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Auditory categorical processing for speech is modulated by
inherent musical listening skills
Kelsey Mankela,b, Jacob Barbera and Gavin M. Bidelmana,b,c
During successful auditory perception, the human brain
classifies diverse acoustic information into meaningful
groupings, a process known as categorical perception
(CP). Intense auditory experiences (e.g., musical
training and language expertise) shape categorical
representations necessary for speech identification and
novel sound-to-meaning learning, but little is known
concerning the role of innate auditory function in CP. Here,
we tested whether listeners vary in their intrinsic abilities
to categorize complex sounds and individual differences
in the underlying auditory brain mechanisms. To this
end, we recorded EEGs in individuals without formal
music training but who differed in their inherent auditory
perceptual abilities (i.e., musicality) as they rapidly
categorized sounds along a speech vowel continuum.
Behaviorally, individuals with naturally more adept
listening skills (“musical sleepers”) showed enhanced
speech categorization in the form of faster identification.
At the neural level, inverse modeling parsed EEG data
into different sources to evaluate the contribution of

Introduction

Music training is associated with enhanced auditory
processing, including the categorical perception (CP)
of speech [1–4] and music stimuli [5]. Musicianship has
been attributed to sharper speech identification [1,4],
faster labeling speeds [1,2], and higher perceptual sensitivities for within- vs. between-category contrasts [3].
Whether these speech advantages truly reflect experience (training) or other predispositions remains unclear.
Musicians’ improved speech processing may instead
reflect increased motivation [6], enhanced auditory attention and cognitive advantages [7], or even innately superior auditory abilities (e.g., musicality) that exist without
formal music training [8,9].
While musicality is a multidimensional trait, we focus
on abilities pertaining to complex listening, following a
long tradition of describing musical aptitude via receptive skills [8,10,11]. Recently, we demonstrated even
nonmusicians vary in innate music abilities and people with exceptionally high levels of musicality show
stronger neural processing of speech [8], a finding typically attributed to trained musicians [1,12]. Positive associations between phoneme discrimination and musicality
(but not music training itself) have been observed even
after controlling for cognitive and socioeconomic status
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region-specific activity [i.e., auditory cortex (AC)] to
categorical neural coding. We found stronger categorical
processing in musical sleepers around the timeframe
of P2 (~180 ms) in the right AC compared to those with
poorer musical listening abilities. Our data show that
listeners with naturally more adept auditory skills map
sound to meaning more efficiently than their peers, which
may aid novel sound learning related to language and
music acquisition. NeuroReport 31: 162–166 Copyright ©
2019 Wolters Kluwer Health, Inc. All rights reserved.
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(SES) [9]. Irrespective of formal training, music aptitude
also predicts stronger CP for musical chords [5]. Such
findings highlight the need to distinguish innate from
experience-dependent characteristics for defining neuroplasticity. Presumably, individual differences in auditory
processing may at least partially drive sound categorization skills, which would temper assumptions that experience, per se, drives musicians’ enhancements in speech
processing [8,9].
Neural evidence suggests CP emerges in the brain by
100–200 ms, in the timeframe of the N1-P2 event-related
potentials (ERPs) [4,13,14]. Enhanced N1-P2 amplitudes,
for example, have been linked with stronger identification
[15] and faster labeling speeds during speech categorization [1,2]. Categorical effects have also been reported for
the later N2 and P3 waves, whose amplitudes differentiate
stimuli at the categorical boundary and between native
vs. nonnative phonetic contrasts [14]. Neuroimaging
studies have further implicated several brain regions in
auditory categorical processing, including the superior
temporal gyrus/sulcus, middle temporal gyrus, premotor
cortex, supramarginal gyrus, inferior parietal cortex, planum temporale, and inferior frontal gyrus [4,16]. These
neural signatures of CP are also associated with formal
music training [1,2,4,14,17]. While long-term auditory
DOI: 10.1097/WNR.0000000000001369
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experience might tune categorical speech processing, it
is unclear (1) how much CP is susceptible to individual
differences and (2) whether musicians’ enhancements in
this process might be partially due to innate auditory sensitivities irrespective of formal experience.
Here, we tested whether individual differences in musicality – in the absence of formal music training – affect
speech categorization. To this end, we measured EEGs
in nonmusicians who varied in their musical listening
abilities as they classified vowels along an acoustic-phonetic continuum. If individual differences in auditory
perceptual skills drive CP, we predicted that individuals
with higher levels of innate musicality (“musical sleepers”) [8,11] would show stronger behavioral CP and neural responses to speech. Our data confirm that musical
sleepers categorize speech more efficiently, as evidenced
by stronger categorical coding compared to those with
poorer music aptitude.

Methods
Participants

The sample included N = 14 young adults (seven females;
age: µ ± σ = 24.9 ± 1.7 years). This sample size is comparable to studies assessing musicians and nonmusicians
[1,4] and allowed us to test the premise that such variations in CP might result from differences in inherent
musicality rather than formal training. Participants were
right-handed, had normal hearing (thresholds ≤ 25 dB
HL, 250–8000 Hz), no tone language experience or neurological disorders, and a collegiate level of education
(17.3 ± 3.00 years). Average parental education, a common measure of SES [highest parental education: 1 (high
school without diploma or GED) to 6 (doctoral degree)],
was 4.14 ± 0.57 indicating a bachelor’s level education
[18]. To isolate effects of inherent music listening abilities on auditory processing [8], participants were required
to have <3 years total of formal music training (0.57 ± 0.76
years) and no music experience within the past 5 years.
All gave written consent according to a protocol approved
by the UofM Institutional Review Board.
Behavioral test of musicality

The brief Profile of Music Perception Skills (PROMS)
assessed aptitude related to receptive musical skills [11].
This test comprises same-different tasks of melody, tuning,
accent, and tempo discrimination. Each subtest contains 18
trials, and higher scores indicate stronger musical listening
abilities (max score = 72). The PROMS can differentiate
listeners based on their musical experience (professional
vs. amateur musicians vs. nonmusicians), and is sensitive
to detect untapped musical potential among nonmusicians
(‘musical sleepers’) [8,11]. For details see [11].
Stimuli

We used a synthetic five-step vowel continuum to assess
CP for speech (see Fig. 1 in ref. [1]). Tokens were 100 ms.
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Fundamental (F0), second (F2), and third formant (F3)
frequencies were identical across tokens (F0: 100 Hz; F2:
1090 Hz; and F3: 2350 Hz). First formant (F1) was varied
across five equidistant steps (430–730 Hz), yielding a perceptual continuum from /u/ to /a/.
Behavioral data

The task was identical to our recent reports [1,13].
Stimuli were delivered binaurally through ER-2 earphones at 82 dB SPL. Listeners heard 200 trials of each
speech token (random order) and were instructed to label
them as ‘u’ or ‘a’ via the keyboard as fast and accurately
as possible. The interstimulus interval was 400–600 ms
(20 ms steps; jittered).
Individual identification curves were fit with a sigmoid:
P = 1/[1 + e −β1(x−β0)], where P is the proportion of trials
labeled as /a/, x is the token number, and β0 and β1 are
the location and slope parameters of the psychometric
fit. Large β1 values indicate steeper slopes and stronger
CP. Response times (RTs) were computed as the average
labeling speed per token. RTs outside 250–2500 ms were
excluded as fast guesses or lapses in attention [13,15].
EEG recordings

EEGs were recorded from 64 electrodes at 10-10 scalp
locations (500 Hz sample rate) (Synamps RT amplifiers,
Neuroscan). Impedances were <10 kΩ. Preprocessing was
performed in BESA Research (v7) (BESA, GmbH). Blinks
were nullified in the continuous data via spatial filtering
[10]. Trials with voltages ≥120 µV were discarded from averaging. Recordings were epoched (-200 to 800 ms), baseline
corrected, filtered from 1 to 30 Hz, and averaged across trials to compute ERPs for each speech token per listener.
Source analysis

We transformed raw ERPs to source space using BESA’s
AEP virtual source montage [19]. We then extracted source
waveforms (units nAm) from the radially-oriented dipoles
in left and right auditory cortices (AC) to assess categorical
speech coding (Talairach coordinates of [-37, -18, 17] and
[37, -18, 17], respectively) [e.g., 4,20]. Neural correlates of
CP emerge around the N1 and P2 waves [2,13,20]. Thus,
N1 was measured as the peak negativity between 100 and
160 ms; P2 as the peak positivity between 160 and 220 ms.
Categorical coding in the ERPs was evaluated as the difference between P2 responses to prototypical tokens
(endpoints) and the ambiguous midpoint [i.e., mean (Tk1,
Tk5) − Tk3; ΔP2] [4,15]; more negative ΔP2 latencies mirror categorical processing whereby /u/ and /a/ exemplars
elicit faster latencies than stimuli at the ambiguous midpoint of the continuum (i.e., Tk1/5 < Tk3).

Results
Behavioral data

Listeners were highly separable based on a median split
of their PROMS scores, revealing some nonmusicians
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have inherently better music listening skills (Fig. 1a)
[8]. Low and high musicality groups did not differ in
age, handedness, years of musical training, years of
education, or SES (all Ps > 0.05). The high PROMS
group demonstrated superior performance not only
on the PROMS total score (Wilcoxon; normal approximation, one sided: Z = 1.79, P = 0.001) but also the
tempo (Z = 1.79, P = 0.0363) and tuning subtests
(Z = 2.78, P = 0.0027).
Groups did not differ in their slopes of speech identification (Z = −0.9594, P = 0.3374; Fig. 1b) but the high
PROMS group showed marginally faster RTs across the
continuum (F1,52 = 3.87, P = 0.0544, Cohen’s d = 1.136;
Fig. 1c). Higher PROMS scores were also associated with
faster RTs (r = −0.55, P = 0.0435; Fig. 1d). Thus, while
speech CP was not stronger in one group over the other,
per se, faster RTs suggest individuals with better music
listening skills were more efficient at making speech categorization judgments.

Source event-related potentials

Figure 2 shows scalp topographies and source waveforms
from left/right AC. Two-way, mixed model ANOVAs
evaluated group × hemisphere effects on ERP measures
(random factor = subjects nested within group). Pooled
across tokens, we found sole hemispheric difference in
N1 latencies (LH > RH; F1,128 = 7.15, P = 0.0085, d =
1.54). Subsequent analysis focused on changes in P2 (i.e.,
ΔP2) between phonetic (Tk1/5) and nonphonetic (Tk3)
tokens as a marker of speech identification and categorical processing [1,2,4,13,15].
ΔP2 latencies showed a group × hemisphere interaction
(F1,12 = 6.79, P = 0.023, d = 1.50; Fig. 2c). Tukey-Kramer
contrasts revealed the high PROMS group had more
negative (i.e., more categorical) ΔP2 latencies in the
RH than the low PROMS group (t12 = −2.33, P = 0.038).
Stronger speech differentiation, as indexed by ΔP2 latencies, was also observed in RH vs. LH specifically in the
high PROMS group (RH < LH; t12 = 3.01, P = 0.0108).

Fig. 1

Behavioral data. (a) PROMS scores reveal some individuals have naturally more adept auditory perceptual skills in the absence of any formal
music training (median split of into high- and low-musicality groups). High and low PROMS groups did not differ in identification (b), but highly
musical listeners were more efficient (faster) at identifying categorical speech stimuli (c). (d) Better musical perceptual skills correlated with faster
average RTs. *P < 0.05, error bars ± 1 SEM. PROMS, Profile of Music Perception Skills.
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Fig. 2

Neural data. ERPs reflect categorical coding around the timeframe of P2. (a) Scalp topographies (180 ms) and (b) grand average auditory cortical
source waveforms by PROMS groups. (c) Phonetic (Tk1/5) vs. nonphonetic (Tk3) contrast of P2 (i.e., ΔP2) assessed categorical processing,
which was stronger for individuals with better musical listening abilities. ΔP2 latencies were more categorical (i.e., negative) in the right hemisphere for the high PROMS group. *P < 0.05, error bars/shading ± 1 SEM. ERPs, event-related potentials; PROMS, Profile of Music Perception
Skills.

No other contrasts including amplitude measures were
significant.

Discussion

Our findings show ‘musical sleepers’ who exhibit naturally higher levels of musicality (but are nevertheless
nonmusicians) are more efficient at categorizing speech
sounds (i.e., faster RTs). Neural responses mimicked
behavioral benefits in that high PROMS listeners showed
more categorical ERPs within right AC. Our results provide novel evidence that listeners’ efficiency of categorical processing at both behavioral and neural levels varies
with their inherent auditory perceptual skills.
Critically, our data reveal natural auditory sensitivities,
in the absence of music training, are associated with
improvements in auditory categorical processing. While
both groups demonstrated categorical speech processing – sharp transitions at the perceptual boundary and
delayed RTs for ambiguous relative to prototypical tokens
[21,22] – those with higher inherent musicality exhibited
faster RTs. Interestingly, the faster RTs observed in our
high music aptitude listeners mirrors results in formally
trained musicians, who also show faster speech categorization [1,2,14]. While faster RTs in the high PROMS
group may reflect faster initiation/execution of motor
responses, group differences in neural activity occurred
as early as P2 (i.e., well before RTs). This implies precognitive, premotor brain activity (i.e., sensory coding)
contributes to improved categorization efficiency in high
aptitude nonmusicians.
That RTs but not identification differed between groups
suggests inherent auditory skills improve the decision
processes and/or speed of access to internalized categories
rather than a sharpening of those phonetic representations, per se [21,22]. A lack of difference in identification
may have been expected given that our listeners were

native speakers, highly familiar with English vowel contrasts [2,14,23]. In comparison, categorical identification
(in addition to RTs) is more acute in actual trained musicians [cf. 1,4]. Collectively, this and other studies lead us
to infer that long-term music experience improves sound
classification accuracy and speeded access to speech representations above and beyond natural or inherent abilities observed here.
At the neural level, we found stronger categorical neural
encoding of speech in people with better music perceptual skills. More categorical responses were observed in
the right AC of the high compared to the low PROMS
group. Our data here (all nonmusicians) parallel recent
findings in highly experienced musicians, which report
plasticity in AC activity is associated with more categorical coding of sound [4]. Previously, we asserted musicality-related differences in auditory CP require (1)
strong experiential plasticity rather than subtle innate
function, or (2) tasks requiring top-down processing
and/or attention [8]. Results of this study extend previous findings by demonstrating both behavioral and ERP
enhancements in musical sleepers during active speech
identification. Results here show that certain individuals exhibit naturally superior auditory system function, specifically in the right AC and timeframe of P2
(~160–200 ms), which contributes to enhanced speech
perception.
Given the known LH dominance of language processing,
it is surprising that categorical neural responses to speech
were more apparent in right AC. One possibility is that
highly musical individuals recruit additional resources
in RH for speech processing, which could contribute to
faster ERP latencies and RTs seen here. Indeed, greater
training-related plasticity is observed in right compared
to left AC [24]. However, previous cross-sectional studies
do not isolate innate differences of brain structure and
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function before training. Although the role of ‘native abilities’ has been acknowledged in studies on musicianship
and auditory perceptual abilities [23], they have never
been fully tested to the extent here [cf. 8].
While we do not refute the existence of experience-dependent plasticity of musicianship [8,25], the “musical
brain” is likely an interplay between predispositions,
environmental factors, and training [8]. Our data reveal
inherent differences in brain function can contribute to
more efficient and robust categorical speech processing.
Thus, inherent auditory skills may at least partially contribute to experience-dependent neuroplastic effects
reported in studies on musical training and speech-language function [1,4]. Other studies have similarly shown
associations between speech discrimination and musicality (i.e., rhythm perception) but not music training itself
[9]. While music-based interventions for communication
disorders are promising [25], care should be taken to
understand individuals’ experience and inherent auditory function to maximize learning or therapeutic benefits. We add to the growing body of evidence that some
individuals have naturally superior auditory abilities,
which enables better neural processing and perception
of speech [8,9].
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