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a  b  s  t  r  a  c  t

Musicians  have  increased  resilience  to  the  effects  of noise  on speech  perception  and  its
neural  underpinnings.  We  do not  know,  however,  how  early  in  life  these  enhancements
arise.  We  compared  auditory  brainstem  responses  to speech  in noise  in  32 preschool  chil-
dren, half  of  whom  were  engaged  in music  training.  Thirteen  children  returned  for  testing
one  year  later,  permitting  the first  longitudinal  assessment  of  subcortical  auditory  function
with  music  training.  Results  indicate  emerging  neural  enhancements  in  musically  trained
preschoolers  for  processing  speech  in noise.  Longitudinal  outcomes  reveal  that  children
rainstem
anguage
usicians
usic training

ubcortical

enrolled  in  music  classes  experience  further  increased  neural  resilience  to background  noise
following  one  year  of continued  training  compared  to nonmusician  peers.  Together,  these
data reveal  enhanced  development  of neural  mechanisms  undergirding  speech-in-noise
perception  in  preschoolers  undergoing  music  training  and  may  indicate  a biological  impact
of music  training  on auditory  function  during  early  childhood.
evelopment

. Introduction

The majority of learning during early childhood,
ncluding language learning, occurs in noisy acoustic envi-

onments (Bradley and Sato, 2008). Hearing speech in
oise, however, is a poignant challenge for children,
ho require higher signal-to-noise ratios than adults for
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comparable performance (Elliott, 1979; Fallon et al., 2000;
Hall et al., 2002; Papso and Blood, 1989). Although hear-
ing thresholds at birth are comparable to those of adults
(Sininger et al., 1997), the maturational trajectories of
perceptual abilities that undergird speech-in-noise per-
ception likely contribute to its protracted development.
For example, spatial discrimination (Litovsky, 1997), fre-
quency resolution (Allen et al., 1989) and gap detection
(Wightman et al., 1989) develop throughout childhood (for
review see Sanes and Woolley, 2011) and contribute to
gradual improvements in speech-in-noise perception with
age. Improving young children’s speech comprehension in
degraded listening conditions may  confer developmental
advantages by elevating a child’s learning potential.
While older children and adults with music train-
ing backgrounds demonstrate better speech perception in
noise than untrained counterparts (Parbery-Clark et al.,
2009b, 2011a; Strait et al., 2012; Zendel and Alain, 2011),
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Table 1
Description of musicians’ training backgrounds. Each activity’s administration style is specified as either “group” or “private.”

Music activity 1 Music activity 2 Music activity 3

1 Baby Steps (group) Orff (group)
2  Baby Steps (group) Suzuki guitar (private)
3  Orff (group) Preschool music class (group)
4  Music Together (group) Drumming (group)
5  Music Makers (group) Musikgarten (group) Preschool music camp (group)
6  Orff (group) Voice lessons (private)
7  Kindermusik (group) Suzuki violin (private)
8  Kindermusik (group) Suzuki cello (private)
9  Suzuki piano (private) Suzuki cello (private)

10  Suzuki violin (private) Wiggleworms (group) Mommy  and Me  (group)
11  Handbells (group) Drumming (group)
12  Wiggleworms (group) Kindermusik (group) Preschool music class (group)
13  Wiggleworms (group) Music Together (group) Preschool music class (group)
14  Suzuki piano (private) Preschool music class (group)
15  Suzuki piano (private) Preschool music class (group)
16  Orff (group) Suzuki cello (private)

zuki pia
17  Kindermusik (group) Su
18  Suzuki piano (private)

concurrent with less of a detrimental impact of noise on
auditory brainstem responses to speech (Parbery-Clark
et al., 2009a, 2012b; Strait et al., 2012), we do not know
if these advantages can be observed during early child-
hood. Although potentially impactful at any age, music
training initiated during the first few years of life takes
place alongside, and likely interacts with, extensive struc-
tural maturation within the auditory system. The auditory
brainstem, for instance, undergoes significant postnatal
myelination and synaptic refinement throughout the first
two years of life (Moore and Linthicum, 2007; Moore et al.,
1995). Developmental changes in speech-evoked auditory
brainstem function that have been observed beyond the
age of two may  be attributed to ongoing cortical mat-
uration, which extends into adolescence (Gleeson and
Walsh, 2000; Moore and Guan, 2001; Moore and Linthicum,
2007), by means of descending cortico-collicular projec-
tions (Johnson et al., 2008).

Music training during the first few years of life has
further capacity to shape fundamental characteristics of
auditory function given the mammalian auditory system’s
amenability to learning. In fact, the modulation of auditory
function according to experience with sound begins not
long after the onset of hearing: newborn infants respond
to their mothers’ voices at lower levels than the voices of
others, which is thought to reflect many weeks of experi-
ence listening to that voice in utero (DeCasper and Fifer,
1980). A child’s interaction with musical sound during
early childhood may  promote the development of a more
resilient auditory system by providing an acoustically-
enriched auditory environment, with the potential to
promote synaptic diversity (Bose et al., 2010), faster neu-
ral timing (Engineer et al., 2004; Jakkamsetti et al., 2012),
frequency tuning (Jakkamsetti et al., 2012; Zhang et al.,
2001) and to improve the responsiveness of neurons within
auditory tracts (Alladi et al., 2005; Engineer et al., 2004;
Percaccio et al., 2007).
Here, we aimed to determine the neural impact of
music training initiated during the first four years of life
by comparing auditory brainstem responses (ABRs) in
musically-trained and untrained preschoolers who were
no (private)

matched according to a variety of overarching factors
(e.g., socioeconomic status, sex, IQ) to speech in quiet
and noisy backgrounds. We  assessed ABRs according to
standard metrics known to relate to speech-in-noise per-
ception in children, including the timing of discrete peaks
in the response and the magnitude of the response to
the stimulus’ fundamental frequency and higher harmon-
ics (Anderson et al., 2010a, 2010b; Strait et al., 2012).
We  further addressed training-related effects by assessing
longitudinal data in a subset of musicians and nonmusi-
cians. We  hypothesized that music training during early
childhood shapes fundamental characteristics of the brain’s
response to speech in noise and confers protective ben-
efits against the deleterious effects of noise and that
one year of continued music training strengthens these
effects.

2. Materials and methods

2.1. Participants

All experimental procedures were approved by the
Northwestern University Institutional Review Board.
Thirty-two normal hearing children (≤20 dB pure tone
thresholds at octave frequencies from 250 to 8000 Hz)
between the ages of 3 and 5 participated in this study.
Participants and legal guardians provided informed assent
and consent, respectively, and participants were mon-
etarily compensated for their time. No parent reported
a participant history of neurological or developmental
abnormalities. Inclusionary criteria included normal wave
V click-evoked ABR latencies and normal verbal IQ as mea-
sured by the Peabody Picture Vocabulary Test (Dunn and
Dunn, 1997).

Subjects were categorized as musicians (Mus, N = 18) or
nonmusicians (NonMus, N = 14). Musicians were currently
undergoing private or group music training (e.g., Kinder-

musik, Music Together, Orff music classes; see Table 1)
and had done so for a minimum of twelve consecutive
months leading up to the test date (duration of music
training M = 2.4 years, SD = 1.42; training initiation age
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 = 1.90 years, SD = 1.48). Although the style of training
aried across participants (e.g., group or private lessons,
raining on one or many instruments, focus on tonal or
ercussive instruments, incorporation of song and dance),
ll musicians attended classes weekly and used at-home
ractice materials at least four days per week. Preschool
onmusicians had no music-training exposure during the
ear leading up to the test and ≤6 months accumulated
ver the course of their lives. Only three nonmusicians had
ome degree of music training, consisting of three (N = 2)
r six (N = 1) months of group music classes. Mus  and Non-
us  did not differ according to age, sex, verbal IQ, click-ABR
ave V latency, extent of extracurricular activity (indexed

y average hours per year since birth) or socioeconomic
tatus as inferred from maternal education (all p > 0.2; see
tevens et al. (2009) for discussion regarding the predictive
alue of maternal education for inferring a child’s socio-
conomic status). Nonmusicians’ extracurricular activities
ncluded Gymboree, day camps, school- or community-
enter coordinated programs and group physical activities,
mong others.

Thirteen participants returned for testing one
ear ± 1 month following their first session and were
e-administered the same protocol (Mus = 7, NonMus = 6).
gain, Mus  and NonMus did not differ according to age,
ex, verbal IQ, or socioeconomic status as inferred from
aternal education (all p > 0.1). This opportunity was only

iven to participants whose music training statuses had
ot changed since first test (e.g., musicians whose training
id not lapse over the course of the year). Year two data
ere compared to those collected at the first test session

n order to assess the impact of an additional year of music
raining compared to an absence of music lessons.

.2. Auditory brainstem response recordings

.2.1. Stimulus and conditions
The evoking stimulus was a six-formant, 170 ms  speech

yllable /da/ synthesized using a Klatt-based synthesizer
Klatt, 1980) with a 5 ms  voice onset time and a level
undamental frequency (100 Hz). The first, second and
hird formants were dynamic over the first 50 ms  (F1,
00–720 Hz; F2, 1700–1240 Hz; F3, 2580–2500 Hz) and
hen maintained frequency for the remainder of the syl-
able. The fourth, fifth and sixth formants were constant
hroughout the duration of the stimulus (F4, 3300 Hz; F5,
750 Hz; F6, 4900 Hz). The stimulus was presented with
n 81 ms  inter-stimulus interval using NeuroScan Stim2
Compumedics; Charlotte, NC, USA). For the noise con-
ition, the stimulus was presented amidst a background
f multi-talker babble. The 45 s noise file was created
hrough the superimposition of grammatically correct but
emantically anomalous sentences spoken by six differ-
nt speakers (two males and four females) in Cool Edit
ro, version 2.1 (Syntrillium Software, Corp.; Scottsdale,
Z). This noise file employed recorded sentences that were

riginally designed for a study published by Smiljanic and
radlow (2005). The SNR was set at +10 dB (da/noise) based
n the root mean square (RMS) amplitude of the entire
oise track.
ive Neuroscience 6 (2013) 51– 60 53

2.2.2. Recording parameters
Auditory brainstem responses were recorded to the

speech sound /da/ in NeuroScan Aquire 4.3 (Compumedics)
at a 20 kHz sampling rate using Ag-AgCl electrodes that
were arranged in a vertical montage, with active at Cz (top
of the head), ground at FPz (middle of the forehead) and
the right earlobe as reference. Contact impedance for all
electrodes was  under 5 k�,  with less than 3 k� difference
across electrodes. The evoking stimulus was  presented in
blocks (quiet then noise) to the right ear in alternating
polarities at 80 dB SPL through insert earphones (ER-3;
Etymotic Research, Inc., Elk Grove Village, IL). During the
recording, participants were seated in a sound-attenuated
booth with either a parent or a tester and watched movies
of their choice, with soundtracks playing at ≤40 dB. This
method has proven enormously successful for minimizing
myogenic activity and maintaining subject alertness (Skoe
and Kraus, 2010).

2.3. Data processing and analysis

2.3.1. Data processing
Neural recordings for quiet and noise conditions were

off-line filtered from 70 to 2000 Hz (12 dB/octave, zero-
phase shift) in NeuroScan Edit to minimize low-frequency
myogenic noise and cortical activity and to include energy
falling within the phase-locking limits of auditory brain-
stem nuclei (Chandrasekaran and Kraus, 2010; Skoe and
Kraus, 2010), epoched from −40 to 190 ms  referenced to
the presentation of the stimulus (0 ms), and baseline cor-
rected. Responses with amplitudes >±35 �V were rejected
as artifact. For each stimulus polarity 3000 artifact-free
responses were averaged together and the resulting aver-
ages were added. All data processing was executed with
scripts generated in MATLAB 7.5.0 (The Mathworks, Natick,
MA).

The signal-to-noise ratio (SNR) of the final average
response was measured by dividing the RMS  of the
response (0–190 ms)  by the RMS  of the prestimulus period
(−40 to 0 ms). This metric was used to ensure that the
response was adequately free of myogenic and electri-
cal noise; all participants demonstrated SNRs > 1.5 in the
quiet condition. Furthermore, musician and nonmusician
groups were not distinct with regard to quiet response
SNRs (F(1,31) = 2.12, p > 0.1).

2.3.2. Auditory brainstem response timing and
magnitudes

As in Strait et al. (2012), we gauged the effects of noise
and musicianship on the neural response by identifying
three response peaks corresponding to the onset of the
neural response (9 ms), the onset of the formant transi-
tion of the stimulus (43 ms)  and the onset of the sustained
vowel region (63 ms) (Fig. 1A). Peaks yielded information
on response timing (i.e., peak latencies) and magnitudes
(i.e., peak amplitudes). Peaks were first identified by a rater

who was blind to the participants’ group characteristics
and they were subsequently confirmed by the primary
author. In the case of disagreement with peak identifi-
cation, the advice of a third peak picker, also blind to



54 D.L. Strait et al. / Developmental Cogni

Fig. 1. Preschoolers with music training have faster auditory brainstem
responses to speech. (A) Average auditory brainstem response to /da/ in
quiet across all participants. Peaks corresponding to the stimulus onset,
formant transition and sustained vowel are highlighted. (B) Onset and
formant transition peak timing was earlier in musicians (red) than non-

musicians (black) in both quiet and noise conditions. Musicians also
demonstrated less of a timing delay from quiet to noise for the region of the
response that corresponds to the formant transition. *p < 0.05, **p < 0.01.

participants’ group characteristics, was sought. All peaks
were identifiable in all participants.

2.3.3. Stimulus-to-response fidelity
As in Strait et al. (2012), we quantified the effect of

noise on the fidelity of the neural response to the sustained
vowel (i.e., the section of the response that best resembles
the waveform of the evoking stimulus) by cross-correlating
the stimulus and response waveforms. The degree of sim-
ilarity was calculated by shifting the vowel section of the
stimulus (60–170 ms)  over a 7–12 ms  range relative to the

response until a maximum correlation was found between
the vowel portion of the stimulus and the corresponding
sustained response. This time lag (7–12 ms)  was chosen
because it encompasses the stimulus transmission delay
tive Neuroscience 6 (2013) 51– 60

(from the ER-3 transducer and ear insert ∼1.1 ms)  and the
neural lag between the cochlea and the rostral brainstem.
This calculation resulted in Pearson’s r values for both the
quiet and noise conditions, which were Fisher transformed
for statistical analyses.

2.3.4. Spectral encoding
To assess the neural encoding of the stimulus spec-

trum, we applied a fast Fourier transform to the sustained
vowel portion of the responses (60–170 ms). From the
resulting amplitude spectrum, average spectral amplitudes
of specific frequency bins were calculated. Each bin was
20 Hz wide and centered on the fundamental frequency
of the stimulus (f0: 100 Hz) and its harmonics H2–H8
(200–800 Hz).

2.3.5. Statistical analysis
Response characteristics in quiet and noise were

compared using a repeated measures ANOVA with musi-
cianship as fixed factor and condition (quiet/noise) as the
within-subject factor. Independent samples t-tests were
employed to better define the effects observed. Normal-
ity for all data was  confirmed by the Shapiro–Wilk test
for equality. Non-parametric Mann–Whitney U tests were
employed to compare changes in neural response charac-
teristics across the first and second testing sessions in light
of the restricted sample size (13 musicians and nonmusi-
cians). All statistical analyses were performed using SPSS
(SPSS Inc., Chicago, IL) and reflect two-tailed values.

3. Results

3.1. Summary of results

Musically trained children demonstrated faster neu-
ral responses to speech onsets and formant transitions in
both quiet and noise conditions in addition to decreased
quiet-to-noise timing delays and onset peak degradation.
Musicians did not differ from nonmusicians on other neu-
ral response characteristics previously shown to differ
between school-aged child and young adult musicians and
nonmusicians (i.e., stimulus-to-response fidelity, spectral
encoding of the higher harmonics). Test–retest data indi-
cate that an additional year of continued music lessons
further protects musicians’ neural responses from the
degrading effects of background noise.

3.2. Year one outcomes

3.2.1. Response timing
We compared response timing within conditions as

well as the quiet-to-noise timing shifts for the onset,
transition and sustained response peaks (Fig. 1). A 2
(group) × 2 (condition) × 3 (peak) RMANOVA revealed sig-
nificant main effects of group and noise, with responses in
noise occurring later than responses in quiet (F(1,30) = 74.37,

p < 0.0001) and with musicians’ responses occurring ear-
lier than nonmusicians’ (F(1,30) = 9.61, p = 0.004). There was
also a group × condition × peak interaction (F(3,28) = 3.22,
p = 0.05). Independent samples t-tests indicate that the
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ig. 2. Background noise degrades speech-evoked auditory brainstem re
reschoolers with and without music training demonstrated equivalent n
orrelations and spectral magnitudes.

nset and transition peaks occurred earlier in musi-
ians than in nonmusicians in both quiet and noise
onsetQUIET: t = 2.40, p = 0.02, d = 0.87; transitionQUIET:

 = 2.29, p = 0.03, d = 0.83; onsetNOISE: t = 2.33, p = 0.03,
 = 0.85; transitionNOISE: t = 3.07, p = 0.005, d = 1.12). Musi-
ians and nonmusicians did not differ in response timing
o the sustained vowel (both t < 1.0, p > 0.30). With regard
o quiet-to-noise timing shifts, we observed an interac-
ion between noise and musician grouping (F(1,30) = 4.27,

 = 0.04) and independent samples t-tests revealed that
usicians demonstrated less of a quiet-to-noise delay for

he transition peak (t = 2.44, p = 0.02, d = 0.85). Group differ-
nces for the timing shift of the onset and vowel peaks did
ot approach significance (t ≤ 1, p > 0.3).

.2.2. Response magnitudes
We compared response magnitudes within conditions

s well as the quiet-to-noise magnitude shifts for the
nset, transition and sustained response peaks (occurring
t ∼9, 43 and 63 ms). A 2 (group) × 2 (condition) × 3 (peak)
MANOVA revealed a main effect of noise, with response
agnitudes becoming smaller in noise (F(1,30) = 125.78,

 < 0.0001), as well as a condition × peak interaction
F(3,28) = 2.95, p = 0.05). There was no main effect of group
r a condition × group × peak interaction (see Section 3.3
or test–retest outcomes related to onset peak degradation
ith noise).

.2.3. Stimulus-to-response fidelity and spectral
ncoding

A 2 (group) × 2 (condition) RMANOVA confirmed a
ignificant main effect of noise on stimulus-to-response
delity, with weaker correlations in noise relative to quiet
F(1,30) = 34.56, p < 0.0001). Similarly, a main effect of noise
as observed on spectral encoding, with spectral magni-
udes in noise decreased relative to quiet (2 (group) × 2
condition) × 9 (spectral peak) RMANOVA F(1,30) = 62.98,

 < 0.0001). Preschoolers with and without music train-
ng were not distinct with regard to stimulus-to-response
, evident in temporal (upper panel) and spectral domains (lower panel).
uced degradation of auditory brainstem response stimulus-to-response

fidelity within either the quiet or the noise condition, nor in
a comparison between the two. The same was  observed for
spectral magnitudes, including both the neural encoding of
the fundamental frequency and higher harmonics (Fig. 2;
all F < 1.0, p > 0.4).

3.3. Test–retest outcomes from years one and two

We  assessed developmental changes over the course
of one year in response magnitudes, timing, stimulus-
to-response fidelity and spectral encoding in the subset
of participants who  returned for data collection ∼one
year following their first test. Consistent with the
test–retest stability of auditory brainstem responses in
children (Hornickel et al., 2012), 2 (test session) × 2
(condition) × 3 (peak) and 2 (test session) × 2 (condi-
tion) RMANOVAs (assessing peak timing/magnitude and
stimulus-to-response fidelity/spectral encoding, respec-
tively) revealed no main effect of test session on any
measure nor test session × condition or peak or ses-
sion × condition × peak interactions (all F < 1.2, p > 0.3).
Differences in developmental changes between musicians
and nonmusicians, however, indicated that preschoolers
undergoing music training demonstrated more resilient
onset responses to the presence of background noise with
one further year of training than nonmusicians (i.e., smaller
onset peak reductions from quiet to noise, Figs. 3B and 4;
Year 1 onset peak degradation within these subjects only:
Mann–Whitney U = 0.72, p = 0.4; Year 2 onset peak degra-
dation Mann–Whitney U = 3.00, p = 0.003, d = 3.14; Year 1 to
Year 2 change in onset peak degradation: U = 2.00, p = 0.04,
d = 0.92).

4. Discussion
These data reveal that musicians’ more resilient neural
encoding of speech in noise arises early in life (i.e., as young
as age three) and can be observed in children with as little
as one year of training. Although musician preschoolers
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iet and 

ians had

Fig. 3. (A) Auditory brainstem responses to the speech sound /da/ in qu
Auditory brainstem onset responses in two  representative subjects. Music
year  of music training and development than nonmusicians.

have faster neural timing and less timing delays in noise
for processing speech, however, they do not yet show the
array of enhancements observed in older child (Strait et al.,
2012) and adult musicians (Parbery-Clark et al., 2009a).
Further training and development may  be required for
additional enhancements to emerge, especially with
regard to the neural encoding of speech harmonics that is
enhanced in older child and adult musicians. In fact, the
neural encoding of speech harmonics is not only the last
signature of musicianship to emerge during development
but is also the first to fade in the aging process as hearing
becomes compromised (Parbery-Clark et al., 2013). It is
possible that refined neural timing mechanisms during
development subsequently lead to more robust encoding
of harmonics by increasing the precision with which
neurons phase-lock to high-frequencies in speech. Their
disappearance in aging musicians with compromised
hearing, in contrast, may  stem from the delayed timing
and decreased neural response variability known to
accompany increasing age (e.g., Anderson et al., 2012;

Schmiedt et al., 1996; Turner et al., 2005).

It is important to note that, as in older children and
adults, musician preschoolers’ neural timing enhance-
ments are exclusive to the region of the response that
noise for participants who returned for longitudinal data collection. (B)
 more resilient onset responses to the presence of noise with an additional

corresponds to the neural encoding of the speech sound’s
onset and formant transition (i.e., the rapid transition
from the consonant to the sustained vowel) and are not
observed in response to the sustained vowel. Speech-in-
noise perception consistently correlates with ABR onset
and formant transition timing (Anderson et al., 2010a;
Hornickel et al., 2009; Parbery-Clark et al., 2009a, 2012c;
Strait et al., 2012), bringing to attention the many decades
of psychophysical research establishing the importance
(and difficulty) of stop-consonant perception during listen-
ing in noise (e.g., Miller and Nicely, 1955). While we  have
not yet determined preschool musicians’ speech-in-noise
abilities, based on these biological outcomes we would pre-
dict improved speech-in-noise perception in preschoolers
undergoing music training.

In summary, our results indicate that musicians’
strengthened neural speech-sound processing in noise is
just emerging in this age group. Accordingly, longitudinal
outcomes indicate an increased benefit of one additional
year of continued music practice on neural responses

to speech in noise, evidenced by less response magni-
tude degradation from quiet to noisy backgrounds. To our
knowledge these data present the first evidence for a bio-
logical impact of infant/preschool music training, which
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ig. 4. Test–retest data across all subjects who  returned for longitudin
egradation by noise with an additional year of music training and develo

ay  support evidence for enhanced communication skills
s a function of early music classes (Gerry et al., 2012). We
nterpret our findings according to the training-induced

alleability of selective auditory brainstem response prop-
rties during a sensitive developmental period.

.1. Auditory experience during sensitive developmental
eriods may  set the stage for later language and learning
uccess

Early childhood constitutes a sensitive period during
hich auditory experience can have the most dramatic

ffect on neural structure and function (for review see Kral
nd Eggermont, 2007). Auditory input during the first five
ears of life contributes to a biological foundation for sound
rocessing. Here, preschool musicians initiated consistent
usic training during their first four years of life; in fact,

alf of these children initiated training during the first year
f life. Although these data provide the first evidence for the
mpact of music training on preschoolers’ neural responses
o speech, other forms of auditory experience during
reschool years, such as language and reading exposure,
ave been associated with neural speech-sound sensitiv-

ty (Molfese et al., 2003). Musicians’ early enhancements
or speech processing may  contribute to later auditory
dvantages given that neural responses to speech recorded
uring the first four years of life predict language per-
ormance later in childhood (Espy et al., 2004). This may
ccount for why nonmusician adults with musically-active
hildhoods demonstrate auditory processing advantages
hat stem from their practice as children (Skoe and Kraus,
012). In contrast, sound deprivation during early child-
ood, such as that caused by hearing loss, has lasting
egative impacts on the auditory system. This is especially
he case when sound deprivation occurs during the first 4–5
ears of life (Schilder et al., 1994), after which interventions

e.g., cochlear implantation) have a comparably minimal
mpact on language development (Fryauf-Bertschy et al.,
997) (for review see Kral and Sharma, 2012; Sharma and
ampbell, 2011).
collection. Musicians demonstrated significant decreases in onset peak

In addition to shaping neural development, auditory
enrichment during the first few years of life has the capac-
ity to prime the auditory system for later learning success.
This has been directly observed in animal models with
auditory enrichment: rats exposed to music shortly after
the onset of hearing, for example, demonstrate enhanced
NMDA receptor (NMDAR) subunit NR2B protein expres-
sion in auditory cortex (Xu et al., 2009), which facilitates
the experience-dependent synaptic plasticity that under-
girds learning (for review see Bliss and Collingridge, 1993).
Early exposure to auditory enrichment is crucial for these
changes to occur: the identical enrichment strategy initi-
ated following the onset of puberty confers no measurable
effect on NMDA receptor proteins. Inverse relationships
have been observed for post-natally sound-deprived rats,
who have deficient NMDAR subunit expression both within
auditory cortex (Bi et al., 2006) as well as in the auditory
brainstem (Marianowski et al., 2000). Taken together, this
suggests that early exposure to auditory-rich, interactive
and engaging environments during initial development,
such as that facilitated by music training, may  set the
stage for later auditory learning success such as musicians’
enhanced learning of a second language (Shook et al., 2013),
picking up on sound patterns (Schon and Francois, 2011),
phonological awareness (Escalda et al., 2011) and read-
ing acquisition (Douglas and Willatts, 1994; Moreno et al.,
2009).

The cognitive emphasis of music training, such as
on memory for and attention to sound, may  provide
neural benefits beyond those associated with acoustic
enrichment. This emphasis could contribute to enhanced
cognitive performance later in life, as seen in older child and
adult musicians (Chan et al., 1998; George and Coch, 2011;
Ho et al., 2003; Jakobson et al., 2008; Kraus et al., 2012;
Pallesen et al., 2010; Parbery-Clark et al., 2009b, 2011a;
Strait et al., 2010, 2012) and longitudinally in children who

undergo music training (Moreno et al., 2011). Early cog-
nitive stimulation may  further promote the development
of language and communication skills (Cates et al., 2012).
Further efforts should assess the relationship of preschool
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musicians’ subcortical speech processing enhancements to
cognitive performance, including speech-in-noise percep-
tion, memory, attention and language abilities.

While the data presented here indicate emerging bio-
logical advantages for processing speech in noise in
musically trained preschoolers, how these advantages are
reflected in everyday interactions with speech remains
undefined. Future studies might assess speech and speech-
in-noise perception in musically trained and untrained
preschoolers, such as through the application of Litovsky’s
Children’s Realistic Index of Speech Perception (CRISP),
which can be administered to children as young as age
three (Garadat and Litovsky, 2007).

4.2. Longitudinal evidence for music training’s impact on
subcortical auditory function

Accumulating evidence substantiates subcortical audi-
tory processing advantages in musicians compared to
nonmusicians (Bidelman et al., 2009; Bidelman and
Krishnan, 2010; reviewed in Kraus and Chandrasekaran,
2010; Musacchia et al., 2007; Parbery-Clark et al., 2009a,
2011b, 2012a, 2012c; Strait et al., 2009; Wong et al., 2007),
observed as young as the school-age years (Strait et al.,
2012). Effects of training have been indicated by consistent
correlations between extent of music training and audi-
tory brainstem response properties (Musacchia et al., 2007;
Parbery-Clark et al., 2011b; Skoe and Kraus, 2012; Strait
et al., 2009; Wong et al., 2007), including responses to
speech in noise (Strait et al., 2012). Still, interpretations
have been limited by between-groups designs that can-
not disentangle experience-related from innate aspects of
musicians’ auditory processing enhancements. Although
structural and functional effects of music training have
been demonstrated longitudinally in the cortex, no stud-
ies have directly assessed the impact of music training on
subcortical auditory function longitudinally.

Here, we present the first longitudinal evidence for
music training’s impact on auditory brainstem responses
to speech: preschoolers undergoing music training diverge
even further from nonmusicians according to the impact
of noise on auditory brainstem responses after one year.
Furthermore, group comparisons reveal that preschool-
ers with music training do not demonstrate all of the
enhancements observed in older child and adult musi-
cians (Parbery-Clark et al., 2009a; Strait et al., 2012):
although they have faster response timing and less quiet-
to-noise delays, no differences were observed between
musicians’ and nonmusicians’ spectral magnitudes or
stimulus-to-response fidelity. These aspects of musi-
cians’ speech-in-noise processing enhancements may  not
emerge without more extensive training.

Although longitudinal assessments of short-term
auditory training programs have revealed that the speech-
evoked auditory brainstem response is malleable with
interactive auditory experience, including responses to
speech in noise (for review see Kraus and Hornickel, 2012;

Russo et al., 2005, 2010; Song et al., 2012), we are the first
to indicate music training-related changes. In addition, we
are the first to show training-related changes in brain-
stem onset response properties. An onset advantage has
tive Neuroscience 6 (2013) 51– 60

previously been reported in musician adults, who expe-
rience less noise-induced onset peak degradation than
nonmusicians (Parbery-Clark et al., 2009a, 2012b). The
malleability of this obligatory response with music train-
ing may  bear significant behavioral advantages, especially
for speech perception (Parbery-Clark et al., 2009a, 2012b).
Music also confers advantages beyond short-term training
programs, including its inherently engaging, emotionally-
rewarding characteristics. Music training provides access
to a limitless variety of auditory input and training tech-
niques that can be tailored to accommodate an individual’s
interests, strengths and weaknesses. Furthermore, early
childhood music classes are often group-administered and
consequently encourage the development of healthy social
and communication skills (Gerry et al., 2012), in contrast
to the computer delivery required for many short-term
approaches that largely depends on individual adminis-
tration. Music may  provide a naturalistic mechanism for
auditory training that is not only easy to implement but
that can be initiated prior to a child’s readiness to learn
from more structured or computerized methods.

While these data indicate longitudinal outcomes of
music training on the neural processing of speech in noise,
we do not rule out the contribution of innate predisposi-
tions distinguishing children who undergo music training
from those who  do not. The longitudinal outcome pre-
sented here indicates that, even in the potential presence
of innate predispositions, noise-induced auditory brain-
stem response degradation can be lessened with one year
of continued music practice. Future studies that capture
musicians prior to the onset of training are critical in order
to adequately disentangle experience-related and innate
factors.
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