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Abstract

Musicianship is associated with neuroplastic changes in brainstem and cortical structures, as well as improved acuity for behav-

iorally relevant sounds including speech. However, further advance in the field depends on characterizing how neuroplastic

changes in brainstem and cortical speech processing relate to one another and to speech-listening behaviors. Here, we show that

subcortical and cortical neural plasticity interact to yield the linguistic advantages observed with musicianship. We compared

brainstem and cortical neuroelectric responses elicited by a series of vowels that differed along a categorical speech continuum

in amateur musicians and non-musicians. Musicians obtained steeper identification functions and classified speech sounds more

rapidly than non-musicians. Behavioral advantages coincided with more robust and temporally coherent brainstem phase-locking

to salient speech cues (voice pitch and formant information) coupled with increased amplitude in cortical-evoked responses,

implying an overall enhancement in the nervous system’s responsiveness to speech. Musicians’ subcortical and cortical neural

enhancements (but not behavioral measures) were correlated with their years of formal music training. Associations between

multi-level neural responses were also stronger in musically trained listeners, and were better predictors of speech perception

than in non-musicians. Results suggest that musicianship modulates speech representations at multiple tiers of the auditory path-

way, and strengthens the correspondence of processing between subcortical and cortical areas to allow neural activity to carry

more behaviorally relevant information. We infer that musicians have a refined hierarchy of internalized representations for audi-

tory objects at both pre-attentive and attentive levels that supplies more faithful phonemic templates to decision mechanisms

governing linguistic operations.

Introduction

Recent behavioral and neuroimaging studies demonstrate that musi-

cianship promotes functional plasticity across multiple sensory

modalities benefiting a wide array of perceptual-cognitive abilities

(Herholz & Zatorre, 2012; Moreno & Bidelman, 2014). Musicianship

has been linked to enrichments in the ability to parse, discriminate

and recognize speech (Chartrand & Belin, 2006; Bidelman & Krish-

nan, 2010), as well as higher phonological awareness (Anvari et al.,

2002; Slevc & Miyake, 2006) and second language-learning profi-

ciency (Slevc & Miyake, 2006; Cooper & Wang, 2012). Neurophysi-

ological studies have revealed functional changes in both subcortical

(Wong et al., 2007; Musacchia et al., 2008; Bidelman & Krishnan,

2010; Parbery-Clark et al., 2012) and cortical (Shahin et al., 2003;

Musacchia et al., 2008) speech processing in musicians. These stud-

ies support the notion that brain mechanisms that govern important

facets of human communication are primed in musician listeners.

Although acoustically distinct, speech sounds with similar features

are typically identified categorically, i.e. they are heard as belonging

to one of only a few discrete phonetic classes (Pisoni & Luce,

1987). Categorical perception (CP) emerges early in life (Eimas

et al., 1971) and is further modified based on one’s native language

(Kuhl et al., 1992), suggesting that the neural mechanisms underly-

ing CP are malleable to experiential factors. CP requires a higher-

order linguistic abstraction and offers an ideal means to probe how

other forms of auditory experience (e.g., musicianship) might alter

this fundamental mode of speech perception.

We sought to further characterize musicians’ hierarchy of auditory

plasticity by directly examining how brainstem and cortical-evoked
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responses to speech relate to phonetic identification and CP abilities.

Enhanced speech identification in musicians may be related to an

improved ability to map stimulus features to phonetic meaning, an

important requisite of many linguistic skills, including reading, writ-

ing and language acquisition (Eimas et al., 1971; Werker & Tees,

1987). Demonstrating that musicianship is indeed associated with

improved sound-to-meaning relations would support the notion that

music instruction might be used as an effective catalyst for increas-

ing early verbal proficiency (Ho et al., 2003; Moreno et al., 2011).

It would also clarify the behavioral consequences of musicians’

enhanced brainstem and cortical processing (Musacchia et al., 2008)

by demonstrating a direct link between these multi-level neural

enhancements and complex speech-listening skills.

To this end, we measured both brainstem and cortical event-

related brain potentials (ERPs) to categorically perceived speech

sounds in musicians and non-musicians. While previous studies

have examined speech representations in the brainstem and cortex

(Musacchia et al., 2008; Bidelman et al., 2013b) and how musical

experience shapes these neural responses (Musacchia et al., 2008),

no study has yet examined music-related benefits to CP, its underly-

ing neural correlates, nor how these multi-level brain enhancements

relate to speech perception. Comparing brainstem and cortical

speech representations also allows us to reveal the dynamic, hierar-

chical brain processing that operates on the flow of information from

sensory to cognitive facets of the speech network. This allows for a

more complete picture of potential music-related plasticity that

would be unavailable by recording brainstem or cortical ERPs alone.

While a cross-sectional group comparison cannot fully disentangle

the effects of ‘training’ from possible preexisting differences in audi-

tory processing, comparing experts and non-experts is a necessary

first step toward future longitudinal studies aiming to establish a

causal link between musical training and speech-listening abilities.

We hypothesized that musicians’ behavioral benefits for speech

processing result not only in local signal enhancements within

both subcortical and cortical stages of the auditory system

(cf., Musacchia et al., 2008) but, critically, a ‘coordination’

(i.e., interaction) between these lower- and higher-order auditory

brain areas subserving speech processing.

Materials and methods

Participants

Twenty-four young adults participated in the experiment: 12 Eng-

lish-speaking musicians (eight female) and 12 non-musicians (eight

female). Each participant completed music (Wong & Perrachione,

2007) and language history (Li et al., 2006) questionnaires to assess

linguistic and musical background, respectively. Musicians (M) were

defined as amateur instrumentalists who had received ≥ 7 years of

continuous private instruction on their principal instrument

(mean � SD; 13.6 � 4.5 years), beginning prior to age 13 years

(7.7 � 3.5 years; Table 1). Beyond formal private or group lessons,

each was currently active in music practice or ensemble engage-

ment. The majority of musicians had advanced musical training

(i.e., undergraduate or graduate degrees in music) and practiced on a

daily basis. These inclusion criteria are consistent with similar defi-

nitions for ‘musicians’ used in previous studies from our lab and

others examining the neuroplastic effects of musicianship on audi-

tory processing (Wong et al., 2007; Chandrasekaran et al., 2009;

Parbery-Clark et al., 2009; Zendel & Alain, 2009; Bidelman &

Krishnan, 2010; Bidelman et al., 2011a; Cooper & Wang, 2012).

Requiring musicians to have ≥ 7 years of training also guarantees

long-term experience-dependent plasticity and the potential of

observing transfer effects of musicianship to language processing

(Chandrasekaran et al., 2009; Bidelman et al., 2011a; Skoe &

Kraus, 2012). Non-musicians (NM) had no more than 2 years of

self-directed music training (0.4 � 0.7 years), and had not received

instruction within the past 5 years. All participants were right-

handed (Oldfield, 1971), exhibited normal hearing (i.e., ≤ 25 dB

HL; 500–4000 Hz) and reported no history of neurological disor-

ders. The two groups were also closely matched in age (M:

23.8 � 4.2 years, NM: 24.8 � 2.7 years; t22 = 0.63, P = 0.54) and

years of formal education (M: 17.3 � 2.4 years, NM:

17.8 � 2.0 years; t22 = 0.60, P = 0.55).

All participants spoke Canadian English and had minimal expo-

sure to a second language (L2). Those familiar with a second lan-

guage (mainly French and Polish) were classified as late bilinguals

with low L2 proficiency, i.e. their non-native language was used for

no more than 10% of their daily communication. Tone language

experience (e.g., Mandarin Chinese, Thai) is known to enhance neu-

ral (brainstem/cortical auditory ERPs) and behavioral auditory

responses (Chandrasekaran et al., 2009; Bidelman et al., 2011a,b,

2013a). As such, participants with any exposure to a tonal language

were excluded from the study to avoid a potential confound of lin-

guistic pitch expertise. All experiments were undertaken with the

understanding and written consent of each participant in compliance

with the Declaration of Helsinki and a protocol approved by the

Baycrest Centre Research Ethics Committee.

Speech vowel continuum

The perception of speech tends to be categorical, such that gradually

morphed sounds along a large acoustic continuum are heard as

Table 1. Musical demographics of participants

Participant Instrument(s)

Years of music

training

Age of onset

(years)

Musicians
M1 Organ 7 7
M2 Piano/trombone 16 5
M3 Harp 10 13
M4 Violin/piano 13 8
M5 Double bass/bass guitar 11 13
M6 Saxophone 12 6

M7 Piano/guitar 12 8
M8 Cello/piano 17 2
M9 Piano 18 2
M10 Piano/trumpet 12 8
M11 Violin/voice 24 5
M12 Piano/voice 11 12

Mean (SD) 13.6 (4.5) 7.7 (3.5)

Non-musicians

NM1 Piano 2 12
NM2 Violin 1 12
NM3 Clarinet 1 13
NM4 Piano 1 8
NM5 – 0 –

NM6 – 0 –

NM7 – 0 –

NM8 – 0 –

NM9 – 0 –

NM10 – 0 –

NM11 – 0 –

NM12 – 0 –

Mean (SD) 0.4 (0.7) 11.3 (2.2)*

*The age of onset statistics for non-musicians were computed from the four
participants with minimal musical training.
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belonging to one of only a few discrete phonetic classes (Liberman

et al., 1967; Pisoni, 1973; Harnad, 1987; Pisoni & Luce, 1987). At

extreme ends of the continuum, tokens are perceived as having the

same phonetic identity or category. Despite equal physical spacing

between adjacent stimuli, a sharp change in perception occurs near

the midpoint of the continuum where the identity abruptly changes.

CP is typically studied using stop consonants that differ minimally

in voice-onset time (VOT), i.e. the initial ~ 40 ms containing criti-

cal formant transitions into the vowel (Pisoni, 1973; Sharma &

Dorman, 1999). Though less salient than stop consonants, steady-

state vowels alone can be perceived categorically by simply manip-

ulating individual formant frequencies, prominent acoustic cues that

determine speech identity (Pisoni, 1973). Vowels provide critical

information to determine what is being said (Assmann & Summer-

field, 1990) and thus allow us to assess the neural correlates of

these critical cues that characterize speech. In the present study,

utilizing vowels also ensured that the entire stimulus contributed to

the CP rather than only the initial transient onset (cf., VOT stim-

uli), thereby maximizing the possibility that ERPs could be used to

differentiate phonetic-level information. A five-step synthetic vowel

continuum was constructed where 100-ms tokens differed mini-

mally acoustically, but were perceived categorically (Pisoni, 1973;

Bidelman et al., 2013b). Tokens contained identical voice funda-

mental (F0), second (F2) and third formant (F3) frequencies (F0:

100 Hz; F2: 1090 Hz; and F3: 2350 Hz, respectively). The critical

stimulus variation was achieved by parameterizing first formant

(F1) over five equal steps between 430 and 730 Hz such that the

resultant stimulus set spanned a perceptual phonetic continuum

from /u/ to /a/. Acoustic spectrograms of the stimuli are shown in

Fig. 1.

Data acquisition and preprocessing

Data acquisition and response evaluation were similar to previous

reports from our laboratory (e.g., Bidelman et al., 2013b). Stimuli

were delivered binaurally at an intensity of 83 dB SPL through

insert earphones (ER-3A). Extended acoustic tubing (50 cm) was

used to eliminate electromagnetic stimulus artifact from contaminat-

ing neurophysiological responses (Aiken & Picton, 2008; Campbell

et al., 2012). The effectiveness of this control was confirmed by the

absence of an artifact (and brainstem response) during a control run

in which the air tubes were blocked to the ear. Listeners heard 200

randomly ordered exemplars of each token and were asked to label

them with a binary response as quickly as possible (‘u’ or ‘a’). The

inter-stimulus interval (ISI) was jittered randomly between 400 and

600 ms (20-ms steps, rectangular distribution). An additional 2000

trials (ISI = 150 ms) were then collected in order to detect sub-

microvolt brainstem ERPs (Bidelman & Krishnan, 2010). A majority

of studies demonstrate that early brainstem responses are unaffected

by attention (Picton et al., 1971; Picton & Hillyard, 1974; Woods &

Hillyard, 1978; Hillyard & Picton, 1979; Galbraith & Kane, 1993;

Rinne et al., 2007; Okamoto et al., 2011). Thus, participants

watched a self-selected movie with subtitles during brainstem

recording to maintain a calm and wakeful state.

Electroencephalograms (EEGs) were recorded differentially

between an electrode placed on the high forehead at the hairline

(~ Fpz) referenced to linked mastoids. This vertical montage is opti-

mal for recording evoked responses of both subcortical and cortical

origin (Musacchia et al., 2008; Krishnan et al., 2012; Bidelman

et al., 2013b). Inter-electrode impedance was kept below ≤ 3 kO.

EEGs were digitized at 20 kHz with a 0.05–3500-Hz passband

(NeuroScan SymAmps2). Traces were segmented (cortical ERP:

�100 to 600 ms; brainstem ERPs: �40 to 210 ms), baselined to the

respective pre-stimulus period, and subsequently averaged in the

time domain to obtain ERPs for each condition (EEGLAB; Delorme

& Makeig, 2004). Trials > �50 lV were rejected as blinks prior to

averaging. Grand averaged evoked responses were then bandpass fil-

tered (80–2500 Hz or 1–30 Hz) to isolate brainstem and cortical

ERPs, respectively (Musacchia et al., 2008; Bidelman et al.,

2013b).

Behavioral data

Individual vowel identification scores were fit with a two-parameter

sigmoid function. We used standard logistic regression: P = 1/

[1 + e�b1(x�b0)], where P is the proportion of trials identified as a

given vowel, x the step number along the stimulus continuum, and

b0 and b1 the location and slope of the logistic fit estimated using

non-linear least-squares regression. Comparing parameters between

groups revealed possible differences in the location and ‘steepness’

(i.e., rate of change) of the categorical speech boundary as a func-

tion of musicianship. Behavioral speech-labeling speeds [i.e.,

reaction times (RTs)] were computed as the listener’s mean response

latency across trials for a given condition. RTs outside 250–

1000 ms were deemed outliers and excluded from further analysis

(Bidelman et al., 2013b).

ERP response analysis

Brainstem responses

Fast Fourier transforms (FFTs) were computed from the steady-state

portion of brainstem time-waveforms (0–100 ms) to assess spectral

magnitudes contained in each response. ‘Neural pitch salience’ was

then estimated from each spectrum using a harmonic template analy-

sis (for details, see Bidelman & Krishnan, 2009; Supplemental

methods). The salience magnitude corresponding to a template F0 of

100 Hz (i.e., the voice pitch of our speech stimuli) was taken as a

singular measure of brainstem voice ‘pitch’ encoding for each vowel

condition. For quantifying pitch-relevant activity, this type of analy-

sis (incorporating both F0 and its harmonics) is preferable to simply

measuring F0 in isolation given the fact that listeners combine infor-

mation across harmonics to construct a unitary pitch percept (Gockel

et al., 2007).

We also quantified ‘voice timbre’ encoding by measuring the F1

magnitude in each brainstem response spectra. F1, the primary cue

used in the behavioral task, reflects how well the brainstem

transcribes this important timbral feature of speech. F1 magnitudes

could not be directly measured from the FFTs because their fre-

Fig. 1. Categorical speech vowel continuum. Spectrograms of the individual
tokens; bottom insets show three periods of individual time-waveforms. First
formant frequency was parameterized over five equal steps from 430 Hz to
730 Hz (arrows), such that the resultant stimulus set spanned a perceptual
phonetic continuum from /u/ to /a/.
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quencies are not necessarily harmonics of the F0 (i.e., integer multi-

ple of 100 Hz). To this end, F1 magnitudes were instead quantified

from each brainstem ERP as the amplitude of the responses’ spectral

envelope, computed via linear predictive coding, between 400 and

750 Hz, i.e., the expected F1 range from the input stimulus (Bidel-

man et al., 2013b; see Supplemental methods for details).

Quantifying both F0 and F1 speech cues provided a means to rep-

licate and extend prior research by showing group difference in both

F0 and F1 encoding. Each cue also offered a clear prediction as to

the type of neural enhancement we expected to observe. Because all

stimuli had the same acoustic F0 frequency and amplitude, we ‘did

not’ expect brainstem F0 salience to be modulated by stimulus con-

dition. However, we ‘did’ expect F0 encoding to differ between

groups, given previously reported musician advantages for voice

pitch processing (Wong et al., 2007; Bidelman & Krishnan, 2010;

Bidelman et al., 2011a). In contrast to F0, brainstem F1 encoding

was expected to vary both between stimuli and groups because of

the perceptual relevance of F1 to our CP task and the fact that it

varied along the stimulus continuum. Stimulus-related changes in F1

but not F0 would further support the notion that these cues are lar-

gely independent in the neural encoding and perception of speech

(e.g., Bidelman & Krishnan, 2010).

Cortical responses

Peak amplitude and latency were measured for the prominent deflec-

tions of the cortical ERPs (Pa, P1, N1, P2, P3) in specific time win-

dows. Pa was taken as the positivity between 25 and 35 ms, P1 as

the positivity between 60 and 80 ms, N1 the negative-going trough

between 90 and 110 ms, P2 as the positive-going peak between 150

and 250 ms, and P3 as the positivity between 275 and 375 ms

(Irimajiri et al., 2005; Bidelman et al., 2013b). While all five waves

were quantified, we had specific hypotheses regarding how the N1

and P2 waves would be modulated by changes in speech F1 formant

and musicianship. Prior work has shown that of the obligatory

ERPs, the N1 and P2 waves are the most sensitive to speech percep-

tion tasks (Wood et al., 1971; Alain et al., 2007, 2010; Ben-David

et al., 2011; Bidelman et al., 2013b), and prone to the plastic effects

of speech sound training (Tremblay et al., 2001; Alain et al., 2007)

and long-term musical experience (Shahin et al., 2003; Sepp€anen

et al., 2012). Additionally, our previous study suggested that the

neural correlates of CP emerge around the timeframe of N1 and are

fully manifested by P2 (Bidelman et al., 2013b). Thus, we focus

our primary analyses on these two deflections. Individual N1 and P2

analyses allowed us to further assess how musicianship and vowel

stimulus alter each of these early cortical responses. ERP analysis

and automated peak selection were performed using custom routines

coded in MATLAB� 7.12 (The MathWorks, Natick, MA, USA).

Statistical analyses

Unless otherwise specified, two-way, mixed-model ANOVAs were

conducted on all dependent variables (SAS� 9.3, SAS Institute,

Cary, NC, USA). Group (2 levels; M, NMs) functioned as the

between-subjects factor; vowel stimulus [5 levels; vowel (vw) 1–5]

as the within-subjects factor; subjects nested within group served as

a random factor. Tukey–Kramer multiple comparisons controlled

Type I error inflation. The significance level was set at a = 0.05.

Multiple least-squares regression was also used to determine the

extent to which brainstem and cortical ERPs could predict each

group’s behavioral CP for speech. We constructed a regression model

(per group) consisting of both simple main effects as well as an inter-

action term: wIDspeed = b0 + b1BSerp + b2Cerp + b3BSerp ∗ Cerp,

where w represents a listener’s behavioral speech classification speed

(i.e., RT), BSerp is the magnitude of brainstem encoding, and Cerp is

the cortical response to speech. b1, b2, and b3 represent to-

be-estimated scalar coefficients, computed via least-squares analysis,

for the weighting of each of these neural factors in the regression

model (b0 = intercept parameter). Regression coefficients were stan-

dardized (total variance = 1) to equate the scales between variables

and allow us to estimate their individual predictive power on speech

identification performance. Adjusted R2 was used to assess model fits,

which increase only if additional terms improve a model more than

expected by chance. Additionally, pairwise correlations were used to

explore the correspondence between subcortical and cortical speech

representations (brainstem: F1 amplitude; cortical: N1 and P2 magni-

tudes), as well as the link between these brain indices and behavioral

speech identification performance.

Results

Behavioral speech identification

Behavioral speech identification functions are shown in Fig. 2.

Despite the continuous F1 acoustic change, listeners heard a clear

perceptual shift in the phonetic category (/u/ vs. /a/) near token 3.

The overall location of the perceptual boundary did not differ

between groups [independent samples t-test (two-tailed) on b0
parameter; t22 = 0.47, P = 0.65]. Yet, musicians demonstrated a

considerably sharper perceptual boundary (b1 parameter; t22 = 2.45,

P = 0.023) than non-musician listeners (Fig. 2B). When considering

musical training as a continuous variable across groups, years of

musical training (measured in years post-onset) predicted the steep-

ness of the perceptual boundary (Spearman’s: rall = 0.49,

Pall < 0.001). That is, perceptual dichotomy between vowel classes

was more distinct with increased musical experience when consider-

ing all listeners in our sample (Fig. 2C). However, correlations by

group were marginal for musicians (rM = 0.43, PM = 0.07) but

unreliable for non-musicians (rNM = �0.13, PNM = 0.66). Thus,

analysis by group did not indicate that musical training was associ-

ated with improved categorical speech perception in musicians

alone.

An ANOVA on speech-labeling speed showed that musicians were

faster than non-musicians (F1,22 = 4.21, P = 0.04). The main effect

of vowel was also significant (F4,88 = 7.45, P < 0.001), but the

interaction between group and vowel was not (F4,88 = 0.10,

P = 0.98; Fig. 2D). In both groups, participants were slower at clas-

sifying speech tokens near the CP boundary (token 3) relative to

others in the continuum (M: t88 = 3.80, P < 0.001; NM: t88 = 3.69,

P < 0.001), consistent with previous reports examining speeded

vowel classification (Pisoni & Tash, 1974; Bidelman et al., 2013b).

Brainstem ERPs

Figure 3 shows brainstem response time-waveforms and frequency

spectra. The ANOVA revealed a main effect of group (F1,22 = 5.22,

P = 0.032) on brainstem F0 salience with no main effect of vowel

(F1,22 = 0.94, P = 0.44) or group 9 vowel interaction

(F4,88 = 0.48, P = 0.75; Fig. 3C). For brainstem F1 magnitudes,

there were main effects of group (F1,22 = 7.71, P = 0.011) and

vowel stimulus (F4,88 = 13.15, P < 0.001) but no interaction

(F4,88 = 1.13, P = 0.35; Fig. 3D). The main effect of group for both

speech cues indicates stronger subcortical representation of voice

pitch (F0) and timbre (F1) information for musicians across the

© 2014 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
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board. In the case of F1, the main effect of vowel stimulus was dri-

ven by musicians having larger F1 in response to vw3 and vw4 rela-

tive to vw1 (P = 0.0051 and P = 0.042, respectively). Similarly,

supplemental analysis of the temporal phase characteristics of brain-

stem responses revealed higher trial-to-trial temporal consistency in

musicians across the vowel stimuli (Fig. S1). These results indicate

a higher temporal precision/coherence in brainstem responses of

musicians compared to non-musicians.

Cortical ERPs

Figure 4A shows cortical ERPs elicited by the different vowel stim-

uli. Consistent with previous studies (e.g., Godey et al., 2001), the

early Pa and P1 waves showed considerable variability between lis-

teners. This observation was confirmed by a lack of group difference

in both Pa (F1,22 = 0.22, P = 0.64) and P1 (F1,22 = 0.33, P = 0.57)

amplitudes. Similarly, the late P3-like deflection was highly variable,

and showed neither a consistent group (F1,22 = 1.28, P = 0.27) nor

stimulus (F4,88 = 0.92, P = 0.45) effect. In contrast, prominent

group and/or stimulus-related differences emerged for the N1 and

P2 waves (~ 100–250 ms). The N1 amplitude did not differ signifi-

cantly between groups (F1,22 = 0.06, P = 0.81), but varied with

vowel stimulus (F4,88 = 10.56, P < 0.001; Fig. 4B). Pairwise com-

parisons revealed larger N1 amplitude for vw1 (/u/) relative to vw3,

vw4 and vw5. Nearing the CP boundary, the N1 wave to vw2 was

also greater than vw3. Larger N1 amplitude for stimuli with lower

F1 frequency (vw1: /u/) may be related to well-known tonotopic

organization of human auditory cortex and the more superficial gen-

erators for low-frequency stimulation (Pantev et al., 1989, 1995;

Schreiner & Winer, 2007).

In contrast to N1, the P2 wave was larger in musicians than in

non-musicians across the board (F1,22 = 7.43, P = 0.012), but was

invariant across vowels (F4,88 = 0.963, P = 0.43; Fig. 4B). These

results are consistent with the notion that N1 indexes exogenous

acoustic properties of the sound input (Alain et al., 2007; Bidelman

et al., 2013b). They also converge with previous studies demonstrat-

ing that the neuroplastic effects of long-term auditory training and

musicianship are generally larger for P2 relative to N1 (Reinke

et al., 2003; Shahin et al., 2003; Sepp€anen et al., 2012).

Relationships between neural measures and extent of musical

training

In musicians, the extent of an individuals’ self-reported musical

training was correlated with measures of both brainstem and cortical

speech representations. Years of formal musical training predicted

brainstem F0 pitch salience (r = 0.26, P = 0.02), as well as cortical

P2 amplitudes (r = 0.36, P = 0.01; Bonferroni corrected). No other

neurophysiological measures correlated with musical training. The

correspondence between musicians’ years of musical training and

neural measures is consistent with other correlational studies, which

suggest that longer trained musicians have more pronounced brain-

stem/cortical encoding (Musacchia et al., 2008) and perception (Bid-

elman et al., 2013a) of speech and other complex acoustic sounds.

While causality cannot be directly inferred from correlation, these

findings suggest that longer musical engagement is at least

A B

C

D

Fig. 2. Perceptual speech classification is enhanced with musical training. (A) Behavioral identification functions. (B) Comparison of the location (left) and

‘steepness’ (right) of identification functions per group. No difference is observed in the location of the categorical boundary, but musicians (M) obtain steeper
identification functions than non-musicians (NM), indicating greater perceptual distinction for the vowels. (C) Across all participants, years of musical training
predict speech identification performance. (D) Speech-labeling speed. All listeners are slower to label sounds near the categorical boundary (vw3), but musicians
classify speech sounds faster than their non-musician peers. †P < 0.1, *P < 0.05 and **P < 0.01.
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A B C

D

Fig. 3. Musicians have enhanced subcortical-evoked responses to categorical speech. (A) Time-waveforms and (B) corresponding frequency spectra. Musicians
(red) have more robust brainstem-evoked responses than non-musicians (blue), indicating enhanced phase-locked activity to the salient spectral cues of speech.

Robust energy at the fundamental frequency (100 Hz) and its integer-related harmonics in the response spectra demonstrate robust coding of both voice pitch
and timbre information at the level of the brainstem. Response spectral envelopes, computed via linear predictive coding (dotted lines), reveal musicians’
increased neural activity near F1, the sole cue for speech identification in the present study. More robust encoding of F0 (C) and F1 (D) in musicians suggests
that musicianship improves the brain’s encoding of important speech cues.

A B

Fig. 4. Musicians have enhanced cortical-evoked responses to categorical speech sounds. (A) Cortical event-related potential (ERP) waveforms. Gray arrows
and bars denote the time-locking stimulus. Distinct group differences in response morphology emerge near N1 (~ 100 ms) and persist through the P2 wave

(~200 ms). (B) N1 and P2 component amplitudes per group. Whereas N1 is modulated by stimulus vowel for both groups, musicians’ neuroplastic effects are
only apparent in the P2 wave. Larger ERPs in musicians relative to non-musicians suggest that musicianship amplifies the cortical differentiation of speech
sounds.

© 2014 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 1–12

6 G. M. Bidelman et al.



associated with both brainstem and cortical response enhancements

for speech sound processing.

Brain–behavior relations

Measures of brainstem F1 amplitude, cortical N1 and P2 amplitudes,

and behavioral identification speed were used in further correlational

analyses to assess correspondences between both neural (subcortical

and cortical) and behavioral measures. Pooling across all responses

from the entire vowel continuum, we found a significant relationship

between brainstem F1 encoding and cortical P2 amplitudes in musi-

cians but not non-musicians (Fig. 5A; rM = 0.40, P < 0.001;

rNM = �0.07, P = 0.58). The brainstem–cortical P2 correlation was

stronger for musicians than for non-musicians (Fisher r-to-z trans-

form: z = 2.90, P = 0.0014). In contrast, there was no relation

between brainstem F1 and cortical N1 responses in either group

(rM = 0.07, P = 0.95; rNM = 0.22, P = 0.45; not shown). Similarly,

cortical–behavioral correlations revealed that P2 amplitude closely

predicted listeners’ speech identification speeds (Fig. 5B). Larger P2

responses corresponded to faster speech-labeling speeds in musicians

(rM = �0.37, P < 0.001), but was only marginal in non-musicians

(rNM = �0.22, P = 0.09). Collectively, these findings demonstrate

higher correspondence between subcortical, cortical and behavioral

speech processing in musically trained individuals.

Multiple least-squares regression was used to determine the extent

to which brainstem and cortical ERPs could predict each group’s

behavioral CP for speech. We used F1 magnitudes for the brainstem

regressor; we chose P2 responses for the cortical regressor given

that this wave differentiated musician and non-musician groups.

Prior to regression analysis, we converted P2 amplitudes to magni-

tudes (absolute value) to minimize polarity differences that were

apparent in the P2 between groups (Fig. 4A). The weighting coeffi-

cient (b value) computed for each variable reflects the degree to

which that neural measure predicts behavior. The resultant regres-

sion function for musicians was: wMUSICIAN = 0.08 + 0.51BSerp –

0.50Cerp – 0.18BSerp ∗ Cerp (bold coefficients denote significant

predictor variables, P < 0.05), with an overall adj-R2
= 0.28

(P < 0.001). Thus, brainstem and cortical responses, in addition to

their interaction, were robust predictors of musicians’ behavioral

performance in the CP listening task. This same combination of neu-

ral markers was much weaker in predicting behavior for non-musi-

cians: wNON-MUSICIAN = 0.004 � 0.03BSerp – 0.43Cerp – 0.20BSerp
∗ Cerp (adj-R2

= 0.14; P = 0.01). Only cortical responses were

found to hold significant predictive power for the non-musician

group. The higher correspondence between multiple brain responses,

their interaction, and perception suggests that musicians may have a

sharper interplay and/or coordination between brain areas engaged

during speech listening.

Discussion

Previous work has shown that musical expertise enhances the ability

to categorize musically relevant sounds, for example pitch intervals

and chords (Locke & Kellar, 1973; Siegel & Siegel, 1977; Burns &

Ward, 1978; Zatorre & Halpern, 1979; Howard et al., 1992; Klein

& Zatorre, 2011), and enhances simple auditory discrimination of

important speech cues (Chartrand & Belin, 2006; Moreno et al.,

2009; Bidelman & Krishnan, 2010). Here, we link and extend these

results by demonstrating a musician advantage in neural and behav-

ioral categorical speech processing, a higher-order linguistic opera-

tion. Behaviorally, musicians were faster at categorizing speech

tokens and featured a more pronounced (i.e., steeper) boundary

between phonetic categories (Fig. 2). These findings suggest that

musicians make enhanced sound-to-meaning relations and have

heightened phonetic analysis of communicative signals. Musicians’

behavioral advantages were accompanied by stronger, more tempo-

rally coherent phase-locked brainstem activity to speech sounds than

their non-musician peers (Fig 3 and Fig. S1). Complementary results

were found at a cortical level, which showed an overall increase in

cortical P2 response magnitude relative to non-musicians (Fig. 4). In

musicians, brainstem and cortical neurophysiological enhancements

(but not behavioral measures; Fig. 2C) were also predicted by their

number of years of formal music training; longer music engagement

was associated with more robust brain responses to speech. Lastly,

A B

Fig. 5. Brain–behavior relations underlying categorical speech processing. (A) First formant (F1) encoding at the level of the brainstem predicts cortical P2
response amplitudes to speech for musicians (top; Ms) but not non-musicians (bottom; NMs). (B) Cortical P2 amplitudes predict behavioral speech classification
speed for Ms but only marginally in NMs; increased P2 corresponds with faster speech identification speed. Dotted regression lines denote non-significant rela-
tionships. Data points reflect single-subject responses across all stimuli of the vowel continuum. †P < 0.1, **P < 0.01 and ***P < 0.001.
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correlations between the multiple brain and behavioral measures

revealed that musicians had higher correspondence: (i) between sub-

cortical and cortical responses to speech; and (ii) between neuroelec-

tric brain activity and behavioral speech identification performance

(Fig. 5).

Enhanced neurophysiological processing of categorical

speech sounds in musicians

Consistent with previous reports comparing brainstem and cortical

speech processing (Musacchia et al., 2008), we demonstrate that

musicians have enhanced neural representations for speech at multi-

ple levels of the auditory pathway. More importantly, we provide

new evidence demonstrating a superiority in musicians’ subcortical

and cortical encoding of categorically perceived speech sounds.

Brainstem ERPs to speech were both more robust and temporally

coherent in musicians relative to non-musicians, indicating more

precise, time-locked activity to speech at the level of the brainstem

(Fig. 3 and Fig. S1). Moreover, both brainstem F0 and cortical P2

neural measures across the speech sound continuum were associated

with the years of musicians’ formal musical training. These transfer

effects corroborate recent neurophysiological studies indicating that

musicians’ low-level auditory structures carry a more faithful repre-

sentation of the signal waveform and better extract the important

cues of speech, including voice pitch (F0) and timbre cues (F1)

(Wong et al., 2007; Parbery-Clark et al., 2009, 2012; Bidelman &

Krishnan, 2010; Strait et al., 2013). A more faithful representation

of acoustic features at the brainstem may ultimately feed relevant

cortical speech mechanisms with a more authentic depiction of

speech signal identity (Bidelman et al., 2013b).

By this account, one might expect the earliest experience-depen-

dent modulations to arise cortically in the timeframe of the Pa or

P1. While musicians’ higher subcortical fidelity converged with an

increased cortical responsiveness in the latency range of the P2, we

did not observe group differences in the earlier ERP deflections (Pa,

P1, N1). Previous work reinforces these inconsistencies, showing

both increased (Musacchia et al., 2008) and decreased (Zendel &

Alain, 2014) P1 responses in musicians relative to non-musicians.

Disparate findings likely result from differences in stimulus features

across studies that highly influence the early auditory ERPs. For

example, the temporal integration window is shorter for earlier (e.g.,

Pa, P1) as compared to later (e.g., N1, P2) components of the audi-

tory cortical ERPs (Alain et al., 1997). Thus, stimulus factors (fast

presentation rate and longer rise-time) and recording properties (sin-

gle frontally positioned electrode) used in the present study were

suboptimal for the characterization of the early components and,

therefore, may have prevented the detectability of potential group

differences in these waves. Alternatively, our results may reflect a

differential sensitivity of the underlying auditory cortical generators

to experience-dependent tuning. Consistent with current findings,

previous studies have shown that later components of the auditory

ERPs (N1 and P2) are more sensitive to short- and long-term audi-

tory training and speech signals than earlier components (Wood

et al., 1971; Shahin et al., 2003; Alain et al., 2007; Alain et al.,

2010; Ben-David et al., 2011; Sepp€anen et al., 2012; Bidelman

et al., 2013b). Thus, while musicianship may exert neuroplastic

effects in early brainstem processing, when it begins to influence

auditory cortical processing is less straightforward.

The link between brainstem and cortical speech encoding may

also depend on the specific stimuli and task. Musacchia et al.

(2008) reported that the relationship between brainstem and cortical

speech-evoked responses was generally stronger in musicians

relative to non-musicians. While our data generally agree with these

findings, Musacchia et al. (2008) noted subcortical–cortical correla-

tions between brainstem F0 amplitude (i.e., voice fundamental

encoding) and cortical P1-N1 slope, whereas the current study

revealed correlations between brainstem F1 amplitude (a measure of

speech timbre encoding) and cortical P2 amplitude. The difference

between studies may reflect the use of more transient (Musacchia

et al., 2008) vs. sustained (current study) speech tokens that influ-

ence brainstem responses. As mentioned previously, stronger corre-

spondence between brainstem and earlier cortical responses might

be expected with other stimulus paradigms that optimally evoke the

early waves (cf. Musacchia et al., 2008). In the present study, the

correlations between brainstem activity and the later cortical waves

(P2) were anticipated because we employed a categorical speech

perception task, which is known to reflect phonetic-level decisions

above and beyond the encoding of acoustic attributes (Chang et al.,

2010; Bidelman et al., 2013b). Along these lines, Musacchia et al.

(2008) also reported a correspondence between brainstem encoding

of higher spectral harmonics (3rd - 4th harmonic of a 100 Hz F0)

and the latency of the later cortical waves (P2). Coupled with cur-

rent findings, these results suggest that musicianship provides an

overall enhancement of frequency processing in the 300–700-Hz

range, a bandwidth critical for the perception of speech timbre, first

formant decoding and distinguishing syllables (Assmann & Sum-

merfield, 1990; Bidelman & Krishnan, 2010; Parbery-Clark et al.,

2012; Strait et al., 2012). Moreover, musicians’ subcortical timbre-

related enhancements seem best correlated with later cortical activity

in the latency of the N1-P2 time window.

While it is possible that ERP group differences result from height-

ened attentional abilities (e.g., Strait et al., 2010; Strait & Kraus,

2011), studies demonstrate that musicians’ neurophysiological audi-

tory enhancements exist even in the absence of goal-directed atten-

tion (Baumann et al., 2008; Musacchia et al., 2008; Parbery-Clark

et al., 2009; Bidelman & Krishnan, 2010; Bidelman et al., 2011c).

Thus, the electrophysiological differences we find between groups

are unlikely to result solely from top-down attentional differences

between groups. This proposition is supported by our finding of

musicians’ superior brainstem speech encoding, which inherently

reflects pre-attentive auditory processing. While our stimulus para-

digm was not specifically designed to elicit neural markers associ-

ated with attention (e.g., P3; optimally evoked with oddball

paradigms), the presence of a P3-like component (Fig. 4) is sugges-

tive of some attentional reorienting in our task. Yet, consistent with

previous studies (e.g., Baumann et al., 2008), we failed to observe a

group difference in P3 amplitude, supporting the notion that the

effects of musical expertise on speech processing can be separated

from those associated with selective attention. Enhancement of the

speech signal independent of attention in musicians implies that musi-

cal experience might increase neural efficiency associated with pro-

cessing complex acoustic signals. This would supply higher brain

areas a heightened representation of the fine acoustic details in speech

without the reliance on potentially sluggish, top-down mediation.

Brainstem and cortical correlates of CP

In both groups, the strength of cortical responses was modulated by

the difficulty in perceptually categorizing speech. This notion is sup-

ported by the finding that behavioral RTs (reflecting the difficulty of

speech identification) and P2 magnitude (reflecting cortical speech

processing) covaried inversely with one another (Fig. 5). Increased

cortical responses in the timeframe of N1-P2 have been observed

with short-term speech training (Alain et al., 2007, 2010; Ben-David
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et al., 2011), suggesting that these early cortical waves reflect asso-

ciative learning and index improvements in speech discrimination

with training. Our analysis of the cortical ERPs indicated that the

N1 wave was modulated by stimulus acoustics but did not distin-

guish groups. In contrast, P2 revealed a large group effect but did

not covary with the vowel stimulus. These findings lead us to infer

that N1 largely indexes exogenous acoustic properties of the sound

input, whereas P2 reflects more of the endogenous percept (Alain

et al., 2007; Bidelman et al., 2013b), which is more susceptible to

the neuroplastic effects of long-term auditory training and musician-

ship (Shahin et al., 2003; Sepp€anen et al., 2012). Musicianship

reflects the byproduct of extensive, long-term auditory training.

Thus, the P2 enhancements and more pronounced behavioral differ-

entiation of phonetic categories observed in our musician cohort

may reflect a long-term tuning of the brain mechanisms underlying

sound-to-meaning relations (e.g., Sepp€anen et al., 2012). However,

it is important to note that we did not observe a group 9 stimulus

interaction for any of the neural measures, only strong group effects.

Thus, while musicians may outperform non-musicians in behavioral

speech sound classification (Fig. 2B) and their brain measures are

both amplified and better correlated with their perceptual CP perfor-

mance (Fig. 5B), musicianship does not seem to alter the normal

pattern of speech encoding. That is, we do not find evidence that

the neural organization of speech, per se, is ‘more categorical’ in

musically trained listeners.

Our results converge with recent reports implicating early cortical

ERPs (N1-P2) to CP, as they show distinct modulations with the

phonetic (but not acoustic) characteristics of speech phonemes

(Chang et al., 2010; Bidelman et al., 2013b). The overall enhance-

ments in the cortical ERPs and finer distinction between prototypical

(vw1/vw5) and ambiguous (vw3) speech tokens that we observed in

musicians may reflect an augmentation in neural elements subserv-

ing sound categorization. Recent functional magnetic resonance

imaging studies indicate that behavioral performance in classifying

(noise-degraded) speech can be accounted for by the degree of acti-

vation in posterior regions of the left superior temporal gyrus (i.e.,

left planum temporale; Elmer et al., 2012), a putative generator of

the P2 wave (Picton et al., 1999). Physical size and functional acti-

vation of planum temporale also correlates with a listener’s length

of musical training (Elmer et al., 2012, 2013). Therefore, the

increased ability of musicians to rapidly categorize the phonetic cues

of speech may reflect an experience-dependent enhancement in the

functional capacity of lateral superior temporal gyrus, planum

temporale, and adjacent auditory cortices that generate the aggregate

N1-P2 signature and code auditory object recognition.

Intriguingly, we found that musicians’ brainstem ERPs showed

weaker F1 magnitude for exemplar vowels as compared with the

perceptually ambiguous token (e.g. vw1 < vw3; Fig. 3D). At first

glance, this encoding selectivity appears to imply categorical organi-

zation at the level of the brainstem. It is plausible that musicians’

enhanced neural encoding of speech (Figs 3 and 4) may augment

and thus reveal subcortical categorical effects unobservable in previ-

ous neuroimaging studies examining non-musicians alone (Bidelman

et al., 2013b). However, weaker brainstem responses would be

expected near the continuum’s midpoint relative to prototypical

tokens (as we found with the cortical ERPs; Fig. 4). Yet, this is

opposite of what we observed; in musicians, brainstem responses

were stronger for ambiguous relative to prototypical sounds. While

a subcortical origin for CP is an attractive proposition, a more likely

explanation for the observed effects relates to response properties of

brainstem potentials. Recordings in animals (Ping et al., 2008) and

humans (Hoormann et al., 1992) have shown that these ERPs are

maximally evoked by frequencies near ~ 500 Hz. This optimal fre-

quency range roughly coincides with the midpoint of our F1 contin-

uum. It stands to reason then, that musician’s increased responses

for ambiguous tokens (vw3) might simply reflect the inherent fre-

quency dependence of brainstem potentials rather than subcortical

categorical encoding, per se. While the neural correlates of CP are

clear at a cortical level of processing (current study; Bidelman et al.,

2013b), future work is needed to elucidate the impact of experiential

factors (e.g., music, language experience) and the potential of cate-

gorical neural organization in the brainstem.

Musician superiority in categorical speech perception

Prior work has shown a musician’s advantage in the ability to cate-

gorize musical pitch intervals/chords (Locke & Kellar, 1973; Siegel

& Siegel, 1977; Burns & Ward, 1978; Zatorre & Halpern, 1979;

Howard et al., 1992; Klein & Zatorre, 2011). Our study extends this

earlier research by showing that musicianship enhances the percep-

tual categorization of speech. We found faster response times and

more dichotomous psychometric boundaries in musically trained lis-

teners (Fig. 2). Notably, musicians and non-musicians did not differ

in terms of the ‘location’ of the boundary, indicating that the per-

ceptual flip between phonetic classes occurred at the same point

along the vowel continuum. A similar location in the CP boundary

is expected given that all our participants were monolingual English

speakers and their phonetic inventories were likely refined in early

infancy, long before the onset of music lessons (Kuhl et al., 2008).

However, we observed ‘steeper psychometric slopes’ for vowel clas-

sification in musicians, implying sharper acuity for the phonetic

features of speech.

In theory, these patterns could result if musically trained listeners

placed greater weight on more prototypical sounding tokens than

their non-musician peers. Alternatively, a greater degree of phonetic

awareness (cf. Anvari et al., 2002) would also be expected if musi-

cianship endows a listener with more refined mental representations

of the phonemic inventory of their native vowel-space, as suggested

by our EEG data. That is, musical expertise may act to warp or

restrict the perceptual space near category boundaries, supplying a

more dichotomous decision when classifying sound objects (e.g.,

Fig. 2B). We argue that musicians’ more robust and selective inter-

nalized representations for speech across the auditory pathway sup-

ply more faithful phonemic templates to these decision mechanisms

governing speech sound identification. These results also establish a

plausible neurobiological basis to account for musicians’ behavioral

speech and language benefits observed in this and a growing num-

ber of studies (e.g., Anvari et al., 2002; Chartrand & Belin, 2006;

Slevc & Miyake, 2006; Bidelman & Krishnan, 2010; Zendel &

Alain et al., 2010; Parbery-Clark et al., 2012; Strait et al., 2013).

Hierarchical enhancements to psychophysiological speech

processing

Experience-driven reorganization presumably garnered via long-term

music engagement appears to engender a higher sensitivity and effi-

ciency in the neural structures engaged during speech perception.

The multiple brain enhancements observed in the current study reaf-

firm the notion that musicianship might exert neuroplastic effects at

multiple levels of auditory processing (Schneider et al., 2002; Sha-

hin et al., 2003; Wong & Perrachione, 2007; Musacchia et al.,

2008; Bidelman & Krishnan, 2010; Bidelman et al., 2011a). Prior

studies have shown neural enhancements in musicians at various

independent stages of the auditory pathway (for review, see Kraus
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& Chandrasekaran, 2010; Herholz & Zatorre, 2012; Moreno & Bid-

elman, 2014). Unfortunately, in measuring only a single brain

response elicited by a single speech token (e.g., Musacchia et al.,

2007; Parbery-Clark et al., 2009, 2012; Bidelman & Krishnan,

2010), evidence from earlier research only provides a glimpse of the

neurobiological processing of speech and potential interactions

between subcortical and cortical levels of auditory processing; they

cannot infer potential parallel plasticity nor assess interactions

between sensory and cognitive levels of auditory processing that

may be differentially shaped by musicianship (e.g., Musacchia et al.,

2008). Here, the recording of both brainstem and cortical neuroelec-

tric brain responses in the same listeners reveals that musicians’

behavioral advantages in linguistic tasks depend critically on an

enhanced coordination (i.e., interaction) between subcortical and cor-

tical neural elements within the speech network. Such coordinated

enhancements suggest that musicians maintain a more faithful repre-

sentation of the original speech signal as it ascends the auditory

pathway. In this vein, our results corroborate those of Musacchia

et al. (2008), who also showed similar correspondence between

brainstem and cortical speech ERPs and a stronger coordination of

these brain measures in musically trained listeners. However, that

study examined only a single stimulus token and did not employ a

perceptual speech task. Thus, no direct inference could be made

regarding how musicians’ improved brainstem/cortical neural

processing is reflected behaviorally in speech perception.

By examining brainstem and cortical ERPs elicited during a CP

task, our results extend Musacchia et al.’s (2008) findings and dem-

onstrate musicians’ multiple neural enhancements are directly linked

to one another and interact to improve speech-listening behaviors.

Correlational analyses revealed that the associations between the vari-

ous neural indices and subsequent speech perception were generally

stronger in musicians (Fig. 5). Multiple regression further showed

that in addition to brainstem and cortical activations, musicians’

speech perception depended on the ‘relationship’ (i.e., interaction)

between these responses. In contrast, only cortical ERPs predicted

perceptual performance for non-musicians; neither brainstem ERPs

nor their interaction with cortical ERPs improved behavioral predic-

tion. The significant interaction between musicians’ responses implies

a stronger reciprocity and perhaps coordination between low- and

high-level auditory structures encoding speech information.

That multiple forms/levels of brain activity contribute to musi-

cians’ speech behaviors suggests that their brain responses carry

more information relevant to speech perception than their non-musi-

cian counterparts. Stronger exchange between cortical and subcorti-

cal levels would tend to reinforce feed forward and feedback

information transfer throughout auditory and non-auditory brain

regions (Suga & Ma, 2003; Tzounopoulos & Kraus, 2009; Bajo

et al., 2010). An enhanced link between lower- and higher-order

brain regions may act to refine signal representations and ultimately

sharpen behavioral acuity for speech signals as observed here and in

previous reports (Chartrand & Belin, 2006; Bidelman & Krishnan,

2010). Our correlational analyses cannot speak to whether musi-

cians’ enhanced brainstem responses ‘cause’ their enhanced cortical

responses, although this is entirely plausible given the well-known

corticofugal projections between the auditory cortex and brainstem

that act as efferent modulation (Suga & Ma, 2003; Bajo et al.,

2010). It is reasonable to infer then that a higher correlation between

musicians’ neural measures might reflect enhanced functional con-

nectivity between subcortical and cortical hubs of auditory process-

ing. Regardless of the specific biological formulation, our findings

suggest that musical experience may engender functional plasticity

in a coordinated manner throughout the auditory system.

Limitations and directions for future research

The cross-sectional study design used in the present study cannot

rule out the possibility that the observed benefits in musicians

results from preexisting group differences (for review, see Alain

et al., 2014; Moreno & Bidelman, 2014). For example, certain

genetic markers may endow a listener with enhanced auditory recog-

nition abilities (Drayna et al., 2001), ultimately increasing aptitude

for musical activities (Ukkola et al., 2009; Park et al., 2012). Alter-

natively, it is possible that musically savvy individuals differ in

behavioral traits such as personality (Corrigall et al., 2013) and/or

motivation (McAuley & Tuft, 2011). In this regard, the benefits of

musicianship on speech processing observed here and in previous

studies (Baumann et al., 2008; Musacchia et al., 2008; Parbery-

Clark et al., 2009; Bidelman & Krishnan, 2010; Bidelman et al.,

2011b; Skoe & Kraus, 2012) may be partially epiphenomenal in that

the advantage may be governed not by musical training per se, but

by certain genetic and/or behavioral predispositions.

While care must be exercised when drawing causation from corre-

lational data, our findings are corroborated by recent randomized,

longitudinal training studies that demonstrate causal, experience-

dependent effects of musical training at both behavioral and

neurophysiological levels (for reviews, see Herholz & Zatorre, 2012;

Moreno & Bidelman, 2014). Changes in brain morphology and

physiology subserving auditory processing have been observed fol-

lowing even relatively short-term music lessons (1 year: Fujioka

et al., 2006; 2 weeks: Lappe et al., 2008; 15 months: Hyde et al.,

2009; 9 months: Moreno et al., 2009). Importantly, these effects

remain intact even after controlling for usual confounding factors

(e.g., age, socioeconomic background or music listening habits).

While our study demonstrates multiple differences in behavioral and

neurophysiological speech processing between music expert and

non-expert listeners, further longitudinal studies are needed to con-

firm that these functional advantages also emerge with short- or

long-term music training regimens (e.g., Fujioka et al., 2011).

In sum, we infer that musical experience offers an excellent model

to understand how human experience differentially shapes multiple lev-

els of brain processing and how neuroelectric brain activity relates to

human behavior. Critically, the functional effects of this auditory expe-

rience are not independent, but rather produce mutual enhancements to

benefit speech recognition abilities. The hierarchy of experience-depen-

dent changes contributes to the widespread auditory and linguistic ben-

efits observed in musicians (Kraus & Chandrasekaran, 2010; Herholz

& Zatorre, 2012). Our results ultimately suggest that musicianship

tunes the quality of signal representation across functional levels of the

auditory system in a way that positively impacts the translation of

acoustic speech signals from the periphery to percept.

Supporting Information

Additional supporting information can be found in the online

version of this article:

Data S1. Supplemental methods and results detailing the calculation

of brainstem F0 neural pitch salience, F1 formant magnitudes, and

brainstem response coherence (MSC).

Fig. S1. Temporal phase characteristics of brainstem responses. (A)

Polar histograms show the phase-angle distribution across partici-

pants; vectors show the mean phase-angle across listeners (measured

at the F0 of the response spectra) whose magnitude is proportional

to inter-subject coherence. The more focal distribution in musicians

suggests less inter-subject variability in this group. (B) Magnitude

Squared Coherence (MSC), representing the temporal consistency of
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brainstem responses across stimulus presentations. MSC > 0.266

reflects phase-synchrony at a P = 0.01 level of significance (Dobie

& Wilson, 1989; 1996). Higher MSC in musically trained relative to

nonmusician listeners indicates a greater degree of temporal preci-

sion in brainstem encoding of speech.
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