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Purpose: This article aimed at investigating the neural underpinnings of music-
to-language transfer effects at the pre-attentive level of processing.
Method: We conducted a longitudinal experiment with a test–training–retest
procedure. Nonmusician adults were trained either on frequency (experimental
group) or on intensity (control group) of harmonic tones using methods from
psychophysics. Pre- and posttraining, we recorded brain electrical activity and
we analyzed the mismatch negativity (MMN) and the P3a component both to
harmonic complex sounds and to syllables varying in frequency.
Results: Frequency training influenced the pre-attentive perception of pitch for
large harmonic deviant sounds but not for syllables.
Conclusion: Results are discussed in terms of near and far transfer effects from
psychoacoustic training to pre-attentive pitch processing and as possibly showing
some limits to transfer effects.
Musicians typically show improved auditory acuity
compared with nonmusicians regarding the perception of
sounds varying in frequency (Micheyl et al., 2006; Spiegel
& Watson, 1984; Tervaniemi et al., 2005) and in duration
(Jeon & Fricke, 1997). For instance, in seminal studies,
Micheyl et al. (2006) showed that pitch discrimination
thresholds were 6 times lower for musicians than for non-
musicians, and Tervaniemi et al. (2005) demonstrated that
musicians detected rare deviant sounds that were 0.8% or
2% higher in frequency than standard sounds better than
nonmusicians. There is also evidence, based on behav-
ioral and/or neural measures, that improved auditory
processing in musicians facilitates the processing of
speech sounds (see Besson et al., 2017, for a review
Anvari et al., 2002; Bidelman & Alain, 2015; Delogu et
al., 2010; Elmer et al., 2012; Lima & Castro, 2011;
Marie et al., 2011; Wong et al., 2007). Two different and
not mutually exclusive interpretations, the cascade and
univ-amu.fr. Dis-
financial or non-
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multidimensional interpretations (Besson et al., 2011,
2017) have been proposed to explain transfer effects from
musical expertise to different levels of speech processing.
The first interpretation is based on enhanced bottom-up
processing in musicians compared with nonmusicians so
that enhanced auditory perception in musicians drives
higher level of performance in speech perception and com-
prehension. This is the interpretation that is tested in the
present experiment. The second interpretation is based on
enhanced top-down processes in musicians compared with
nonmusicians, so that general cognitive abilities neces-
sary for speech processing, such as attention (Strait
et al., 2010), short- and long-term memory (Dittinger
et al., 2021; George & Coch, 2011), and executive functions
(Moradzadeh et al., 2015), are enhanced in musicians. At
the neural level, transfer effects possibly reflect shared neu-
ral resources for language and music (Patel, 2011).

However, most studies conducted so far are cross-
sectional studies testing for correlations between musical
expertise and speech processing, and as pointed out by
Schellenberg (2004), correlation is not causality. Cross-
sectional studies do not establish that music training is the
2022 • Copyright © 2022 American Speech-Language-Hearing Association 2003
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cause of improved speech processing because between-
groups differences other than music training can explain
the results (e.g., pre-existing genetic differences, motivation,
and sociocultural background). Demonstrating causality
requires longitudinal studies, in which music-to-language
transfer effects are evidenced for nonmusicians trained with
music during the course of the experiment. Overall, results
showed that relatively short-term music training, ranging
from a few weeks to 2 or 3 years, has a positive influence
on several aspects of speech processing at both the behav-
ioral and neural levels (see Besson et al., 2017, for review;
Degé & Schwarzer, 2011; Flaugnacco et al., 2015; Frey et
al., 2019; Gordon et al., 2015; Habib et al., 2016; Jentschke
& Koelsch, 2009; Linnavalli et al., 2018; Moreno et al.,
2015; Nan et al., 2018). Therefore, these longitudinal
studies, together with experiments in which mediation
analyses, are used to test for causality (Barbaroux et al.,
2021; Baron & Kenny, 1986; Foncubierta et al., 2020;
Gomez-Dominguez et al., 2019), provided strong evidence
that music training is the cause of the facilitatory effects
observed at various levels of speech processing.

Most longitudinal studies typically focus on the
impact of music training on the attentive processing of
speech sounds. However, some longitudinal studies also
examined the influence of music training on pre-attentive
speech processing at the neural level using the brainstem
auditory response (e.g., Tierney et al., 2013, 2015) or the
mismatch negativity (MMN; Näätänen et al., 1978). Here,
we used a longitudinal approach, and we analyzed the
MMN to examine the influence of frequency training on
pre-attentive sound processing. The MMN is a cortical
correlate of automatic mismatch detection between rare
deviant stimuli and more frequent standard stimuli in
sound sequences. The MMN is computed as the difference
wave of the event-related brain potentials (ERPs) elicited
by the deviant minus the standard sounds. Importantly,
the MMN is sensitive to training. For instance, early stud-
ies by Pantev and collaborators in adult nonmusicians
showed that the MMN measured using magnetoencepha-
lography (MEG, MMNm) was larger after 2 weeks of
piano training compared with before training (Lappe
et al., 2008, 2011). Using a longitudinal approach with
children, Chobert et al. (2014) showed that the MMN,
measured using electroencephalography (EEG) to syllables
that differed in voice onset time (VOT) and syllabic dura-
tion, was larger in children who followed music training
for 2 years but not in children involved in painting train-
ing. In the present experiment, we used the (EEG) MMN
to examine transfer effects from frequency training with
harmonic sounds to the pre-attentive processing of pitch
variations in both harmonic sounds (near transfer) and
syllables (far transfer).

This study is part of a larger project that aimed at
better understanding the positive impact of musical
2004 Journal of Speech, Language, and Hearing Research • Vol. 65 •
expertise on novel word learning. Previous cross-sectional
studies have demonstrated that children, young adults,
and to lesser extent old adults, who have been trained in
playing a musical instrument for several years, learned the
meaning of novel words from a tone language, Thai, in
which pitch variations are linguistically relevant because
they change the meaning of words, more efficiently than
control participants without musical expertise (Dittinger
et al., 2016, 2017, 2019). At the electrophysiological level,
this facilitation was reflected by faster development of the
N200 and N400 components of the ERPs in the word
leaning phase and faster integration of novel words’ mean-
ing into semantic networks in the test phase, in musicians
than in nonmusicians. To determine whether these
between-groups differences reflected the fact that greater
sensitivity to pitch in musicians (Micheyl et al., 2006;
Tervaniemi et al., 2005) causally drove successful learning
of novel Thai words, we conducted a longitudinal study
with two groups of nonmusician adult participants. One
group of nonmusicians was trained on frequency, and the
control group was trained on intensity using psychophysics
procedures. In the pretraining session (D1, see Figure 1),
the experimental design included a phonological categoriza-
tion task, pitch and intensity threshold detection tasks, and
an MMN experiment. Training included three sessions sep-
arated by at least 1 day (D2, D3, and D4) with participants
trained either on frequency or on intensity for a total of 2.5
hr. Finally, in the posttest session (D5), participants per-
formed again the phonological categorization task, the
pitch and intensity threshold detection tasks, and the
MMN experiment to analyze post- versus predifferences in
the various measures of interest. Following these tasks, par-
ticipants were involved in a novel word learning phase and
in matching and semantic tasks to determine whether fre-
quency training positively influenced semantic processing
(see Figure 1). These results are reported in Barbaroux
et al. (2021).

Here, we focus on the pre- and posttraining MMN
experiments, performed on D1 and on D5, respectively.
Each MMN experiment comprised two blocks, one that
included standard and frequency deviant harmonic sounds
and one that included standard and frequency deviant syl-
lables. The main goal was to determine how pre-attentive
processing of these two types of sounds is influenced by
short-term psychoacoustic training (total duration around
2.5 hr) in frequency (experimental group) or in intensity
(control group). Thus, we tested for transfer effects from
frequency training to the perception of both harmonic
sounds varying in frequency (near transfer) and syllables
varying in frequency (far transfer). As is typical in MMN
experiments using a multifeature design (Näätänen et al.,
2004), deviant stimuli included large, intermediate, and
small changes in frequency compared with the standard
stimuli. This experimental procedure, with the presentation
2003–2015 • May 2022
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Figure 1. Experimental design. Participants performed five sessions within 2 weeks. Of interest here, the mismatch negativity (MMN) experi-
ment was performed during the first (preperceptual training) and last sessions (postperceptual training) using a multifeature MMN paradigm
with standard harmonic sounds (HS) or syllables (/ba/) and three types of frequency deviant HS or syllables, which are large, intermediate
and small, compared with standard sounds (see text for details). EEG = electroencephalography.
of frequent standard and rare deviant sounds, is known to
generate not only MMN but also P3a component, as an
involuntary orientation of attention toward novel and rare
sounds (Donchin, 1981; Escera et al., 2000).

On the basis of previous results, we hypothesized
that the MMN and the P3a component would be largest
in amplitude and shortest in latency to large deviant stim-
uli, of intermediate amplitude and latency to intermediate
deviant stimuli, and of smallest amplitude and longest
latency to small deviant stimuli (main effect of deviance
size; Tervaniemi et al., 2005). Moreover, we hypothesized
that MMN and P3a amplitude would be larger post- than
pretraining (main effect pre vs. post; Lappe et al., 2008,
2011). Most importantly, we predicted that the pre-
attentive processing of the frequency deviant stimuli would
be enhanced posttraining in the frequency training group
but not in the intensity training group. We expected this
training effect to be small because of the short duration of
frequency training (total of 2.5 hr) but significant for large
and intermediate pitch deviant stimuli. We did not expect
this effect to be significant for small deviant stimuli
because frequency training would be too short to
improve the automatic detection of small frequency dif-
ferences between the standard and deviant stimuli. In
other words, we predicted a Training Group × Pre–Post
Interaction × Deviant size interaction. Moreover, on the
basis of the typical fronto-central distribution of the
MMN and P3a component (Escera et al., 2000;
Näätänen et al., 2004), we expected these interactive
effects to be larger frontally than parietally (Training
Fre
Group × Pre–Post × Deviant Size × Anterior–Posterior
Interaction). Finally, if frequency training is causally
related to both near and far transfer effects, the hypothe-
ses above should be verified both for harmonic sounds
(near transfer) and for syllables (far transfer). However,
it is also possible that results only demonstrate near
transfer effects or no transfer effects at all.
Method

Participants

A total of 28 nonmusician adults, all right-handed,
participated in the study. Participants were monolingual
but all had learned the basics of at least two foreign lan-
guages at school. They were pseudo-randomly assigned
to one of two auditory training groups based on age,
gender, and level of education, with 14 participants in
the frequency group (FG; Mage = 23.4 years old) and 14
participants in the intensity group (IG; Mage = 23.8
years old, main effect of Group: p = .84) and eight
women and six men in each group. None of the partici-
pants had prior experience with psychoacoustic tasks or
with musical practice, except as part of their cursus in
primary school. All participants had normal hearing, as
defined by audiometric pure tone absolute thresholds
below 20 dB HL at octave frequencies between 500 and
8000 Hz. The study was conducted in accordance with
the ethical guidelines of Aix-Marseille University and
y et al.: Psychoacoustic Training: Pre-Attentive Processing 2005
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with the Helsinki declaration. All participants were paid
for their participation. They signed an informed consent
document, and they were told that they could stop the
experiment at any moment if they felt uncomfortable.

Stimuli

Harmonic complex sounds. The standard stimulus
had a fo of 195 Hz and a duration of 326 ms. Three pitch
deviant stimuli were created by increasing the fo (using the
Praat software; Boersma & Weenink, 2001) to 235 Hz for
large deviant stimuli (+40 Hz, 20% increase), to 215 Hz
for intermediate deviant stimuli (+20 Hz, 10% increase)
and to 200 Hz for small deviant stimuli (+5 Hz, 2%
increase). Harmonic sounds were played at an intensity
level of 60 dB.

Syllables. The standard stimulus /ba/ had a fo of 195
Hz, a vowel duration of 326 ms, and a VOT of −74 ms
(total duration of 400 ms). Similar to harmonic sounds,
three pitch deviants were created by increasing the fo
(using Praat) to 235 Hz for large deviants (+40 Hz, 20%
increase), to 215 Hz for intermediate deviants (+20 Hz,
10% increase), and to 200 Hz for small deviants (+5 Hz,
2% increase), while leaving VOT and vowel duration with
the same values as for the standard stimulus. Syllables
were played at an intensity of 60 dB.

Procedure. For pre- and posttraining sessions, see
Figure 1. Participants were involved in a longitudinal
pretraining–training–posttraining procedure. In the pretrain-
ing session, participants performed several psychometric
tests, phonological categorization tasks, psychoacoustic tests
to measure pitch and intensity thresholds, and the MMN
experiment. Half of the participants (FG) were trained on
pitch discrimination, and the other half were trained on
intensity discrimination (IG) within three psychoacoustic
sessions over 2 weeks, on Days 2, 3, and 4 (three sessions at
least 1 day apart), each lasting for 50 min (total training
time 2.5 hr). The posttraining session (on Day 5) included
the same tests as in the pretraining session together with
novel word learning, matching, and semantic tasks. Here,
we focus on the measure of the acoustic thresholds to
ensure that psychoacoustic training showed the expected
effects and on the MMN experiments to test for pre- versus
posttraining differences.

Psychoacoustics. The psychoacoustical procedure to
measure acoustic thresholds based on the Just Noticeable
Difference (JND) method is described in detail in
Barbaroux et al. (2021). Discrimination thresholds were
measured using a two-interval, two-alternative forced-
choice procedure with complex sounds. On each trial, two
tones, the standard tone and the comparison tone, were
presented in random order. In different blocks, tones var-
ied in frequency (standard tone fo 195 Hz + Δf Hz) or in
intensity (standard tone intensity 60 dB + Δi dB). If the
2006 Journal of Speech, Language, and Hearing Research • Vol. 65 •
first tone was higher than the second tone, participants in
the FG were asked to press the left key, and if the second
tone was higher than the first tone, they were asked to
press the right key. Instructions were similar in the IG (if
first tone was louder than the second tone, press the left
key; if the second tone was louder than the first tone,
press the right key). Pitch and intensity thresholds were
measured in both the frequency and intensity training
groups, and the order of the pitch and intensity discrimina-
tion tasks was counterbalanced across participants. A two-
down, one-up procedure was used to estimate the frequency
or intensity difference that corresponded to the 70% correct
point on the psychometric function (Levitt, 1971).

MMN. Participants watched a self-selected silent
movie displayed on a DVD-player screen, while complex
harmonic sounds or syllables were presented binaurally
through headphones (Sennheiser, HD600). They were told
not to pay attention to the harmonic sounds or to the sylla-
bles that were presented in two different blocks lasting for
12.2 min each. A total of 1,200 stimuli were presented
within each block, with 840 repetitions of the standard
sound (including 15 consecutive standard sounds at the
beginning of each block) and 120 repetitions (i.e., 10% of
occurrence) of each deviant sound (large, intermediate, and
small). Stimulus onset asynchrony was 600 ms.

EEG Data Acquisition

The EEG was continuously recorded at a sampling
rate of 512 Hz from 32 active Ag-AgCl electrodes (Bio-
semi Pintype) located at standard position of the Interna-
tional 10/20 System (Jasper, 1958) using Biosemi ampli-
fiers (Biosemi Active 2, Amsterdam, the Netherlands).
Flat-type active electrodes were placed on the left and
right mastoids as well as on the nose (reference elec-
trodes). The electrooculogram was recorded from elec-
trodes placed 1 cm to the left and right of the external
canthi (to record horizontal ocular movements) and from
an electrode beneath the left eye (for blinks). Electrode
impedance was kept below 5 kΩ.

EEG data from nine electrodes (F3, Fz, F4, C3, Cz,
C4, P3, Pz, and P4) were analyzed using the Brain Vision
Analyzer software (Version 1.05.0005; Brain Products,
München, Germany). All data were rereferenced offline to
the average of the left and right mastoids, filtered with a
0.1- to 40-Hz bandpass filter (12 dB/oct) and a notch filter
at 50 Hz. Independent component analysis and inverse
independent analysis were computed to remove compo-
nents associated to horizontal and vertical eye movements.
Recordings were segmented into 600 ms epochs (including
a 100-ms baseline), time locked to stimulus onset. Direct
current detrend and baseline corrections were applied to
the segmented EEG signal, in addition to automatic
removal of epochs containing artifacts (electrical activity
2003–2015 • May 2022
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exceeding ± 75 μV around the baseline). Epochs were
averaged within each condition to obtain individual aver-
ages and then averaged together across participants to
obtain the grand average. Finally, the MMN and P3a
components were computed for each participant by sub-
tracting the ERPs to the standard stimulus from the ERPs
to the deviant stimuli and then averaged together across
participants to obtain mean difference waves.

Statistical Analyses

Because of a high level of noise in the EEG, four
participants (two in each group) were excluded from
the analyses, leaving 12 participants in each group. For
both harmonic sounds and syllables, we analyzed the
amplitude and latency of the MMN and P3a compo-
nents using analysis of variance (ANOVA), computed
with JASP (version 0.14.1; JASP Team, 2020). For har-
monic sounds, the ANOVA included group (FG or IG)
as a between-subjects factor and session (pre- vs. post-
test), deviant stimuli (large, intermediate, or small),
laterality (left, midline, and right) and anterior–
posterior dimension (frontal, central, and parietal) as
within-subject factors. For syllables, the MMN and the
P3a components were only observed in response to
large deviant stimuli. For the intermediate and small
deviant stimuli, the MMN was not significantly differ-
ent from zero. Consequently, ANOVA was only per-
formed for large deviant stimuli, and they included
group (FG or IG) as a between-subjects factor and ses-
sion (pre- vs. posttest), laterality (left, midline, and
right), and anterior–posterior dimension (frontal, cen-
tral, and parietal) as within-subject factors. For each
component of interest (i.e., MMN and P3a) and for
each participant, the latency and maximum of ampli-
tude (peak amplitude) were automatically detected in a
latency range previously chosen based on averaged
traces and visually checked for each participant (MMN
to complex sound: 130–230 ms and MMN to syllables:
190–220 ms; P3a to complex sound: 250–350 ms and
P3a to syllables: 290–330 ms). For each component, the
mean amplitude was computed in a 20-ms latency band
around the peak.
Results

Behavioral data. These results were presented in the
study of (Barbaroux et al., 2021).

Pitch discrimination task. Overall, the between-
groups difference was not significant (main effect of
group: F < 1), but pitch thresholds decreased from pre-
training (2.44 Hz) to posttraining (0.73 Hz, Tukey HSD,
p = .001) in the pitch group, with no significant effect in
Fre
the IG (pre: 2.37 Hz; post: 1.84 Hz; Tukey HSD: p = .55;
Group × Session interaction, F(1,24) = 4.57, p = .04).

Intensity discrimination task. Overall, the between-
groups difference was not significant (main effect of
group: F < 1), but intensity thresholds decreased from pre-
session (1.34 dB) to postsession (0.98 dB; p = .001) in the IG,
with no significant effect in the pitch group (pre: 1.23 dB;
post: 1.17 dB; p = .55; Group × Session interaction: F(1,24) =
6.52, p = .02).
Electrophysiological MMN and P3a
Component

Harmonic Sounds

Results for harmonic sounds in the frequency and
intensity training groups are illustrated on Figures 2 and 3,
respectively.

MMN Mean Amplitude
The MMN was larger frontally (−2.27 μV) than

centrally (−1.83 μV) than parietally (−1.09 μV; main
effect anterior–posterior: F(2,44) = 96.54, p < .001, η2 =
.11 post hoc tests, all p < .001). MMN was also larger to
large (−2.65 μV) than to intermediate (−1.32 μV) than to
small deviants (−1.21 μV; main effect of deviant:
F(2,44) = 54.91, p < .001, η2 = .21).

As expected based on our specific hypothesis, MMN
was larger posttraining (−1.92 μV) than pretraining (−0.53
μV), main effect pre–post: F(1,22) = 4.34, p < .049, η2 =
.02. However, results revealed no between-groups differ-
ence (main effect of group: FG = −1.64 μV and IG = −1.82
μV, F < 1) and no Group × Pre–Post interaction (F < 1).
The Group × Pre–Post × Anterior–Posterior interaction was
significant, F(2, 44) = 4.17, p < .022, η2 = .001, but post hoc
tests did not reveal any effect of interest.

Preplanned pairwise comparisons were conducted to
compare mean MMN amplitude pre- versus posttraining for
each group (FG and IG) and for large and intermediate devi-
ant stimuli. The MMN to large deviant harmonic sounds was
larger posttraining than pretraining after frequency training
only (t = −2.37, p < .021, d = −0.84). This difference was not
significant after intensity training. Preplanned pairwise com-
parisons for intermediate deviants did not reach significance.

MMN Peak Latency
The main effect of anterior–posterior was not signifi-

cant (F < 1). However, and as expected, MMN latency was
shorter to large (140 ms) than to intermediate (158 ms) than
to small deviants (201 ms; main effect of deviant = F(2,44) =
174.08, p < .001, η2 = .57: post hoc tests: all p < .001).

As expected based on our specific hypothesis, MMN
peak latency was shorter posttraining (163 ms) than
y et al.: Psychoacoustic Training: Pre-Attentive Processing 2007
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Figure 2. Difference waves for harmonic sounds in the frequency training group. Difference waves computed at frontal (Fz), central (Cz), and
parietal sites (Pz) are overlapped preperceptual training (light black lines) and postperceptual training (light red lines) for large, intermediate,
and small frequency deviant sounds. In this and subsequent figures, time in milliseconds is in abscissa and the amplitude of the effects in
microvolt is in ordinate. Time zero corresponds to harmonic sound and syllables onset, and negativity is plotted upward. MMN = mismatch
negativity.
pretraining (169 ms); main effect pre–post: F(1,22) = 6.16,
p < .021, η2 = .008. However, results revealed no between-
groups difference (FG = 166 ms and IG = 167 ms; main
effect of group: F < 1). The Group × Pre–Post interaction
was not significant, F(1,22) = 2.56, p < .12.

P3a Mean Amplitude
P3a was larger frontally (0.58 μV) and centrally

(0.53 μV) than parietally (0.26 μV; main effect anterior–
posterior = F(2,44) = 18.07, p < .001, η2 = .021, post hoc
tests: both p < .001). P3a amplitude was also larger to large
(0.81 μV) and to intermediate (0.57 μV) than to small devi-
ants (−0.01 μV; main effect of deviant = F(2,44) =
16.23, p < .001, η2 = .12; post hoc tests, both p < .001).

As expected based on our specific hypothesis, P3a
was larger posttraining (0.69 μV) than pretraining (0.23
μV); main effect pre–post: F(1,22) = 16.78, p < .001, η2 =
.056, across all scalp sites (Pre–Post × Anterior–Posterior:
F < 1). However, results revealed no between-groups dif-
ference (FG = 0.40 μV and IG = 0.52 μV, F < 1; main
effect of group: F < 1). The Group × Pre–Post interaction
2008 Journal of Speech, Language, and Hearing Research • Vol. 65 •
and the Group × Pre–Post × Laterality interaction were
not significant, F(1,22) = 1.34, p = .26 and F(2, 44) = 1.60,
p < .21. The Group × Pre–Post × Anterior–Posterior inter-
action was significant, F(2,44) = 3.30, p = .05, η2 = .003,
but post hoc tests did not reveal any effects of interest.

Finally, preplanned pairwise comparisons showed
that P3a amplitude was larger posttraining than pre-
training in the FG only for large deviants (d = .63, t =
2.40, p < .019) and in both groups for intermediate devi-
ants (FG: d = .91, t = 3.48, p < .001, and IG: d = .52,
t = 1.98, p < .05).

P3a Peak Latency
The main effect of anterior–posterior was not signifi-

cant, F(2,44) = 2.19, p < .124. P3a latency was shorter to
large (259 ms) than to intermediate (278 ms) than to small
deviants (297 ms; main effect of deviant = F(2,44) =
26.87, p < .001; post hoc tests: all p < .001).

As expected based on our specific hypothesis, results
showed that P3a latency was shorter posttraining (268 ms)
than pretraining, 287 ms; main effect of pre–post:
2003–2015 • May 2022
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Figure 3. Difference waves for harmonic sounds in the intensity training group. Difference waves computed at frontal (Fz), central (Cz), and
parietal sites (Pz) are overlapped preperceptual training (light black lines) and postperceptual training (light red lines) for large, intermediate,
and small frequency deviant sounds. MMN = mismatch negativity.
F(1,22) = 30.99, p < .001, η2 = .062). However, results
revealed no between-groups difference (GF = 277 ms and
GI = 279 ms; main effect of group: F < 1). The Group ×
Pre–Post interaction was not significant (F < 1).

Syllables

Results for syllables in the frequency and intensity
training groups are illustrated on Figures 4 and 5, respec-
tively. As no clear MMN was elicited by small or interme-
diate deviant syllables, analyses were only performed for
large deviant syllables.

MMN Mean Amplitude
The MMN was larger frontally (−1.51 μV) and cen-

trally (−1.43 μV) than parietally (−0.94 μV; main effect
anterior–posterior: F(2,44) = 19.68, p < .001, η2 = .05,
post hoc tests, both frontal and central significantly larger
than parietal (p < .001) and frontal not different from cen-
tral, p < .45). Moreover, results of post hoc tests showed
that only in the FG and in the pretesting session, the
MMN was larger at frontal than at parietal electrodes
Fre
(p < .001; Group × Pre–Post × Anterior–Posterior inter-
action: F(2,44) = 4.76, p < .035, η2 = .01). The Group ×
Pre–Post × Laterality × Anterior–Posterior interaction
was also significant, F(2,44) = 3.07, p < .035, η2 = .001,
but none of the post hoc analyses revealed any signifi-
cant results.

Results of preplanned pairwise comparisons were
not significant.

MMN Peak Latency
The main effect of anterior–posterior was signifi-

cant, F(2,44) = 5.39, p < .02, η2 = .03): The peak latency
of the MMN was shorter parietally (202 ms) than fron-
tally (213 ms; t = 3.27, p < .006). None of the other main
effects or interactions reached significance.

P3a Mean Amplitude
Only the Pre–Post × Laterality × Anterior–posterior

interaction, F(4,88) = 3.44, p < .02, η2 = .01, was sig-
nificant, but none of the post hoc tests reached signifi-
cance. In contrast to our hypothesis, results of pre-
planned pairwise comparisons showed that P3a
y et al.: Psychoacoustic Training: Pre-Attentive Processing 2009
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Figure 4. Difference waves for syllables in the frequency training group. Difference waves computed at frontal (Fz), central (Cz), and parietal
sites (Pz) are overlapped preperceptual training (light black lines) and postperceptual training (light red lines) for large, intermediate, and
small frequency deviant syllables. MMN = mismatch negativity.
amplitude was larger posttraining than pretraining in
the IG only (d = .63, t = 2.43, p < .023) and that the
FG and IG were significantly different pretraining (d =
−.71, t = −2.01, p < .04).

P3a Peak Latency
Results revealed no significant difference of interest.
Discussion

The aim of this experiment was to use a longitudinal
test–training–retest procedure to determine whether short-term
psychoacoustic training on the frequency or intensity attri-
bute of harmonic sounds (in two different groups of non-
musician participants) causally influenced the pre-attentive
perception of harmonic sounds and of syllables varying in
frequency. We recorded the brain electrical activity, and we
compared the MMN and P3a component with large, inter-
mediate, and small deviant stimuli pre- versus posttraining.
In line with our hypothesis, results for harmonic sounds
showed that the amplitude of both the MMN and P3a to
large deviant stimuli were positively influenced by fre-
quency training but not by intensity training, thereby
evidencing near transfer effects. By contrast, no clear far
2010 Journal of Speech, Language, and Hearing Research • Vol. 65 •
transfer effect was found for syllables, thereby possibly
showing limits to transfer effects. These results are dis-
cussed below.

Harmonic Sounds

In line with previous results (Näätänen et al., 2004;
Tervaniemi et al., 2005), the MMN and P3a measured in
our experiments showed the typical frontal-larger-than-
parietal scalp distribution. Moreover, in line with our spe-
cific hypothesis based on the study by Tervaniemi et al.
(2005), both MMN and P3a amplitude and latency were
larger/shorter to large than to intermediate than to small
deviant sounds. Thus, these results demonstrated more
efficient pre-attentive processing of harmonic sounds as a
function of deviant size, with large changes in frequency
between deviant and standard sounds (+40 Hz, 20%
increase) generating stronger automatic MMN responses
than intermediate (+20 Hz, 10% increase) and small (+5
Hz, 2% increase) frequency differences.

Most importantly, results for harmonic sounds
revealed that both the MMN and P3a amplitude and
latency were larger/shorter post than pretraining. In line
with previous findings (e.g., Lappe et al., 2008, 2011), the
present results showed that the MMN is a good index of
2003–2015 • May 2022
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Figure 5. Difference waves for syllables in the intensity training group. Difference waves computed at frontal (Fz), central (Cz), and parietal
sites (Pz) are overlapped preperceptual training (light black lines) and postperceptual training (light red lines) for large, intermediate, and
small frequency deviant syllables. MMN = mismatch negativity.
brain plasticity. In the Lappe et al. (2008) experiment,
nonmusician participants were trained either to play short
musical sequences on the piano or to simply listen to these
musical sequences to decide whether they were played cor-
rectly or not. In both groups, training was spread over
2 weeks with eight sessions of 25 min each, amounting to
a total training time of around 3 hr, similar to the present
experiment. The amplitude of the MMN recorded using
MEG (MMNm) was enhanced posttraining compared
with pretraining with larger MMN enhancement in the
group that played compared with the group that only lis-
tened to the melodies, thereby showing that multimodal
sensorimotor training induced stronger brain plasticity
than auditory training only.

Evidence for Near Transfer Effects on the
Pre-Attentive Processing of Large
Frequency Deviant Stimuli

Results of preplanned comparisons confirmed one of
our main hypotheses: The pre-attentive processing of large
frequency deviant stimuli, as reflected both by MMN and
P3a amplitude, was enhanced posttraining in the fre-
quency training group but not in the intensity training
group. This result is in line with the measures of pitch
Fre
thresholds showing a significant decrease from pretraining
(2.44 Hz) to posttraining (0.73 Hz) in the FG but not in the
IG (pre: 2.37 Hz and post: 1.84 Hz). Thus, a few hours of
frequency training (around 2.5 hr over 2 weeks) allowed
both to significantly decrease pitch discrimination thresholds
in the FG and to enhance MMN and P3a amplitude to
large frequency deviants (40 Hz, 20% increase).

However, in contrast to our hypothesis, neither the
main effect of group nor the Group × Pre–Post interac-
tion was significant. Moreover, results for intermediate
frequency deviants (20 Hz, 10% increase) showed no train-
ing effect on MMN amplitude, but P3a amplitude was
larger posttraining than pretraining in both groups. Thus,
while the duration of psychoacoustic training was possibly
too short to specifically influence the automatic processing
of relatively small changes in frequency, as reflected by the
MMN, the general process of involuntary orientation of
attention toward the deviant stimuli, as reflected by P3a
amplitude, was enhanced by psychoacoustic training, inde-
pendently of whether training was focused on frequency or
on intensity (see Amitay et al., 2006, for similar results).

The finding that frequency training enhanced the
MMN to large but not to intermediate deviant stimuli is
surprising in view of the pitch thresholds reported above,
y et al.: Psychoacoustic Training: Pre-Attentive Processing 2011
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showing that after frequency training, participants detected
frequency differences smaller than 1 Hz (0.73 Hz). Interest-
ingly, Tervaniemi et al. (2005) found similar results in an
experiment in which they presented a sequence of sounds
that included standard stimuli and large, intermediate, and
small frequency deviant stimuli. In one condition, partici-
pants, musicians and nonmusicians, were asked to detect
the changes in frequency (attend condition). Results showed
that musicians outperformed nonmusicians when the fre-
quency deviant stimuli were difficult to detect. Nevertheless,
and in line with our pitch threshold results, nonmusicians still
reliably detected small 0.8% (4 Hz higher than the standard
stimulus) and 2% (11 Hz higher than the standard stimulus)
frequency changes between deviants and standard sounds. In
the unattended condition, participants read a book while the
same sequence of sounds was presented. In this condition, no
significant difference was found between musicians and non-
musicians either in MMN or in P3a amplitude. Thus, while
clear effects of music training in the Tervaniemi et al. (2005)
experiment and of psychoacoustic training in our experiment
were found when participants focused attention on the sound
sequence and processed the sounds at the attentive level, train-
ing effects were not as strong at the pre-attentive level, when
the sounds were automatically processed.

In sum, results for harmonic sounds showed that
while psychoacoustic training was very efficient in decreas-
ing pitch discrimination thresholds when the task required
focused attention, the near transfer effect at the pre-
attentive level of sound processing was only reliable for
large changes in frequency. An obvious perspective for
future research would be to determine whether stronger
training effects at the pre-attentive level would develop
with increased duration of psychoacoustic training.

Syllables

Because results showed no clear MMN and P3a
component to intermediate and small deviant syllables,
only the MMN and P3a to large deviant syllables were
analyzed. In line with previous results, MMN amplitude
was larger fronto-centrally than parietally (Escera et al.,
2000; Näätänen et al., 2004; Tervaniemi et al., 2005), but
MMN peak latency was shorter parietally than frontally.
This unexpected result is possibly linked to the MMN not
being clearly identifiable at parietal sites, at least in the
frequency training group.

No Evidence for Far Transfer Effects on
Pre-Attentive Syllabic Processing

Results revealed a significant Group × Pre–Post ×
Anterior–Posterior interaction. However, results of post
hoc tests showed that the MMN was larger at frontal than
at parietal electrodes in the FG in the pretesting session
only but not posttraining as expected. Thus, in contrast to
2012 Journal of Speech, Language, and Hearing Research • Vol. 65 •
our main hypothesis, results for syllables showed no signif-
icant effect of frequency training on MMN amplitude
even for large frequency deviant syllables. Furthermore,
results of preplanned comparisons showed that P3a ampli-
tude was larger post- than pretraining in the IG only, but
between-groups differences before training precluded to
make strong inferences from these data.
General Discussion

In sum, results showed no far transfer effects from
attentive psychoacoustic training on the frequency of har-
monic sounds to the pre-attentive processing of the fre-
quency of syllables. How can we account for this finding?
Clearly, no strong conclusion can be drawn from a null
result that implies accepting the null hypothesis (no between-
groups differences). Nevertheless, because we found evidence
for near transfer effects for large harmonic deviant sounds
using the same procedure, it is of interest to speculate on
the reasons why no far transfer effects were found for
syllables.

First, the frequency differences between standard
syllables and intermediate and small deviant syllables were
clearly too small to generate reliable MMNs, and the
amplitude of the MMN to large deviant syllables was also
relatively small. For comparison purposes, we used the
same deviance size values for syllables as for harmonic
sounds. However, deviance size was obviously perceived
differently at the pre-attentive level in both types of stim-
uli, possibly allowing for transfer of training effects to be
found for large harmonic deviant sounds but not for sylla-
bles. This interpretation is in line with the observation
that pitch variations are clearly more fine-grained in music
than in speech (Patel, 2008; Schön et al., 2004). Thus,
while we used the same frequency values with potentially
different pitch perception thresholds for harmonic sounds
and syllables, it would be of interest in future studies to
examine training effects while equating pitch perception
thresholds for both types of stimuli.

Second, the duration of frequency or intensity train-
ing (total 2.5 hr over 2 weeks) was possibly long enough
to favor near transfer effects to large harmonic deviant
sounds but too short to allow for far transfer effects to
syllables. An obvious perspective for future research is to
train participants for a longer duration to test for this
interpretation.

Third, it is also possible that we found no far trans-
fer effects because there is no shared processing of fre-
quency in harmonic sounds and in syllables. For instance,
previous results have shown that the level of performance
in psychoacoustic tasks requiring frequency discrimination
was unrelated to speech perception abilities (e.g., Boebinger
et al., 2015; Surprenant & Watson, 2001). However, as
2003–2015 • May 2022
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reviewed in the introduction, other results point to the posi-
tive influence of enhanced sensitivity to acoustic parameters
in musicians on various aspects of speech perception
(Delogu et al., 2010; Elmer et al., 2012; Lima & Castro,
2011; Wong et al., 2007). For instance, musicians, whether
adults (Schön et al., 2004) or children (Magne et al., 2006),
were more sensitive than nonmusicians to changes in the
fundamental frequency of final sentence words, and this dif-
ference was reflected in the amplitude of their brain
responses. Moreover, in a subsequent study, Moreno et al.
(2009) used a longitudinal approach with nonmusician chil-
dren to demonstrate that music training was indeed the
cause of these differences. Nevertheless, it may be that
music or frequency training has not the same impact when
tested on low-level speech units, as syllables, and on large
units such as words embedded in sentences (but see below).

Fourth, and as noted for harmonic sounds, transfer
effects are possibly more difficult to evidence at the pre-
attentive than at the attentive level of processing. This
may be even more difficult for far than for near transfer
effects. As mentioned above, this experiment was part of a
larger project that included a phonological categorization
task of Thai monosyllabic words based on pitch as well as
a matching task and a semantic task. Results in these
attentive tasks showed that participants were faster to cat-
egorize Thai monosyllabic words based on pitch after than
before frequency training, with no significant differences
after intensity training. Participants trained in frequency
also made significantly fewer errors than participants
trained in intensity when deciding that picture–word pairs
matched or mismatched previously learned associations
(Barbaroux et al., 2021). Therefore, in line with the
bottom-up hypothesis described in the introduction, these
results provided evidence that short-term psychoacoustic
training with harmonic sounds positively impacted higher
level of speech categorization and the learning of new
associations when attention is focused on the task. Taken
together, these results revealed fast transfer effects with
short-duration low-level acoustic training when the task
requires the attentive processing of speech sounds, but no
transfer effects at the pre-attentive, automatic level of
speech processing in the same time frame.

Limitations and Conclusions
Taken together, results of this experiment showed

some evidence for near transfer effects of frequency training
on the processing of large frequency deviant harmonic
sounds but no evidence for far transfer effects on the pro-
cessing of syllables, thereby showing some limits to transfer
effects. As mentioned above, a first limitation is the short
duration of psychoacoustic training that possibly impeded
stronger near and far transfer effects. A second limitation
rests on the choice to equate harmonic and syllabic deviant
stimuli based on frequency rather than on pitch detection
Fre
thresholds. It will be of interest to overcome these limita-
tions in future studies to better understand the various fac-
tors that influence transfer effects from low-level auditory
abilities to higher levels of speech perception.
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