
the ERP analyses was performed on our 10 central electrodes of interest. Significance was
assessed using the Monte Carlo method (p <. 05 was considered significant), and cluster-
based correction as implemented in Fieldtrip was used to control for multiple comparisons.
The parameters of the cluster randomization tests are provided in the Supplement.

Within-subjects cluster-based permutation testing was performed on Accentl versus
Accent2 conditions, separately in the WS and TD groups in each of the frequency bands
and for ERPs, using dependent-samples t tests. Between-group differences (WS vs. TD)
were calculated on the condition differences (Accentl-Accent?2) in each of the frequency
bands and for ERPs using independent-samples t tests. Thus, group differences reported
here represent a difference of difference, i.e. the difference in neural response between the
Accentl and Accent2 conditions between the WS and TD groups. Between group analyses
accounting for age and sex, as well as analyses exploring WS individual differences in
brain-behavior relationships, are presented in the Supplement.
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3. Results

Evoked time-frequency analyses: Alpha, beta, and gamma activity between conditions and

groups

Both groups exhibited significant evoked beta and gamma activity that was time-locked

to beat onset in each condition (i.e., difference in neural activity to the first tone in each
condition sequence (Beatl effect) and difference in neural activity to the second tone in each
condition sequence (Beat2 effect); Table 2 and Figure 1). The power of this beta and gamma
activity did not differ between groups (WS vs. TD comparisons: p values >0.3).

Significant evoked alpha activity time-locked to beat onset was found for both WS and TD
groups for the Beatl effect. The magnitude of this effect was significantly greater in the

WS compared to the TD control group over the 74-254ms time window (p=0.021) across

31 electrodes. The WS group also exhibited significant evoked alpha activity for the Beat2
effect that was not present in the TD group. The difference in alpha activity between WS and
TD controls for the Beat2 effect did not reach conventional significance levels (p=0.090).
Figure 2 depicts alpha power modulations.

Individuals with WS showed an overall more distributed neural response across the scalp
compared to TD controls (Table 2; number of electrodes per significant cluster). This was
true particularly for the Beatl effect. See Figure 3 and Figure S2 for a graphical depiction of
these results.

ERP analyses: Auditory evoked potentials

Stability

Both the WS and TD control groups showed the canonical P1-N1-P2 auditory response

to physically accented tones in both conditions (Figure 4). The WS group exhibited
significant amplitude differences between the Accentl and Accent2 conditions at 3 time
windows: 1) 24-72ms, p=0.014 (P1 component, Beatl effect), 2) 140-216ms, p=0.005 (P2
component, Beatl effect), 3) 350-418ms, p=0.009 (P2 component, Beat?2 effect). There were
no significant amplitude differences between conditions for the TD control group.

Group differences between WS and TD control groups were calculated for the ERP
difference wave (Accentl-Accent2). Between group clustering revealed two time windows
in which the WS group displayed a greater neural response (i.e., greater amplitude of

the ERP difference wave) compared to the TD control group. The WS group had larger
responses from 1) 28-58ms, p=0.044 (P1, Beatl effect) and 2) 148-202ms, p=0.018 (P2,
Beat1 effect) (Figure 5).

The WS group displayed very stable neural responses over the course of the experiment
as indexed by the correlation of the ERP responses between the first and last quarter of
trials (44). The mean stability correlation (SD, p) was r=0.70 (0.16, p< .0001) in the
Accentl condition and r=0.69 (0.18, p< .0001) in the Accent2 condition. The TD group
also showed fairly stable ERP responses, though not to the same degree as the individuals
with WS. In the TD group, the mean stability correlation (5D, p) was r=0.49 (0.16, p=
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.026) in Accentl and r=0.42 (0.22, p=.050) in Accent2. Using a two-sample t test with
Fisher’s z-transformed stability correlations, the difference in stability between the WS and
TD groups was significant for Accentl ({41) = 4.08, p<.001) and Accent2 ({41) = 4.27, p
<.001).

4. Discussion

The present study assessed the neurophysiological mechanisms known to correlate with
beat perception using EEG in individuals with Williams syndrome. First, we found that
individuals with WS exhibited the canonical evoked beta and gamma activity implicated in
beat processing, with activity occurring over a somewhat broader scalp distribution. Second,
we found significantly larger auditory evoked potentials (P1-N1-P2 ERP complex) in the
WS group compared to typically developing controls. Third, we found greater modulations
in evoked alpha power in the WS group. Fourth, ERP stability analyses suggest that neural
responses to the beat percepts were remarkably stable in individuals with WS throughout the
duration of the experiment. These results provide neurophysiological evidence for dynamic
beat tracking in WS with some fundamental similarities to and some marked differences
from that of typically developing controls.

Similar evoked beta and gamma activity between groups

Individuals with WS and TD controls showed similar evoked beta and gamma activity
time-locked to accented tones perceived as beats, consistent with dynamic attending theory
(2) and prior studies in TD individuals(16). The presence of the canonical evoked beta and
gamma activity implicated in beat perception (16,21) highlights that individuals with WS
are dynamically tracking the beat. The overall similar neural responses in beat perception
between the two groups corroborates behavioral studies showing similar abilities in rhythm
between WS and TD groups (12,15). Visual inspection of topographies between the two
groups revealed a slightly more diffuse neural response in WS than TD. This could suggest
that individuals with WS recruit more processing resources, perhaps reflective of heightened
auditory sensitivities (simple auditory stimuli highly engaging for the WS group) and/or
required greater attentional resources despite the simplicity of the stimuli in our passive
listening paradigm. Prior work has also observed more diffuse processing of auditory stimuli
in WS (31). Alternatively, electrode scalp distributions may arise from brain morphology
and head shape differences in WS (46) or variability within groups; techniques with greater
spatial precision than EEG (e.g., fMRI) are needed to further elucidate the spatial processing
requirements of beat perception between the two groups.

Increased amplitude of auditory evoked potentials and alpha power modulations in WS

Individuals with WS displayed significantly increased auditory evoked potential amplitudes
compared to TD controls. The WS group exhibited differences between the conditions for
the P1 (Beatl effect) and P2 (both Beatl and Beat2 effects) amplitudes, consistent with
literature identifying enhanced auditory evoked potentials for metrically strong positions
(47-49). These findings align with Bouwer & Honing (2015) who reported larger P1
responses for sounds on the beat compared to off the beat, but no difference in N1
amplitudes based on metrical position. The P1 and P2 Beat1 effects were significantly
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greater in the WS than TD groups. Enhanced ERP responses in WS may reflect reduced
inhibition of excitatory responses to auditory stimuli and potentially less efficient allocation
of attention, even for a repetitive and predictable beat-based task. Our results corroborate
and extend the increased auditory evoked potentials in WS in response to non-beat based
auditory stimuli (28,30).

Alpha activity was also significantly different for the WS group compared to the TD control
group for the Beatl effect, and trended for Beat2, aligning with previous findings of greater
evoked alpha power in WS compared to TD controls in response to auditory stimuli (26).
Alpha oscillations are implicated in sensory processing and attention, though the extent

to which alpha synchronization or desynchronization relates to inhibitory processes is not
straightforward (50). As alpha power is generally indicative of inhibition of processing
task-irrelevant information, greater evoked alpha power may map onto inefficient allocation
of attentional resources in WS or the inability to disengage attention from a repetitive
auditory stimulus. Though the role of attention cannot be disentangled in our study, its role
in alpha power modulations in response to rhythmically predictable stimuli may provide
insight into the profile of dynamic beat tracking in individuals with WS. In addition, the
more robust alpha Beatl effect than Beat2 effect may reflect increased salience of a strong
beat when it follows a rest (silence) compared to a strong beat following another tone.
Taken together, the time-frequency oscillatory and ERP analyses suggest that the hyperactive
auditory phenotype in WS contributes to simple beat perception.

While TD participants displayed canonical P1-N1-P2 auditory evoked potential components
to the tones, they did not show ERP differences to the beat. This is somewhat surprising
given findings of modulated ERP amplitudes in prior studies for notes in strong vs. weak
metrical positions (49,51). The lack of difference in ERPs in the control group between
conditions could in part be due to the small sample size or the simple and repetitive nature
of the stimuli. Nevertheless, tracking of the perceived beats was still apparent in the evoked
time-frequency activity (beta and gamma activity time locked to beat onset) for TD controls,
consistent with(16), which highlights that this paradigm was successful in 1) eliciting neural
responses to beat percepts and 2) tapping into meaningful group differences between WS
and TD participants.

In neurologically healthy adults, a cortico-subcortical network including the cerebellum,
basal ganglia (BG), supplementary motor area, and auditory cortices is activated in beat
perception and production tasks (52). Interestingly, individuals with WS exhibit atypical
morphology in several of these areas, including increased cerebellar volume (53,54),
reduced gray matter in the BG (53), and increased left auditory cortex volume even

when controlling for overall brain volume reduction (55). One group found increased left
planum temporale volume in WS participants with high musical abilities (12). Additionally,
individuals with WS exhibit decreased within-network connectivity in a somatomotor
network (56). Differences in brain structure and network connectivity in WS may impact
beat perception skills and their neural correlates in this population, perhaps resulting in less
efficient allocation of neural resources during beat processing, and a pattern of activation
different from controls. Future comparisons between WS and TD controls in these regions
would advance understanding of the brain networks important for beat perception in WS.
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Highly stable neural responses over time in WS

Atypical attention to auditory stimuli is also corroborated by the striking stability results.
While both WS and TD groups showed correlations between the first and last quarter of
trials (i.e. they were attending to the stimuli for the duration of the experiment), these
correlations were remarkably higher in the WS group. Previous work has investigated

the stability of N1-P2 components in neurologically healthy adults during sensorimotor
integration (44) and word listening (57), and in children with autism (58). The increased
stability in the WS compared to the TD group in the present study suggests stable task
engagement in WS and adds to evidence that a passive, repetitive listening paradigm that
required minimal cognitive load can be an effective tool for assessing beat perception in this
population. The stability finding may also reflect the increased auditory sensitivities in WS
and an inability to inhibit attention to auditory information (26), providing further evidence
for the increased auditory sensitivities and the characteristic difficulties with inhibiting
attention to auditory material in WS.

Limitations and Future Directions

One limitation of the present study is the focus on evoked (phase-locked) and not induced
(non-phase-locked) neural activity. Several studies have identified induced beta and gamma
activity as markers of beat tracking and predictive timing (18-20). The evoked time-
frequency data we present here may be only indicative of stimulus-driven activity and not
of underlying neural oscillatory processes, though it is also unclear how phase-locked and
non-phase locked activity are biologically dissociable (62). Examining non-phase-locked
neural activity to musical beats is an important next step in determining exactly how neural
oscillations underlie such cognitive processes.

While the distinct neural responses we observe here to accented tones are very likely due

to percepts of beat patterns, we cannot rule out the possibility that amplitude changes in the
stimulus are partly driving effects. Future work should explore beat perception in WS with
paradigms designed to disentangle neural effects of beat perception from those tied directly
to the physical characteristics of the stimulus, such as by priming participants to perceive
specific metrical patterns (16). lversen et al. (2009) found very similar neural responses

in TD individuals to physically accented tones and to tones with an imagined accent,
aligning with findings on subjective accenting (48,49,59,60). As the present study is the first
investigation of neurophysiological correlates of beat perception in WS, we purposefully
chose to use stimuli with differences in amplitude to avoid complex task demands, given the
cognitive phenotype of the WS population.

Additionally, future studies could 1) explore the neural basis of beat tracking in WS

with more complex and ecologically valid stimuli (e.g., perceiving beats in natural music
instead of repeating tones), 2) incorporate a larger control comparison group and/or a
comparison group of another neurodevelopmental disorder with behavioral measures of
rhythm perception and production abilities and cognitive functioning, and 3) explore links
between beat perception and social skills in WS. Individuals with WS exhibit social
communication difficulties (61), and those who have higher beat and meter perception
abilities also have higher adaptive communication and socialization skills (13). Exploring
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brain-behavior relationships between rhythm and social communication could have potential
clinical implications.

Conclusion

Our results suggest individuals with WS exhibit a profile of dynamic beat tracking both
similar to and different from neurotypical controls. Individuals with WS exhibit evoked

beta and gamma activity similar to that of TD individuals when processing simple beats.
Their neural response to beat tracking is additionally characterized by greater amplitude

of auditory evoked potentials (P1-N1-P2 ERP complex) and modulation of evoked alpha
activity compared to TD controls. Strikingly, the stability of neural responses was quite high
in the WS participants throughout the experiment. Our results align with the characteristic
heightened auditory sensitivities and attention problems seen in WS and suggest increased
attentional resources and a lack of inhibition towards auditory input are implicated in beat
processing in Williams syndrome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Time-frequency representations of normalized change in power in beta and gamma evoked
activity, shown as an average across all electrodes, for both groups in Accentl and Accent2
conditions. Significant neural activity in each frequency band (Beat1 effect in black and
Beat2 effect in purple) is denoted by a box extending through the significant latency of
activity, and these boxes represent between condition clustering. Dark music notes indicate
accented tones and lighter notes indicate unaccented tones. Increases in evoked activity are
time-locked to the physically accented tone (perceived as the beat) in both conditions in both
WS and TD groups.
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Figure 2.
Modulations in alpha power shown as an average across all electrodes for WS group (left

panel) and TD control group (right panel). Red=Accentl, Blue=Accent2. Dark music notes
indicate accented tones and lighter notes indicate unaccented tones. In both groups, an
increase in alpha power coincided with the Beatl effect (WS: —74-228ms; TD: —70-206ms).
Individuals with WS showed significant modulations in alpha power for the Beat 2 effect
while TD controls did not (WS: 246-500ms).
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Figure 3.

Electrodes contributing to the significant clusters for alpha, beta, and gamma activity for
both WS and TD control groups for the Beatl and Beat2 effects. Asteriks denote electrodes
contributing to the significant clusters. Topographies are taken from the entire significant
time windows denoted in Table 2. See also Figure S2.
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Figure 4.

ERP responses for WS group (A) and TD controls (B) in both conditions for ten

central electrodes. Red=Accentl, Blue=Accent2. Dark music notes indicate accented tones
and lighter notes indicate unaccented tones. Shaded areas indicate significant amplitude
differences between the two conditions (color coded), which were only evident in the WS

group.
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Figure 5.

ERP responses for WS group (purple) and TD group (orange). ERPs are a difference
between conditions over ten central electrodes. Shaded areas indicate significant amplitude
differences between the two groups, with the WS group consistently displaying greater ERP
amplitude differences.
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Table 1.

Behavioral measures collected in the WS group.

Measure WS mean =+ sd (n=27)
Composite 1Q 64.0 +13.9
Sensitivity to Sounds 20.48 +5.96
MIS Q11 Score (Rhythm) 411+£1.15
BAT D-primea 111£094

Note. 1Q scores are from KBIT-2.

an:23 with valid data
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Table 2.

Significant results of the cluster-based permutation tests for WS and TD control groups.

Group Comparison | Frequency band | Time window (ms) | Number of electrodes | p value

WS Beatl effect | Alpha -74-228 125 p<0.0001
Beta -20-196 125 < 0.0001
Gamma -12-134 124 p< 0.0001

Beat2 effect | Alpha 246-500 91 =0.004
Beta 200-378 112 < 0.0001
Gamma 204-292 95 £<0.0001
TD Controls | Beatl effect | Alpha -70-206 83 <0.0001
Beta -18-132 90 =0.004

Gamma -14-92 107 £=0.002

Beat2 effect | Alpha n.s. n.s. p=0.45

Beta 184-356 98 £=0.002

Gamma 206-288 100 =0.004

Note. Results reflect time windows and topographies where activity was significantly greater for the first tone in the sequence (Beatl effect in the

table) and the second tone in the sequence (Beat2 effect in the table) between conditions.

n.s. = not significant.
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