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In the ﬁelds of music training and bilingualism,
studies have highlighted transfer to several other
cognitive skills, although most of the evidence has
been provided by correlational studies comparing
experts and nonexperts on general cognitive skills
such as executive control (Bialystok, Craik, Klein,
& Viswanathan, 2004), working memory (Pallesen
et al., 2010), and intelligence (Forgeard, Winner,
Norton, & Schlaug, 2008). Transfer is considered
to occur when novel and trained tasks recruit
overlapping processing components and engage
shared brain regions (Jonides, 2004). Bialystok,
Craik, Green, and Gollan (2009) reviewed a large
body of evidence indicating bilinguals’ advantage
in executive functions, demonstrating how an
intensive “training” experience is expressed in
enhancement of a crucial set of domain-general
cognitive processes. These ﬁndings have been
attributed to bilinguals’ increased need to manage
attention to two competing languages that are
jointly available during linguistic performance (Bialystok et al., 2009; Green, 1998). In the music literature, recent reviews have also illustrated the
beneﬁts of music training for behavioral skills
such as language, verbal intelligence, reading, and
inhibition (Moreno & Bidelman, 2013; Patel, 2011;
Slevc, 2012) from very young (Gerry, Unrau, &
Trainor, 2012) to aging populations (Parbery-Clark,
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Music and language are two cognitive domains that
share many features and sensory-perceptual and
cognitive networks. Although neural network differences exist between music and language process1 ing (Zatorre et al., 2002), they both use the same
acoustic cues (i.e., pitch, timing and timbre) to convey meaning, rely on systematic sound-symbol representations, and require analytic listening, selective
attention, auditory memory, and the ability to integrate discrete units of information into a coherent
and meaningful percept (Kraus & Chandrasekaran,
2010; Patel, 2011). This widespread recruitment of
shared processes, ranging from the perceptual to
the cognitive, makes music and language ideal cognitive activities in which to observe the phenomenon of transfer (for a review, Moreno & Bidelman,
2013; for a complete discussion, White et al., in
2 press). The purpose of the present study is to investigate the domain-speciﬁc and domain-general beneﬁts of either second-language learning or music
training and consider a potential transfer mechanism responsible for these training effects.

Dispatch: 7.8.14

Immediate and lasting effects of music or second-language training were examined in early childhood using
event-related potentials. Event-related potentials were recorded for French vowels and musical notes in a passive oddball paradigm in thirty-six 4- to 6-year-old children who received either French or music training. Following training, both groups showed enhanced late discriminative negativity (LDN) in their trained condition
(music group–musical notes; French group–French vowels) and reduced LDN in the untrained condition.
These changes reﬂect improved processing of relevant (trained) sounds, and an increased capacity to suppress
irrelevant (untrained) sounds. After 1 year, training-induced brain changes persisted and new hemispheric
changes appeared. Such results provide evidence for the lasting beneﬁt of early intervention in young
children.
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Anderson, Hittner, & Kraus, 2012). For musicians,
these ﬁndings have been attributed to their
considerable training requirements involving intensive memorization and multisensory coordination
and monitoring (see review in Wan & Schlaug,
2010). Accordingly, learning music or language
seems to be beneﬁcial for more general aspects of
cognitive development, possibly because the experience enhances core skills such as executive functions (Blair & Razza, 2007; Krizman, Marian,
Shook, Skoe, & Kraus, 2012), which in turn
improves other cognitive skills (Moreno & Bidelman, 2013).
In spite of this evidence, the underlying mechanisms responsible for these training effects are
elusive. Recently, Gazzaley and Nobre (2012) proposed a top-down control hypothesis as a common
neural mechanism underlying cognitive operations.
This mechanism modulates the activity in stimulusselective cortices with concurrent engagement of
prefrontal and parietal control regions that are
sources of top-down signals. Evidence for such a
mechanism has been shown in both animal and
human research. For example, Polley, Steinberg,
3 and Merzenich (2006), found that responses in the
auditory cortices of rats were modulated by task
speciﬁc top-down inputs (i.e., task demands). These
discoveries have motivated Moreno and Bidelman
(2013) to suggest a model of transfer that highlights
the role of executive functions, speciﬁcally topdown control processing, to mediate transfer
between cognitive functions. This framework
hypothesizes that training in one domain (e.g.,
music or language) that induces not only domainspeciﬁc beneﬁts but also domain-general beneﬁts
with attention processing serving as a mediator
(also see Bialystok & DePape, 2009). For example,
Moreno et al. (2011) showed that improvements of
verbal intelligence scores in children following
music training were positively correlated with functional plasticity in the fronto-parietal network (i.e.,
in a go-nogo task which involves cognitive control
and attention).
In order to further explore this top-down control
hypothesis, we conducted a longitudinal study in
which participants were tested before and after
French language or music training, and again in a
1 year follow-up. We measured the event-related
potentials (ERPs) for mismatch negativity (MMN;
peaking between 100 and 250 ms) and late discriminative negativity (LDN; peaking at a later latency
after 400 ms) in an oddball paradigm to investigate
auditory change detection in young children at the
neural level. The MMN is an index of sensory

memory-based detection of auditory change and
reﬂects early bottom-up processing (N€a€at€anen,
Paavilainen, Rinne, & Alho, 2007). In children, the
MMN is less reliable than in adults and often followed by the LDN; both the MMN and LDN show
fronto-central scalp distributions. The LDN is
usually not seen in adults (observed only when
attending to the stimulus; Wetzel, Widmann, Berti,
& Schr€
oger, 2006), and therefore its presence may
indicate developmental processing of auditory
changes. The two most common interpretations of
the LDN’s functional role indicate a top-down
mechanism inﬂuencing auditory processing. These
two interpretations of LDN have been identiﬁed as:
(a) the reorienting of attention after being distracted
by a deviant sound (Shestakova, Huotilainen, &
Cheour, 2003; Wetzel et al., 2006) similar to the
reorienting negativity response observed in adults
and (b) a regulation of auditory processing at a
higher order cognitive level that follows the initial

change detection reﬂected by the MMN (Ceponien
e_
et al., 2004; Horvath, Roeber, & Schr€
oger, 2009; see
Putkinen, Tervaniemi, & Huotilainen, 2012, for
details). In the case of (b), there is no relation
between the amplitudes of the MMN, P3a, and
LDN (e.g., LDN responses could be recorded without a preceding P3a), suggesting independent processes underlying these components (Putkinen,
Niinikuru, Lipsanen, Tervaniemi, & Huotilainen,
2012). These two interpretations of LDN are not
necessarily mutually exclusive, as there could be
several temporally overlapping but functionally distinct components in the LDN time range that are
differentially activated depending on the speciﬁcs
of the stimuli and task (Putkinen, Niinikuru, et al.,
2012; Putkinen, Tervaniemi, et al., 2012). Therefore,
these ERP measures from an oddball paradigm
allow for observation of both bottom-up and topdown processing.
Few developmental studies have examined
changes in auditory electrophysiological indices in
preschool children, and studies of these changes
induced by music training or second-language
learning are even scarcer. The difﬁculties in testing
this population, paired with the challenges faced
when conducting longitudinal studies (i.e., including a control group, drop-out participants) make it
almost impossible to look at this crucial developmental stage. Nevertheless, a few studies report
results which provide insight into the effects of
training on MMN and LDN in young children. In
one study (Shestakova et al., 2003), the auditory
ERPs of Finnish-speaking 3- to 6-year-old children
in a French language learning group (following
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3–4 months of French language training) were
compared to a no-contact control group. The
results showed an increase of MMN and LDN
responses to French vowel sounds in the French
learning group. The authors suggested that while
the MMN indexes development of French-speciﬁc
auditory processing in these children, the LDN
may reﬂect reorienting of attention to the task (i.e.,
watching a movie) after being distracted by the
familiar French sound. Thus, their results support
the possible function of the LDN in a top-down
regulation process. Moreover, studies of musically
trained children or children who have had signiﬁcant music exposure found enhanced MMN to
musical tones or speech sounds (Chobert, Marie,
on, & Besson, 2011; Meyer et al., 2011;
4; 5 Francßois, Sch€
Putkinen, Tervaniemi, Saarikivi, de Vent, & Huotilainen, 2014; Virtala, Huotilainen, Putkinen, Mak6 konen, & Tervaniemi, 2012) and changes in LDN
(Putkinen, Tervaniemi, et al., 2012). Putkinen, Tervaniemi, et al. (2012) showed a relation between
informal musical activities at home and speciﬁc
ERP components in 2- to 3-year-old children. The
authors used a multifeature paradigm that
included frequency, duration, intensity, direction,
gap deviants, and attention-catching novel tones.
Their results showed correlations between several
evoked brain responses induced in this type of task
and the amount of musical activity at home (i.e.,
musical play by the child and parental singing
reported by the parents). Speciﬁcally, their data
showed that greater informal musical experiences
were associated with reduced LDNs to varying
novel sounds (e.g., different environmental sounds
such as machines, animals) in early childhood,
indicating lowered distractibility (Putkinen, Tervaniemi, et al., 2012, p. 5). These novel sound stimuli
have been used in studies to trigger cognitive processes related to novelty detection and distraction
(e.g., Gumenyuk, Korzyukov, Alho, Escera, &
N€
a€
at€
anen, 2004; also see the method of Putkinen,
Tervaniemi, et al., 2012). Putkinen, Tervaniemi,
et al. suggested that the changes in brain responses
highlight the importance of musical experience in
facilitating the development of crucial auditory
abilities in early childhood. Although these two
studies by Shestakova and Putkinen did not
directly compare training with responses to
untrained tasks, the collective ﬁndings from these
studies demonstrated different LDN changes
according to the relevance of the deviant sound:
LDN was enhanced with a familiar, trained sound
(e.g., French vowel following French language
training in Shestakova et al., 2003), but reduced
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with irrelevant, untrained sounds (e.g., different
novel tones in Putkinen, Niinikuru, et al., 2012).
In another study which used an auditory oddball
paradigm to observe the effects of music and language experience on auditory skills, Milovanov
et al. (2009) studied older children who had
advanced foreign language pronunciation and
musicality skills. Their results showed that these
children, compared to a nonexpert group, displayed
enhanced MMNs to duration changes in both
speech and musical sounds. Using a different
approach, Marie, Kujala, and Besson (2012) compared the effects of linguistic and musical expertise
in an adult population. As Finnish is a language in
which phonemic duration is linguistically relevant,
Finnish participants were tested as linguistic
experts. Their results indicated an increase in MMN
amplitude for duration deviants in harmonic
sounds in Finnish nonmusicians and French musicians compared to controls, who were French nonmusicians. The authors concluded that there was
common processing of duration in music and
speech, which might allow for transfer between language and music auditory processing. Unfortunately LDN was not reported in either study, so the
role of a higher order cognitive regulation of auditory processing in this type of transfer could not be
assessed. The use of correlational designs also limited these results.
The present study investigated functional brain
changes in the detection of auditory anomaly by
examining the effect of two experiences on children’s performance, second-language learning and
music training. English-speaking children followed
either French language or music training in a summer camp setting for 4 weeks. In an oddball paradigm, both groups were tested in two conditions,
with French vowel or musical note stimuli presented in separate runs, creating a double dissociation design. This paradigm allowed us to test both
the speciﬁc effects of training and the bidirectional
transfer between music and language processing
(Bidelman, Hutka, & Moreno, 2013) by measuring
domain-speciﬁc changes (e.g., vowel condition for
the French group, note condition for the music
group) and domain-general changes (e.g., note condition for the French group, vowel condition for the
music group) in the brain following training. Additionally, we examined the top-down control hypothesis (Moreno & Bidelman, 2013) suggesting
attention as a medium for transfer between perceptual and cognitive functions. We focused on changes
in the LDN, as the LDN displays training-dependent plasticity (N€a€at€anen et al., 2007; Putkinen, Ter-
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vaniemi, et al., 2012; Shestakova et al., 2003), and
may reﬂect reorienting of attention or higher order
processing of auditory changes, or a combination of

both (Ceponien
e_ et al., 2004; Horv
ath et al., 2009;
Putkinen, Tervaniemi, et al., 2012).
The design was a longitudinal intervention (i.e.,
test/training/retest/follow up) with young children
(i.e., 4- to 6-year-olds). None of the children had
prior experience with either a second language or
with music. Each testing session used the same battery of tests (with two alternate versions). There
were three hypotheses. First, we expected an
increase in MMN amplitude after training in both
conditions (i.e., musical notes and French vowels),
reﬂecting improved auditory skills in each training
group. Second, we held the assumption that LDN
is related to top-down control processing (Putkinen,
Niinikuru, et al., 2012; Shestakova et al., 2003) and
as such, we expected to observe LDN modulation
after training. Speciﬁcally, we speculated that an
increase in amplitude of evoked brain responses
would be observed to the trained sounds, as was
demonstrated by Shestakova et al. (2003), and a
reduction in amplitude would be observed to the
untrained stimuli, as was shown in Putkinen, Tervaniemi, et al. (2012). Finally, following Kraus and
Chandrasekaran (2010) who introduced the notion
that music learning can have a lasting positive
inﬂuence even after training or practice has completely stopped (also see Parbery-Clark et al., 2012),
we predicted that these changes would remain
detectable 1 year following the end of the training.
However, because Kraus and Chandrasekaran used
a cross-sectional design, the interpretations of their
ﬁndings are limited. By following up with participants 1 year after the end of training in our longitudinal study, we could explore and substantiate this
notion of lasting positive inﬂuence posited by
Kraus and Chandrasekaran. If early experience
indeed showed lasting beneﬁts, this ﬁnding would
have strong implications for the improvement of
education systems through introducing cognitive
training to preschool education curriculums.

Method
Participants
Thirty-six monolingual English-speaking children
between 4- and 6 years of age who had no prior
musical or French language training were recruited.
Parents ﬁlled out a detailed questionnaire to provide
background information (e.g., formal music training,
languages spoken at home, languages understood

by the child, parent’s rating of the child’s second
language abilities). None of the children were able
to speak a second language. Most children were
right-handed except for two children in the French
group and one child in the music group. At pretest
(before training), both groups (n = 18 each) were
similar in age (French, M = 67.1 months, SD = 6.6,
11 males; Music, M = 66.0 months, SD = 7.0, 8
males), English vocabulary scores (Peabody Picture
Vocabulary Test [PPVT]; French, M = 113.9,
SD = 14.8; Music, M = 113.3, SD = 12.8), nonverbal
intelligence (Raven’s: French, M = 106.9, SD = 15.1;
Music, M = 100.8, SD = 9.9), and socioeconomic status (SES) based on parents’ education (French,
M = 3.7, SD = 0.8; Music, M = 3.5, SD = 0.9; see
Supporting Information for the SES scale). After
1 year, 16 children from the French group and 14
children from the music group returned for followup testing (French: M = 81.5 months, SD = 6.1;
Music: M = 78.3 months, SD = 6.9). These subgroups remained similar in age, t(28) = 1.25, ns, and
SES, t(28) = 1.05, ns, and had comparable scores on
the PPVT, t(28) = .28, ns, and Raven’s t(28) = .90, ns,
at pretest. During the intervening year between
posttest and follow-up, two children in the music
group continued formal music training (piano for
30 min–1 hr a week) and two children in the French
group received formal music training (piano or violin for 1 hr a week). No participant was reported to
receive French language training. Excluding these
children did not affect the results (see the Supporting Information), thus, these children were included
in the follow-up data. The study received Research
Ethics Committee approval and all parents provided
written informed consent. The procedure was individually explained to children and their assent was
obtained prior to each testing session. Children were
given presents at the end of the session for their participation.
Study Design
The study used a four-phase longitudinal design:
pretest, training, posttest, and 1 year follow-up.
Children were tested individually by a research
assistant who was blind to the type of training the
child was receiving. After the pretest, children were
assigned to French language or musical training in
a pseudo-random manner to ensure that there were
no pretraining differences between groups in their
intelligence scores or the background questionnaire.
Immediately after training (i.e., between 5 and
20 days after the end of the training) and at 1 year
after training, children returned to our laboratory to
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7 be reassessed with EEG as well as behavioral measures.
Training
Training was conducted in the form of a summer camp. The children engaged in computerbased training programs projected on the wall
with their respective teacher in a classroom setting
for two 1-hr sessions each day for 4 weeks
(15 min for organization and 45 min of training,
20 days in total). Two computerized training programs were created by the ﬁrst author (see the
Supporting Information for a detailed description
and learning objectives of the training programs).
Both training programs shared the same learning
goals (e.g., listening, production, reading), graphics
and design, duration, number of breaks, and number of teaching staff; the only difference was the
content of the training. The curriculum in the
music training was based on a combination of
motor, perceptual, and cognitive tasks and
included training on rhythm, pitch, melody, voice,
and basic musical concepts. The training in French
language included vocabulary learning (e.g., days
of the week, body parts, animals) and communication schemes (e.g., interacting with a character in
the projected game). Both programs involved
activity or discussion with the teacher or with
other children in the class.
EEG Task Stimuli
The EEG experiment had two conditions which
were tested in separate blocks: vowel and note. The
presentation order of conditions was counterbalanced across participants, and the same stimuli were
used at each of the three testing sessions. Sound
tokens used during the EEG task were created independently from the training (e.g., the French speaker
who recorded the experimental stimuli was not the
teacher for the French training). The vowel condition presented two French vowels spoken in a
female voice (by a native French speaker), ou [u]
and o [y], as the standard or deviant. The standard
and deviant stimuli were alternated between preand posttest: for example, if [u] was used as the
standard and [y] as the deviant at pretest, then these
roles were reversed in the posttest. One year followup used the same version as pretest. The duration of
each vowel was 280 ms (i.e., the majority of the
energy had died out by 240 ms). The note condition
involved synthesized piano tones A and A# as the
standard or deviant. The choice of the standard and
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deviant sounds was alternated between pre- and
posttest for this condition as well. The duration of
the tone was 1000 ms but the energy had died out
by 750 ms (see Figure S1 for spectrogram).
Although the stimulus duration was different in the
vowel and note conditions, we were interested in
keeping natural acoustic features and presenting the
sound as naturally as possible. We aimed to measure the effect of training on sound processing
across groups rather than directly comparing the
two sound conditions within a group. After training, French vowels should have become more familiar to children in the French group and piano tones
should have sounded more familiar to those in the
music group. The sound onset asynchrony was
1500 ms in both conditions so that the onset of the
stimulus was the same despite varying stimulus
duration for each of the two conditions. There were
a total of 300 trials in each condition including 45
deviants (15% of the trials).
Procedure
A passive auditory oddball paradigm was used
in EEG testing. During EEG recording, the children sat in a comfortable chair and watched a
silent movie of their choice displayed on the computer screen. They were told to attend to the
movie and ignore the sounds as they would be
asked about the contents of the movie. The sounds
were played from two loudspeakers at 80 dB.
After the experiment, the research assistant asked
questions to ensure that children had attended to
the movie.
EEG Recording and Data Analysis
EEG was recorded using a 70 channel Biosemi
ActiveTwo ampliﬁer system (sampling rate of
512 Hz) with electrodes placed around the scalp
according to standard 10–20 locations (Oostenveld
& Praamstra, 2001). During EEG acquisition, all
electrodes were referenced to the common mode
sense electrode, with the driven right leg electrode
serving as the common ground. Subsequent analyses were performed in EEGLAB (Delorme & Make- 8
ig, 2004) and utilized custom routines coded in
MATLAB (The MathWorks). Data were re-referenced ofﬂine to the average of all electrodes. Eye
movements and artifacts were corrected in the continuous EEG using PCA decomposition in EEGLAB.
Excessively noisy channels were interpolated (two
nearest electrodes). Trials with residual voltages
exceeding  150 lV were rejected prior to averag-
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ing. Due to a small number of deviant trials, noise
was reduced by artifact rejection and all trials were
entered into analysis. The EEG was epoched ( 200
to 1000 ms), baseline-corrected to the prestimulus
interval, and subsequently averaged in the time
domain to obtain ERPs for each response type at
each electrode site per stimulus condition (i.e., standard and deviant responses in the vowel or note
condition). Grand averaged ERPs were then digitally ﬁltered (0.1 30 Hz, zero-phase response) to
attenuate nonmeaningful ﬂuctuations in the evoked
response.
Difference waveforms were derived by subtracting ERPs to the standard stimuli from their corresponding deviant ERPs of the same sequence (i.e.,
deviants–standards). Mismatch negativity was manually identiﬁed as the most negative peak in the
100–300 ms time window of the difference waveform in Fz, FCz, and Cz of each participant.
For LDN, a sustained slow wave over a large
latency window, mean ERP amplitudes were computed in the latency windows selected based on
prior research and visual inspection of the waveforms (Luck, 2005; Shestakova et al., 2003). The
analysis was focused on frontal electrodes such as
AF3, AFz, AF4, F1, Fz, F2, FC1, FCz, F3, F5, F4,
and F6. Latency windows and electrodes differed in
the analysis of pre versus post data and 1 year follow-up data: for pre versus post, the vowel condition window was 650–850 ms and the note
condition was 450–650 ms; for comparison of three
sessions (pre, post, follow-up) in the subgroups, the
vowel condition window was 475–600 ms and the
note condition was 450–600 ms. Analyses of variance (ANOVAs) were conducted on mean amplitude values given a latency window, using group
as a between-subjects factor and session (pre vs.
post, or across three sessions) as within-subject
factors.

Results
Pre- versus Posttraining Results
There were no group differences at pretest on
age, intelligence scores, or SES (n = 18 in each
group, see Method). At pretest, the groups were
also similar on MMN vowel peak amplitude,
t(34) = .74, ns; note peak amplitude, t(34) = .24,
ns, and on LDN vowel mean amplitude, t
(34) = 1.14, ns; note mean amplitude, t(34) = .98,
ns.
The vowel sounds and musical notes elicited a
signiﬁcant MMN in both pre- and posttest (see
Table 1). In the vowel condition, both the secondlanguage and music training group showed an
MMN that was signiﬁcantly different from 0 (one
sample t-tests, two-tailed): French group—pre,
t(17) = 4.60, p < .001; post, t(17) = 5.21, p < .001,
music group—pre, t(17) = 4.99, p < .001; post,
t(17) = 5.51, p < .001. In the note condition, both
groups also showed a signiﬁcant MMN (one sample t-tests, two-tailed): French—pre, t(17) = 4.71,
p < .001; post, t(17) = 5.08, p < .001, Music—pre,
t(17) = 4.46, p < .001; post, t(17) = 2.97, p = .009.
To assess the effect of training and bidirectional
transfer between music and language processing, a
2 9 2 mixed analysis of variance (ANOVA)
(group 9 session) was conducted in each condition
with MMN and LDN as dependent variables.
Results of ANOVAs on other electrophysiological
components (deviant ERP, standard ERP) can be
found in Supporting Information.
MMN Responses
In both vowel and note conditions, a 2 9 2
mixed ANOVA (group 9 session) on MMN amplitude found no signiﬁcant effect of either factor or
their interaction.

Table 1
MMN Peak Amplitude (Averaged Across Fz, FCz, Cz)
Vowel
Pre
French
Music

2.91 (0.63)***
2.33 (0.47)**

Post
2.75 (0.53)***
2.28 (0.41)***

Note
FU
3.42 (0.49)***
2.34 (0.53)***

Pre
2.57 (0.54)***
2.15 (0.48)***

Post
2.47 (0.49)***
1.76 (0.59)**

FU
2.33 (0.43)***
2.20 (0.65)**

Note. At pre and post: French n = 18, Music n = 18. At FU, French n = 16, Music n = 14. Note that for repeated measures ANOVAs in
follow-up results included only subgroups of children who completed all three sessions. SE of mean in brackets. MMN = mismatch
negativity; FU = follow-up; ANOVAs = analyses of variance; SE = standard error.
9
Results for one sample t-test: *p ≤ .05. **p ≤ .01. ***p ≤ .001 (two-tailed).
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the French group exhibited reduced LDN to the
untrained (music) stimuli. Therefore, both groups
showed similar patterns of LDN amplitude change
across the tasks in which there was increased LDN
to the trained sounds and decreased LDN to the
untrained sounds.
One Year Follow-Up Results
One year after the end of the training, 16 children in the French group and 14 children in the
music group returned to the laboratory for followup testing. These subgroups did not signiﬁcantly
differ in age, intelligence scores, or SES (see
Method). Moreover, there were no differences in
these subgroups at pretest on MMN—vowel peak
amplitude, t(28) = .54, ns; note amplitude,
t(28) = .43, ns, and LDN—vowel mean amplitude,
left sites, t(28) = .03, ns, right sites, t(28) = .25, ns;
note mean amplitude, t(28) = 1.73, ns; see LDN
results below for electrode information. The followup study examined the changes across all three sesFigure 1. Training effect in the vowel (a and b, left panel) and 16 sions (pre, post, follow-up) in these subgroups of
note (c and d, right panel) conditions. (a and c) Difference wave
children (see Tables S2 and S3 for LDN values).
(i.e., deviant–standard) at Fz (as a representative electrode) is
shown for each group (n = 18 each). (b and d) Late discriminative negativity (LDN) change (i.e., pre–post in each group) was
averaged across six frontal electrodes (AF3, AFz, AF4, F1, Fz, F2)
in the latency window of 650–850 ms for (b) the vowel condition
and 450–650 ms for (d) the note condition. The trained group
showed enhanced LDN to the trained sound (French group
vowel; music group note), whereas the untrained group showed
decreased LDN to the untrained sound (French group note,
music group vowel). Error bars = SEM.

MMN Responses
In both vowel and note conditions, a 2 9 3
mixed ANOVA (group 9 session) on MMN amplitude found no signiﬁcant effect (see Table 1 for
MMN follow-up values).
LDN Responses

LDN Responses
Late discriminative negativity responses in each
condition were averaged across frontal electrodes
for a given time window. For the vowel condition
(latency window 650–850 ms), a 2 9 2 mixed
ANOVA (group 9 session) found a signiﬁcant
interaction of Group 9 Session, F(1, 34) = 4.66,
p < .04, g2p ¼ 0:12, but no main effect of group or
session (all F < 1). Figures 1a and 1b depicts LDN
amplitude change between pre and post in each
group, which reveals that after training, the French
group showed increased LDN and the music group
demonstrated decreased LDN to the vowel sounds.
Similarly, the note condition (latency window
450–650 ms) also found a signiﬁcant interaction of
Group 9 Session, F(1, 34) = 4.43, p = .04, g2p ¼ 0:12,
again with no main effects (all F < 1). Figures 1c
and 1d shows the patterns of LDN change in the
note condition: the music group showed enhanced
LDN to their trained sounds (French vowel), and

In the vowel condition, visual inspection of the
waveforms revealed hemispheric differences in the
wave patterns of the two groups (see Figure 2a).
Accordingly, a three-way mixed ANOVA (2
groups 9 3 sessions 9 2 lateralities) was conducted
with left (averaged F3, F5) and right (averaged F4,
F6) frontal sites (latency window 475–600 ms) and
with all testing sessions (pre, post, follow-up). The
ANOVA revealed a signiﬁcant three-way interaction, F(2, 56) = 3.64, p = .03, g2p ¼ 0:12, indicating
that at follow-up, enhanced LDN was found in left
frontal sites, relative to the right, in the French
group while a reversed pattern was shown in the
music group. Figure 2a shows these opposite patterns of the LDN amplitude change in the two
groups. To further examine this ﬁnding, a 2
(group) 9 2 (laterality) ANOVA was performed
separately on the follow-up data only: The results
showed a signiﬁcant interaction of group and laterality, F(1, 28) = 9.18, p = .005, g2p ¼ 0:25, and no
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Figure 2. Lasting training effects after 1 year. (a) Vowel condition. Difference wave (i.e., deviant–standard) at F3 and F4 (as representa- 17
tive electrodes for left and right, respectively) are shown for each group in the post and follow-up sessions (n = 16 in French group,
n = 14 in music group). At follow-up (latency window 475–600 ms), the French group showed enhanced late discriminative negativity
(LDN) on the left compared to right, and the music group showed enhanced LDN on the right compared to left (also see Figure 3). (b)
Note condition. Difference wave at Fz (as a representative electrode) is shown for each group across three testing sessions (n = 16 in
French, n = 14 in music). At follow-up (latency window 450–600 ms), the music group maintained LDN to the musical sound (albeit
reduced), whereas the French group showed LDN similar to that of the pretest. Error bars = SEM.

(one-way repeated ANOVA), while the music
group showed a larger amplitude on the right compared to the left, F(1, 13) = 4.64, p = .05, g2p ¼ 0:26
(one-way repeated ANOVA). Therefore, after
1 year, the French group exhibited enhanced LDN
to the vowel sound, but at an earlier latency window than in the pre versus post results, and this
effect was shifted to the left frontal sites from the
fronto-central sites observed in the pre versus post
results (see Figure 3). The music group, on the
other hand, showed larger LDN on the right frontal
sites than on the left at follow-up.
In the note condition, signiﬁcant results were
found in the same frontal channels that were used
Figure 3. Laterality effects in the vowel condition at 1 year fol- 18
in the pre versus post analysis, but at a shorter
low-up. Late discriminative negativity (LDN) change from pre
latency window (450–600 ms). As no laterality dif(i.e., pre–follow-up in each group) was averaged across two left
ference was found in the note condition, a two-way
(F3, F5) and two right (F4, F6) electrodes in the latency window
of 475–600 ms. The French group (n = 16) showed enhanced
mixed ANOVA was conducted with two groups
LDN to the vowel sounds on the left electrodes at follow-up sesand three sessions. The results showed a signiﬁcant
sion, whereas the music group (n = 14) showed increased LDN
Group 9 Session
interaction,
F(2,
56) = 4.61,
to the vowel sound on the right frontal sites at follow-up. Note
2
p
=
.014,
g
¼
0:14,
suggesting
that
the
two
groups
that pre–post was not plotted as the laterality effects were not
p
showed different patterns of LDN changes across
observed at posttest. Error bars = SEM. FU = follow-up, L = left,
R = right.
the three sessions (see Figures 2b and 4), but no
other effect was signiﬁcant (all F < 1). To examine
this interaction further, one-way repeated ANOVAs
were performed within each group: the music
other effect. At follow-up, the French group showed
group showed a signiﬁcant session effect, F(2,
a larger LDN amplitude on the left compared
26) = 3.78, p = .036, g2p ¼ 0:23, whereas the French
to the right, F(1, 15) = 4.70, p = .047, g2p ¼ 0:24
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change in MMN can be attributed to two factors.
First, our training was not designed to improve
auditory discrimination of speciﬁc sounds, which is
the case in some instrumental training programs
(e.g., Suzuki method), but rather to train and
improve cognitive skills such as executive functions.
More precisely, in the present study, the participants were not directly trained on the exact sound
stimuli that were used for the experiment, although
the experimental stimuli were part of commonly
used musical notes or French vowels that the
Figure 4. Lasting effects in the note condition at 1 year follow- 19
children probably heard at some point during the
up. Late discriminative negativity (LDN) change (i.e., pre–post,
class. Second, the studies reporting enhanced MMN
or pre–follow-up in each group) was averaged across six frontal
examined children who underwent long-term trainelectrodes (AF3, AFz, AF4, F1, Fz, F2) in the latency window of
450–600 ms. Note that values are slightly different from Figing: 12–16 weeks of French language training in 3ure 1d because the latency window for Figure 1d was longer
to 6-year-old children (Shestakova et al., 2003),
(450–650 ms). The graphs illustrate different patterns of LDN
4 years of music instrument training in 9-year-old
change observed in the two training groups: the trained group
children (Chobert et al., 2011), 5 years of violin
(music on the right) maintained LDN to the trained sound at foltraining in 7- to 12-year-old children (Meyer et al.,
low-up (albeit reduced), whereas the untrained group (French on
the left) showed LDN returned to baseline at pre. Error
2011), 2–5 years of music instrument training in 9bars = SEM.
to 13-year-old children (Putkinen et al., 2014). In
Putkinen et al. (2014), an enhanced MMN for some
sound features (e.g., timbre deviants) was not presgroup did not, F(2, 30) = 1.46, p = .25, g2p ¼ 0:09,
ent in 9-year-old children with 2 years of music
indicating that this LDN was modulated by music
training but it was observed in 11-year-old children
training.
with 4 years of music training, suggesting an
importance of accumulation of training. Unlike
these studies, our training only lasted 4 weeks. It is
Discussion
possible that MMN was not enhanced because of
either of these two factors—lack of training directly
Our ﬁndings present a demonstration of the undertargeting discrimination of speciﬁc sound features
lying functional mechanism governing neuroplasticor time-limited training duration.
ity effects in early childhood after a short training
After training, both groups showed enhanced
period (see Hyde et al., 2009; and Schlaug et al.,
LDN in their trained task, a pattern that is consis2009, for structural changes). Training in music and
tent with the electrophysiological brain plasticity
second-language learning induced training-speciﬁc
effects of training within the auditory domain
effects and domain-general changes (i.e., French
(Moreno & Bidelman, 2013). We interpret this
group in the music note condition; music group in
increase as reﬂecting improved auditory processing
the French vowel condition), indicating the bidirec
through speciﬁc experience (Ceponien_
e et al., 2004;
tional link between music and language processing
Horvath et al., 2009). Our results are consistent
(Bidelman et al., 2013). Our results, showing LDN
with previous reports of an inﬂuence of music
changes, are consistent with the explanation that
training (Fujioka, Ross, Kakigi, Pantev, & Trainor,
training mechanisms are mediated at least in part
2006; Herholz & Zatorre, 2012), second-language
by top-down regulation (Moreno & Bidelman,
training (Conboy & Kuhl, 2011; Shestakova et al.,
2013). Moreover, 1 year after our training, we still
2003), and auditory training (Reinke, He, Wang, &
observed training-induced brain responses, demonAlain, 2003) on auditory brain responses. Increased
strating that even a short exposure to an auditory
auditory ERP amplitude has been interpreted as
training period has a lasting effect in children spereﬂecting an increase in neuronal representation
ciﬁc to the type of training received.
resulting from training (Recanzone, Schreiner, &
Merzenich, 1993), or as an improvement in neural
Training Effects: Top-Down Regulation Mechanism on
synchrony (Tremblay, Kraus, McGee, Ponton, &
Auditory Processing
Otis, 2001). Our LDN results are consistent with the
Our training induced signiﬁcant changes in
interpretation that LDN reﬂects a regulation of

LDN, but not in MMN. We believe that this lack of
auditory processing (Ceponien_
e et al., 2004;
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Horv
ath et al., 2009; see Putkinen, Niinikuru, et al.,
2012; Putkinen, Tervaniemi, et al., 2012, for review).
We also observed reduced LDN after training to
untrained stimuli, a change we interpret as reﬂecting top-down regulation of auditory processing
(Gazzaley, 2011, 2013; Zanto, Rubens, Thangavel, &
Gazzaley, 2011; Zhou, de Villers-Sidani, Panizzutti,
& Merzenich, 2010). This pattern is consistent with
several ﬁndings that have linked the functional role
of LDN to attention processing (i.e., reduced LDN
related to lowered distractibility and increased
LDN related to reorienting of attention back to a
task, such as watching a movie, after being distracted by familiar sounds; Putkinen, Niinikuru,
et al., 2012; Shestakova et al., 2003; Wetzel et al.,
2006). Such evidence also can be found in the literature showing that the amplitude of LDN increases
when children perform an active oddball task (i.e.,
attended condition) compared to when they do not
pay attention to the task in a passive oddball (Mueller, Brehmer, von Oertzen, Li, & Lindenberger,
2008; Wetzel et al., 2006). In adults as well, LDN is
usually absent in a passive oddball task and present during an active oddball task (Wetzel et al.,
2006). Therefore, we suggest that the observed
effects, both increased and decreased LDN, are
modulated by a top-down regulation mechanism,
such that increased LDN to the trained stimuli
reﬂects heightened auditory processing of the stimuli, and that decreased LDN to the untrained stimuli reﬂects involuntary suppression of the irrelevant
sound in order to pay better attention to the task
(i.e., watching a silent movie). These results demonstrate that LDN shows two different responses
depending on the contextual situation. Future
research should explore unfamiliar sounds that are
not related to music or language to determine if the
patterns of response change.
A top-down regulation of sensory processes as
we have interpreted above has been supported by
other recent ﬁndings. For example, top-down modulation has been proposed as a common neural
mechanism underlying cognitive operations (Gazzaley & Nobre, 2012). This mechanism would modulate the activity in stimulus-selective auditory
cortices with concurrent engagement of prefrontal
and parietal control regions that are sources of topdown signals. Such a mechanism has also been
shown in animals. Auditory cortical areas in rats
can be modiﬁed moment to moment in time as a
function of behavioral context (Zhou et al., 2010;
also see Polley et al., 2006). These adaptive changes
can be interpreted as a top-down regulation mechanism impacting the auditory system. Furthermore,

previous studies in monkeys and humans have
recorded ﬂuctuations in ongoing activity levels that
at least partially reﬂect facilitatory and suppressive
modulatory effects in the auditory system (Alho,
Woods, & Algazi, 1994; Rossi, Pessoa, Desimone, &
Ungerleider, 2009; Telkemeyer et al., 2009). Finally,
the present study showed that modulation in LDN
was observed in both types of training but in ways
that were speciﬁc to each training. These results,
consistent with the model proposed by Moreno and
Bidelman (2013), suggest that top-down processing,
indexed by LDN, plays a mediator role in transfer
between cognitive abilities (also see Strait & Kraus,
2011). However, the theoretical question remains of
whether cross-domain effects and skill transfer are
distinguished. Our data cannot address this theoretical point and more studies are needed to deﬁne
the notions of transfer. Our study is just a preliminary step in this direction.
One Year Follow-Up: Concept of Developmental
Trajectory Change After Training
Our 1 year follow-up results demonstrated the
lasting effects at both quantitative (as discussed earlier) and qualitative levels. In both the vowel and
note conditions, the results showed attenuated but
persistent training-induced ERP responses for both
groups. We interpret these results as maintenance
of the brain plasticity observed immediately after
training. This ﬁnding was surprising because of the
short-term exposure to the training and the prolonged time gap between the second (post) and
third (follow-up) testing sessions without training.
These results exhibit the powerful impact of music
and second-language training on the developing
brain.
At the follow-up phase, the music group showed
a lasting effect in both tasks but the effect in the
French group remained only in the vowel condition, indicating a stronger effect of music training.
However, we observed qualitative effects in the
vowel condition in which both groups showed
hemispheric modiﬁcations, absent at posttest, 1 year
after the discontinuation of training. The French
group showed a change in the left hemisphere
while the music group showed an opposite pattern
to the French vowel sounds, which is consistent
with the literature (language: Szaﬂarski, Holland,
Schmithorst, & Byars, 2006, for a review see
Holland et al., 2007; music: Schlaug, Marchina, &
Norton, 2008, for a review see J€ancke, 2009). We
speculate that both types of training reinforced the
capacity of brain plasticity in the principal
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hemisphere involved in their trained domain: left
for language training and right for music training.
This speculation is supported by evidence suggesting that processing that is more consistently activated by sensory stimuli during early development
is advantaged and preferentially consolidated (Berardi, Pizzorusso, & Maffei, 2000; Eggermont, 2007;
Fagiolini, Pizzorusso, Berardi, Domenici, & Maffei,
1994; Gordon & Stryker, 1996). Therefore, our ﬁndings imply that different types of auditory training
can selectively stimulate the brain and facilitate
hemispheric specialization, which reﬂects the developmental process of skill acquisition and the maturation of the brain.
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