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Abstract: Older children are more successful at producing unfamiliar, non-native speech sounds than
younger children during the initial stages of learning. To reveal the neuronal underpinning of the age-
related increase in the accuracy of non-native speech production, we examined the developmental
changes in activation involved in the production of novel speech sounds using functional magnetic res-
onance imaging. Healthy right-handed children (aged 6–18 years) were scanned while performing an
overt repetition task and a perceptual task involving aurally presented non-native and native syllables.
Productions of non-native speech sounds were recorded and evaluated by native speakers. The mouth
regions in the bilateral primary sensorimotor areas were activated more significantly during the repeti-
tion task relative to the perceptual task. The hemodynamic response in the left inferior frontal gyrus
pars opercularis (IFG pOp) specific to non-native speech sound production (defined by prior hypothe-
sis) increased with age. Additionally, the accuracy of non-native speech sound production increased
with age. These results provide the first evidence of developmental changes in the neural processes
underlying the production of novel speech sounds. Our data further suggest that the recruitment of
the left IFG pOp during the production of novel speech sounds was possibly enhanced due to the mat-
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uration of the neuronal circuits needed for speech motor planning. This, in turn, would lead to
improvement in the ability to immediately imitate non-native speech. Hum Brain Mapp 35:4079–4089,
2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Learning to speak a new language usually requires
acquisition of skills to verbally produce non-native (L2)
speech sounds. Childhood is known to be the best time in
life to acquire L2 speech sounds. However, several behav-
ioral studies have shown that adults can produce L2
speech sounds more accurately than children can in the
early stage of learning L2 [Aoyama et al., 2004; Oh et al.,
2011]. Furthermore, the other studies have reported that
older children are more successful at producing L2 speech
sounds than younger children are during the initial stages
of learning, until after about 4–5 months of immersion
exposure [Garc�ıa and Garc�ıa, 2003; Olson and Samuels,
1973; Snow and Hoefnagel-H€ohle, 1977]. Given the prevail-
ing idea of the advantage for children, especially younger
children in learning pronunciation of L2 speech sounds
[Piske et al., 2001], it is important to understand how and
why the ability to immediately produce L2 speech sounds
evolves as age increases. In this study, we attempted to
reveal the neuronal underpinning of the age-related
increase in the accuracy of L2 speech production in the
early stage of learning. We expected that it may be attrib-
utable to the development of the brain regions involved in
speech production control, such as speech motor planning,
and to the differential recruitment of those brain regions
according to age.

To elucidate the cognitive development of children, a
number of developmental neuroimaging studies have
examined age-related changes in brain activation during
various tasks including language and cognitive control
[Bitan et al., 2007; Booth et al., 2003; Brown et al., 2005;
Bunge et al., 2002; Schapiro et al., 2004; Tamm et al., 2002].
The developmental increase in activation during various
language tasks such as rhyming judgment and single
word generation have been reported in the left inferior
frontal gyrus (IFG) as well as the left temporo-parietal
regions [Bitan et al., 2007; Brown et al., 2005; Schapiro
et al., 2004]. Those age-related increase of the task-specific
activation, especially in frontal regions, have been associ-
ated with a developmental specialization of task-relevant
brain function [Bitan et al., 2007; Brown et al., 2005; Scha-
piro et al., 2004; Tamm et al., 2002]. However, age-related
changes in brain activity during the production of L2
speech sounds have not yet been clarified.

In adults, a number of functional imaging studies have
examined speech production using L1 speech sounds and

found that prefrontal regions, such as the posterior part of
the left IFG (Broca’s area), had a key role in the speech
motor planning for speech production [Bohland and
Guenther, 2006; Guenther et al., 2006; Papoutsi et al., 2009;
Riecker et al., 2008; Soros et al., 2006]. In terms of bilin-
gualism, although L1 and L2 speech production are
hypothesized to recruit the same neural networks, such as
sensorimotor control systems, L2 speech production is less
automatic and efficient than is L1 speech production,
which results in greater activation during L2 than L1 [Sim-
monds et al., 2011a]. Moser et al. [2009] investigated brain
activation during the production of unfamiliar, sublexical
L2 speech sounds in normal adults, focusing specifically
on the left IFG pars opercularis (pOp) and anterior insula
(aIns), two primary areas of damage in apraxia of speech
[Broca, 1865; Dronkers, 1996; Hillis et al., 2004; Mohr et al.,
1978; Nagao et al., 1999; Ogar et al., 2006]. The authors
found greater activation in those regions during the pro-
duction of L2 compared with L1 speech sounds. Therefore,
they hypothesized that the left IFG pOp and aIns are
recruited to a greater extent in L2 speech sounds as unfa-
miliar L2 speech sounds do not exist in one’s repertoire
and require new motor planning. Recently, the greater
activation in the left posterior part of the IFG as well as in
the other sensorimotor regions during L2 speech produc-
tion by adult speakers who became bilingual later in life
has also been confirmed [Simmonds et al., 2011b].

Therefore, the purpose of this study was to identify age-
related changes in brain activation during L2 speech pro-
duction by children as well as to examine age-related
changes in the accuracy of L2 speech production. We used
functional magnetic resonance imaging (fMRI) as well as
voice recordings during fMRI scanning of children aged 6–
18 years. We were primarily interested in the left IFG pOp
and aIns, which have shown greater activation during L2
than L1 speech production in adults [Moser et al., 2009]. We
hypothesized that activation in the left IFG pOp and/or
aIns would increase during the production of novel relative
to that of native (L1) speech sounds and that the accuracy of
L2 speech production would increase with age.

MATERIALS AND METHODS

Participants

Fifty-two healthy, right-handed, native Japanese children
aged 6–18 years participated in these fMRI experiments as
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part of our research project on the brain development of
healthy children [Taki et al., 2011a, 2011b]. Fourteen partic-
ipants were excluded from the analyses: 10 due to exces-
sive head motion (greater than 3� of rotation or greater
than 3 mm of translation) and four due to poor task
performance during the fMRI session (more details are
provided in the Results section). Even after the exclusion
above, there were 18 subjects that still had large move-
ment that was >1� or 1 mm. Then, to eliminate the effect
of the volume with high motion, we adopted a similar
method to the “scrubbing” approach, calculating frame-
wise displacement [Power et al., 2012], which is mentioned
below. However, since 30% of the data from one subject
was excluded, compared to <10% exclusion rate of other
subjects, all data from this subject was excluded for the
study. Thus, the present study included data from 37 par-
ticipants (18 males and 19 females). The age distribution is
shown in Table I. All had normal vision, and none had a
history of neurological or psychiatric illness. Handedness
was evaluated using the Edinburgh Handedness Inventory
[Oldfield, 1971]. All subjects were monolingual Japanese
speakers. Under the Japanese educational system, partici-
pants older than 9 had received English instruction; how-
ever, none had any other significant second-language
exposure (e.g., staying abroad longer than 1 month or
attending foreign-language schools). Written informed
consent was obtained from each participant and a parent.
The study met all criteria for approval by the Institutional
Review Board of the Tohoku University Graduate School
of Medicine.

Stimuli

We used a total of 32 syllables that consisted of a conso-
nant and a vowel (CV) as L2 and L1 speech sound stimuli.
We collected possible CV combinations for the L2 from
several languages (Persian, Korean, Spanish, and French)
that were expected to be unfamiliar to our participants.
We collected possible L1 combinations from Japanese, and
these were expected to be familiar to the participants.
Next, we selected the 16 most “unfamiliar” CVs for L2
(Table II) and the 16 most “familiar” CVs for L1 (Table III)
from the CV combinations by administering questionnaires
to 10 Japanese adult participants (who differed from the
participants in the fMRI experiment) to determine the
extent to which the sounds were dissimilar to Japanese
CVs. We inadvertently included 1 CCV sound in the 16 L2

CVs. Each syllable was spoken by one female and one
male adult native speaker of the language and was
recorded digitally in a soundproof room at a sampling
rate of 44,100 Hz. All sound stimuli were normalized so
that those peak levels were close to 0 dB. The average
length and standard deviation of the speech sounds were
approximately 382 6 106 ms. The average lengths of L2
and L1 were 396 and 368 ms, respectively, which were not
significantly different (P 5 0.30). The speech sounds were
presented through a pair of scanner-compatible head-
phones (Resonance Technology, Northridge, CA, USA)
during MRI scanning.

Tasks and Procedures

To investigate brain activation during the production of
unfamiliar, L2 speech sounds, we conducted a block-
designed fMRI in which participants performed an overt
repetition task. Participants had to listen to a L1 or L2 tar-
get speech sound first (the CV was repeated two times
within a single trial by different speakers) and then overtly
repeat it by attempting to imitate it. To control for the
additional perceptual difficulty of L2 sounds, we also
included a perceptual control task. In this perception task,
participants heard two successive speech sounds from dif-
ferent speakers and had to judge and verbally report
whether the two sounds represented the same syllable.
Here, the use of a discrimination task and the requirement
of a verbal response were intended to maintain the sub-
ject’s attention and control the length of utterances, respec-
tively. Overall, our fMRI experiment comprised a two-by-
two factorial design of language and tasks: repetition in L1
(R1), repetition in L2 (R2), discrimination in L1 (D1), and
discrimination in L2 (D2).

Each task block (20 sec) was followed by a 12-sec rest
period, and consisted of four trials, each of which was 5 sec
in duration. During a trial, two sequential auditory stimuli
(each 0.7 sec) were presented, followed by the participants’
responses (2.1 sec) (Fig. 1). The task of the upcoming trial
(repetition or discrimination) was presented visually to the
participants during each trial. The language of the auditory
stimuli (L1 or L2) was not presented.

In the repetition block, the same two syllables spoken
by different speakers (a male and a female) were pre-
sented sequentially in a trial (Fig. 1a). The order in which
the male/female voices were presented was pseudo-
randomized in each block. In each trial, immediately after
listening to the pair of speech sounds, participants were
asked to overtly repeat the syllable that they had heard,
reproducing the sound’s phonological features as closely
as possible (imitation).

In the discrimination block, two of the same or different
syllables spoken by different speakers were presented
sequentially in a trial (Fig. 1b). The probability of same/
different was 50%. In each trial, participants were asked to
judge whether the pair was phonologically the same by

TABLE I. Age distribution of subjects included in

analyses

Age (years) 7–9 9–11 11–13 13–15 15–17 17–19

Male 3 4 5 4 2 0
Female 3 3 6 6 0 1
Total 6 7 11 10 2 1
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providing a predetermined overt response of “O” or
“Chi,” which are the first syllables of the Japanese words
meaning “same” or “different,” respectively. Overt
responses were used under all conditions to balance task
demands. The predetermined rule of “O/Chi” was easy
for native Japanese speakers to remember.

The use of the two different speakers for each syllable
was intended to highlight the novel phonetic features of
the stimuli rather than such speaker-dependent factors as
tone of voice. Under the R2 condition, participants were
supposed to repeat speech sounds based on their common
phonetic features; under the D2 condition, they were sup-
posed to discriminate speech sounds by determining
whether a common phonetic feature existed.

The voices of the participants during the experiment were
recorded using an MR-compatible noise-cancelling micro-
phone (FOMRI II, Optoacoustics, Israel). To minimize head-
motion-related artifacts, participants’ speech was produced
during the silence between scans (see the next subsection
for further explanation of the sparse scan), and pads were
used to carefully fix participants’ heads in place in the scan-
ner. The production during the silence between scans also
allowed clear recordings of the participants’ utterances.

Image Acquisition

All MRI data were acquired with a 3-T Philips Intera
Achieva scanner. Twenty-six gradient-echo echo planar

TABLE II. Non-native syllables (L2) used in the study

IPA Language Manner Place Voice Vowel

fiu Spanish Nasal Palatal Voiced Oral close back rounded
xa Spanish Fricative Velar Voiceless Oral open central unrounded
ra Spanish Trill Alveolar Voiced Oral open central unrounded
ri Persian Trill Alveolar Voiced Oral close front unrounded
fi Persian Fricative Labiodental Voiceless Oral close front unrounded
Zi Persian Fricative Post alveolar Voiced Oral close front unrounded
dZu Persian Affricate Alveolar/lateral Voiced Oral close back rounded
Çu Persian Fricative Velar Voiced Oral close back rounded
ve Persian Fricative Labiodental Voiced Oral close-mid front unrounded
xe Persian Fricative Velar Voiceless Oral close-mid front unrounded
c’i Korean Fricative Palatal Voiceless Oral close front unrounded
co Korean Plosive Palatal Voiceless Oral close-mid back rounded
vu French Fricative Labiodental Voiced Oral close back rounded
Su French Fricative Post alveolar Voiceless Oral close back rounded
Zu French Fricative Post alveolar Voiced Oral close back rounded
�a French Approximant Uvular Voiced Oral open front unrounded
IPA: International phonetic alphabet

TABLE III. Native syllables (L1) used in the study

IPA Language Manner Place Voice Vowel

ka Japanese Plosive Velar Voiceless Oral open central unrounded
ku Japanese Plosive Velar Voiceless Oral close back/central rounded
ko Japanese Plosive Velar Voiceless Oral close-mid back rounded
sa Japanese Fricative Alveolar Voiceless Oral open central unrounded
so Japanese Fricative Alveolar Voiceless Oral close-mid back rounded
tu Japanese Affricate Alveolar Voiceless Oral close back/central rounded
te Japanese Plosive Dental Voiceless Oral close-mid front unrounded
to Japanese Plosive Dental Voiceless Oral close-mid back rounded
hi Japanese Fricative Palatal Voiceless Oral close front unrounded
he Japanese Fricative Glottal Voiceless Oral close-mid front unrounded
mo Japanese Nasal Bilabial Voiced Oral close-mid back rounded
jo Japanese Approximant Palatal Voiced Oral close-mid back rounded
ru Japanese Flap Alveolar Voiced Oral close back/central rounded
gu Japanese Plosive Velar Voiced Oral close back/central rounded
zu Japanese Affricate Alveolar Voiced Oral close back/central rounded
da Japanese Plosive Dental Voiced Oral open central unrounded
IPA: International phonetic alphabet
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Figure 1.

Time courses of (a) the repetition tasks and (b) the discrimi-

nation tasks. In the repetition task, two of the same syllables

spoken by different speakers (one female and one male)

were presented sequentially in a trial. Participants were

asked to overtly repeat the heard syllable once, reproducing

the sound’s phonological features as much as possible. In the

discrimination task, two of same or different syllables spoken

by different speakers were presented sequentially in a trial.

Participants were asked to judge whether the pair was pho-

netically the same with a predetermined overt response of

“O” or “Chi.” See the Materials and Methods for further

details. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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images (EPI) (echo time 5 30 ms, flip angle 5 90�, slice
thickness 5 4 mm, slice gap 5 1.3 mm, field of view 5

192 mm, matrix size 5 64 3 64, voxel size 5 3 3 3 35.3
mm) covering the entire cerebrum were acquired at a rep-
etition time of 5,000 ms, and 119 EPI volumes were
acquired for each participant. To avoid scanning noise
interference during the perception of audio stimuli and
head motion-related artifacts during utterances, we uti-
lized a sparse scanning technique (acquisition time 5 1.5
sec). It would have been quite difficult for participants to
clearly evaluate unfamiliar phonetic features during image
acquisition. The following preprocessing procedures were
performed using Statistical Parametric Mapping (SPM5)
software (Wellcome Department of Imaging Neuroscience,
London, UK) and MATLAB (MathWorks, Natick, MA):
adjustment of acquisition-timing across slices, head-motion
correction, spatial normalization using the MNI EPI tem-
plate, and smoothing using a Gaussian kernel with a full-
width at half-maximum of 6 mm. Imaging data of subjects
that showed excessive motion (greater than 3� of rotation
or greater than 3 mm of translation) within the scanner
was excluded from statistical analyses.

Evaluation of Participants’ Utterances

Two native speakers (one male and one female) for each
language and speech sound evaluated the participants’
performance in the L2 repetition task. Raters listened to
recorded utterances through a pair of headphones and
rated each utterance for degree of foreign accent by push-
ing one of nine buttons representing a scale ranging from
1 (very strong foreign accent) to 9 (no foreign accent).
Evaluation procedures followed by previous foreign-accent
studies have been reviewed by Piske et al. [2001]. The
evaluation was conducted sound-by-sound. Raters listened
to and judged each participant’s utterances for a certain
sound and then repeated this process twice; the partici-
pants’ utterances were presented in a random order for
each set. The first judgment allowed raters to adapt them-
selves to the evaluation procedures and to determine the
extent of variation in participants’ utterances. Thus, the
scores in the first judgment were not used in the analyses.
An average rating, based on the final two judgments of
the two raters (the male rater and female raters) was
obtained for each utterance. Individual scores for produc-
tion performance (L2 production scores) were computed
by averaging the rates across speech sounds for individual
participants.

Statistical Analyses

A conventional two-level approach for block-design
fMRI data was adopted using SPM5. Voxel-by-voxel multi-
ple regression analyses of the expected signal changes
under each condition (R2, R1, D2, and D1) were
constructed using the hemodynamic response function

provided by SPM5 and applied to the preprocessed
images for each participant. In addition, to remove the
effect of high-motion volumes, we adopted a similar
method to the “scrubbing” approach [Power et al., 2012].
We calculated the frame-wise displacement (FD) [Power
et al., 2012] as an index of head movement. Here, we
defined the high-motion frame as FD > 1.0. To adopt this
approach into fMRI analysis by SPM, we used the binar-
ized FD (0 or 1) as covariates in the first-level statistical
model, instead of physically removing the high-motion
frame. Motion regressors computed from SPM realignment
procedure was not adopted in the model in this study.

Second-level random effects statistical inference on con-
trasts of the parameter estimates was performed using a
one-sample t test. To identify the main effect of the task,
the brain activations during the tasks were contrasted, (R2
1 R1) 2 (D2 1 D1) (i.e., greater activation during the rep-
etition task compared with the perceptual task, regardless
of whether L2 or L1 was involved). To identify the main
effect of language, the brain activations for each language
were contrasted, (R2 1 D2) 2 (R1 1 D1) (i.e., greater acti-
vation in L2 compared with L1, regardless of repetition or
discrimination). To identify the interaction between task
and language, the contrast (R2 2 R1) 2 (D2 2 D1) was
tested (i.e., greater activation during repetition in L2 than
in L1 while controlling for perceptual difficulty). To iden-
tify the region in which activation during the production
of unfamiliar speech sounds [i.e. (R2 2 R1) 2 (D2 2 D1)]
was correlated with age, multiple regression analyses were
conducted, adjusting the performance of tasks (L2 produc-
tion and perceptual task scores for L2 and L1), as covari-
ates, to rule out the possibility that any age effect on
activation derived simply from performance. For the
exploratory whole-brain analyses, the statistical threshold
was set at P < 0.001 for height and corrected to P < 0.05
for multiple comparisons using cluster size, assuming the
entire brain as a search volume.

Second, to identify age-related changes in activation in
the left IFG pOp and aIns, which were previously found
to be activated during production of L2 speech sounds by
adults [Moser et al., 2009], we used a small volume correc-
tion (SVC) [Friston, 1997; Worsley et al., 1996] for those
regions. Small volumes were defined according to the ana-
tomical automatic labeling (AAL) [Tzourio-Mazoyer et al.,
2002]. AAL predefined the left IFG pOp and insula but not
the anterior part of the insula. Thus, we followed the
method developed by Moser et al. [2009], in which they
limited AAL insular volume to the anterior part by com-
bining the Jerne database (http://hendrix.ei.dtu.dk/serv-
ices/jerne/ninf/voi.html) (See Moser et al. [2009] for
details). Focusing on these regions of interest (ROIs), we
performed one-sample t tests (the main effects of task and
language, and the interaction) and multiple regression
analyses, adjusting the performance of tasks as covariates,
to examine the correlation between brain activation and
age. It is reasonable to apply anatomical ROIs based on
studies of adults to children because no significant
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differences in the accuracy of anatomical normalization
exist between adults and children of the age of our sample
[Burgund et al., 2002; Muzik et al., 2000]. In addition to
the a priori ROI (the left IFG pOp and aIns), we also tested
for age-related changes in brain activation during the repe-
tition task relative to the perceptual task in the brain
region (the bilateral sensorimotor area) found to be signifi-
cantly activated during the repetition compared with the
perceptual task according our whole-brain analyses. Func-
tional ROIs were defined by the clusters of activation (R2
1 R1) 2 (D2 1 D1) shown by the statistical threshold of P
< 0.001 and cluster size corrections for multiple compari-
sons, P < 0.05. In all the aforementioned ROI analyses, the
statistical threshold was set at P < 0.001 for height and
corrected to P < 0.05 for multiple comparisons using clus-
ter size with SVC. Finally, as a post hoc analysis, we tested
the correlation between age and brain activation in the
contrast of (R2 2 R1) 2 (D2 2 D1) as well as R2–R1 and
D2–D1 (P < 0.05) at the peak of the cluster (the left IFG
pOp) obtained from the small-volume-corrected ROI anal-
ysis. Brain activation was averaged within the sphere of a
5-mm radius at the peak using the MarsBar ROI tools
[Brett et al., 2002]. Repeated measures of ANCOVA were
used to examine the interaction effect of ROI (the left IFG
pOp and aIns) and age. Here, the center (x 5 234.2, y 5

15.9, z 5 1.68) of mass of the ROI for the left aIns was
used as the center of the sphere of a 5-mm radius.

RESULTS

Behavior

The overt responses recorded during the scan confirmed
that all participants executed all tasks according to the
instructions. In the repetition tasks (R2 and R1), all partici-
pants adequately repeated the speech sounds they heard
with no omission errors. We excluded four participants
(three out of those four subjects from the age range 7–9
years and one from the age range 11–13 years) who per-
formed the discrimination tasks (D2 and D1) poorly (accu-
racy rate for either D2 or D1 <80%) were excluded from
statistical analyses to increase the number of successful tri-
als within blocks. The average of accuracy in D2 and D1
were 90.7 6 6.4% and 95.9 6 5.1%, respectively. The maxi-
mum and minimum accuracy scores were 100% and
81.3%, respectively, in both D2 and D1. The average pro-
duction score in R2 (range 1–9) was 4.8 6 0.8. The maxi-
mum and minimum production scores in R2 were 3.1 and
6.3, respectively. The production score positively corre-
lated with age (r 5 0.48, P 5 0.003; Table IV, Fig. 2). To
check the influence of high leverage points, we also com-
puted the correlation between the production score and
age after excluding one subject from the 17–19 range, and
two from the 15–17 range. The correlation was still signifi-
cant (r 5 0.403, P 5 0.018). Additionally, we found a
weaker but significant positive correlation between

production score and D2 (r 5 0.34, P 5 0.04) as well as
between age and D1 score (r 5 0.36, P 5 0.03) (Table IV).

Imaging

Brain areas showing significant activation during the
repetition compared with the perceptual task according to
the whole-brain analyses are shown in Table V and Figure
3. The mouth regions in the bilateral primary sensorimotor
areas were activated more significantly during the repeti-
tion task relative to the perceptual task, regardless of input
stimulus (L2 or L1). However, no region showed signifi-
cant activation or either a main effect of language or a task
3 language interaction. Voxel-based whole-brain linear
regression analyses showed no significant correlation
between age and the main effects and interaction.

In the small-volume-corrected ROI analyses, we found a
significant positive correlation between the brain activation
in the left IFG pOp associated with L2 speech sound pro-
duction in the contrast (R2 2 R1) 2 (D2 2 D1) and age
(Fig. 4, Table VI). The mouth region of the bilateral pri-
mary sensorimotor area, which was implicated in the main
effect of repetition, did not show a significant correlation

Figure 2.

Relationship between the production score for L2 speech

sounds and age (r 5 0.48, P 5 0.003). A line fitted by linear

regression is also shown.

TABLE IV. Correlation coefficients for L2 production

score, D2 score, D1 score, and age

r (P) D2 score D1 score Age

L2 production score 0.34a (0.04) 0.06 (0.71) 0.48a (0.003)
D2 score – 20.12 (0.47) 20.05 (0.78)
D1 score – – 0.36a (0.03)

aP < 0.05
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between age and activation during the repetition task rela-
tive to the perceptual task.

In the post hoc analyses, we found a significant positive
correlation between age and activation in the left IFG pOp
in the contrast R2–R1 (r 5 0.37, P 5 0.025; Fig. 4c), but not
in the contrast D2–D1 (r 5 20.12, P 5 0.469; Fig. 4d). This
result confirms that the positive correlation between age
and the interaction contrast in the left IFG pOp that was
found in the small-volume-corrected ROI analysis was
attributable to the activation increase for R2 with age, not
D1. To confirm that the possible correlation between head
movement and age did not significantly affect our results,
we computed the session-averaged FD for each subject.
There were no significant correlations between the aver-
aged FD and age (r 5 20.26, P 5 0.12). Repeated meas-
ures of ANCOVA showed a significant main effect of age
(F(1, 35) 5 4.65, P 5 0.038) as well as a significant interac-
tion effect of ROI (the left IFG pOp and aIns) and age
(F(1,35) 5 9.60, P 5 0.004).

DISCUSSION

This is the first study to investigate the developmental
changes in brain activation involved in the production of
L2 speech sounds by children. Consistent with our
hypothesis, activation in the L-IFG pOp during the pro-

duction of L2 speech sounds increased with age even after
adjusting for the performance of tasks as covariates. The
ability to produce L2 speech sounds (L2 production score)
also increased with age. Our results suggest that the left
IFG pOp, which is thought to play a role in speech motor
planning in adults [Bohland and Guenther, 2006; Guenther
et al., 2006; Papoutsi et al., 2009; Riecker et al., 2008; Soros
et al., 2006], become more recruited during the production
of L2 speech sounds with age, possibly due to the devel-
opmental specialization of brain function [Bitan et al.,
2007; Brown et al., 2005; Schapiro et al., 2004; Tamm et al.,
2002] related to speech motor planning.

The difference between the left IFG pOp and the left
aIns in the age-dependency of activation during the pro-
duction of L2 speech sounds provides some insight into
the neural mechanisms underlying improvements in child-
ren’s ability to produce L2 speech. In our study, the left
IFG pOp showed a positive correlation between activation
and age, but the left aIns showed no significant correla-
tion. Moser et al. [2009] suggested that the left aIns facili-
tates the production of new motor plans for speech and
the IFG pOp orchestrates the serial organization of estab-
lished motor plans. Thus, our results may suggest that
older children may combine established motor plans (i.e.,
L1 sounds) promptly and skillfully as a substitute for pro-
ducing L2 speech sounds, whereas younger children may
not be able to do this, which may result in an advantage
for the older children with respect to immediate imitative
L2 speech production [e.g., Snow and Hoefnagel-H€ohle,
1977]. On the other hand, a series of behavioral foreign-
accent studies have shown that children who immigrated
early had less pronounced foreign accents, supporting the
idea that younger children have an advantage over older
children in learning pronunciation [Piske et al., 2001 for
review]. Additionally, behavioral longitudinal studies have
shown that older children do indeed have an initial
advantage compared with younger children but that
younger children eventually surpass older ones, who level
off at a lower level [Aoyama et al., 2004; Oh et al., 2011;
Snow and Hoefnagel-H€ohle, 1977]. Thus, the ability of
older children to promptly and skillfully incorporate a
motor plan into their existing repertoire (i.e., L1), which is
suggested in this study, may not establish the L2 sound
system but may instead interfere with it. According to the
Speech Learning Model [Flege, 1995], younger learners are
more likely to establish new L2 speech sounds. This pro-
posal is based on the hypothesis that as the phonetic units
in the L1 sound system develop, they become greater
attractors of L2 speech sounds, thereby suppressing the
establishment of new phonetic categories for L2 speech
sounds [Aoyama et al., 2004]. This model does not contra-
dict our proposal.

The age-related increased activation during L2 speech
production may be explained by the developmental spe-
cialization not only of speech motor planning but also of
the human mirror neuron system (MNS) during child-
hood. The MNS is thought to be generally involved in the

Figure 3.

Brain areas showing brain activation during a repetition task

compared with a discrimination task. Activation in the bilateral

sensorimotor areas was significantly greater in the repetition

compared to the discrimination tasks.

TABLE V. Local maxima of brain activation in the repe-

tition compared with the discrimination condition

Area
MNI coordinate

(x, y, z) t-value
Cluster
size (ke)

Pre/postcentral gyrus
(sensorimotor area)a

L 248, 26, 24 4.40 46
R 54, 29, 30 4.97 55

aP < 0.001 for height and corrected to P < 0.05 for multiple com-
parisons using cluster size
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imitation of familiar [Iacoboni, 2009; Iacoboni and Dap-
retto, 2006; Iacoboni et al., 1999; Rizzolatti and Craighero,
2004] and, especially, unfamiliar/novel actions [Buccino
et al., 2004; Vogt et al., 2007]. The left IFG pOp, which is
associated with speech motor planning, is also one of the
core MNS circuits in humans [Iacoboni, 2009; Iacoboni and

Dapretto, 2006; Iacoboni et al., 1999; Rizzolatti and Craigh-
ero, 2004]. Although it is still unclear how the human
MNS develops, it has been hypothesized that this system
continues to develop throughout childhood [Kilner and
Blakemore, 2007]. An attractive possibility, therefore, is
that ongoing MNS development, as suggested by the age-
related increased activity in the left IFG pOp, results in the
age-related improvement in unfamiliar speech–sound imi-
tation. It has already been suggested that the MNS may be
the precursor of language [Rizzolatti and Arbib, 1998], and
several studies mention the association between speech
motor planning and the MNS [Guenther et al., 2006], fur-
ther supporting this hypothesis.

There was no significant correlation between age and
the activation during the repetition task relative to the per-
ceptual task in the mouth regions of the bilateral primary
sensorimotor area, which was activated during the repeti-
tion task relative to the perceptual task (Fig. 3). This may
reflect earlier maturation of brain networks subserving

Figure 4.

(a) Increased brain activation in the left inferior frontal gyrus

(IFG) pars oparcularis (pOp) during speech sound production in

L2 compared with L1 [i.e. (R2 2 R1) 2 (D2 2 D1)] as a func-

tion of age via regression analyses. A liberal statistical threshold

was applied for visualization purposes (P < 0.01, uncorrected

for multiple comparisons). The peak of the cluster was P <

0.001 for height and corrected to P < 0.05 for multiple compar-

isons using cluster size with SVC. Relationship of the brain acti-

vation in the left IFG pOp for (b) (R2 2 R1) 2 (D2 2 D1) (r

5 0.47, P 5 0.003), (c) R2–R1 (r 5 0.37, P 5 0.025), (d) D2–

D1 (r 5 -0.12, P 5 0.469) as a function of age. A line fitted by

linear regression is also plotted in (b), (c), and (d).

TABLE VI. Local maxima of brain regions with signifi-

cant positive correlations between brain activation for

(R2 2 R1) 2 (D2 2 D1) and age

Z score
MNI coordinates

(x, y, z) (mm)

Inferior frontal gyrus/pars
opercularisa

L 3.31 251, 6, 9

aP < 0.001 for height and corrected to P < 0.05 for multiple
comparisons using cluster size with SVC
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primary sensorimotor functions for speech production rel-
ative to L2 speech production, which is supported by the
anatomical studies showing that anatomical regions under-
lying primary sensorimotor functions mature first, whereas
higher-order association areas such as the prefrontal cortex
mature later [Gogtay et al., 2004; Sowell et al., 2004]. Booth
et al. [2003] also reported that the brain activation
involved in relatively early matured function showed
smaller developmental difference than relatively late-
matured function, supporting our interpretation. Late mat-
uration of the ability to produce L2 speech sounds may be
reflected in the gradually increased activation in the left
IFG pOp during the production of L2 speech sounds.

This study has at least one limitation. We mainly
focused on the involvement of the left IFG pOp and aIns
with the speech motor process during L2 speech produc-
tion. However, the other processes, such as the perceptual
ability to extract the detailed phonetic features of novel
speech sounds, may also contribute to the L2 production
ability. Although we included the scores of the perceptual
discrimination task into the regression analysis as covari-
ates, it was still possible that those scores did not
adequately represent all of the perceptual abilities neces-
sary for L2 speech production, which may have blurred
the relationships between the L2 production score and
brain activation.

In conclusion, we found that brain activation in the left
IFG pOp during the production of L2 speech sounds as
well as the accuracy of such L2 speech sounds increased
with age. Our current findings suggest that the recruit-
ment of the left IFG pOp during the production of L2
speech sounds was possibly enhanced due to the matura-
tion of the neuronal circuits needed for speech motor plan-
ning. This, in turn, would lead to improvement in the
ability to immediately imitate L2 speech. These data may
help clarify the mechanism underlying age-related differ-
ences in learning a second language.
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