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While the development of speech processing begins early in life, adult-level language proficiency takes a sig-
nificant amount of time to emerge. How children comprehend speech with their immature auditory systems and
how they gradually achieve adult-like language proficiency remains poorly understood. The present study used
Contextual effect magnetoencephalography (MEG) to examine developmental changes during auditory processing of language in
Auditory evoked magnetic fields school-age children and adults at multiple levels of representation. Twenty-one children (ages 7-15 years) and
y g

MEG twenty-five adults (ages 18-40 years) listened to repeated sounds (e.g., “mmm mmm”), one-word sounds (e.g.,
“mmm glass™), and adjective-noun phrases (e.g., “green glass”) and afterwards selected a matching picture at the
end of each trial. Our results show that at the basic sound level, both children and adults exhibited adaptation to
repeated sounds. At the word level, children’s N100m responses to lexicality in the left hemisphere correlated
with their age, suggesting an enhancement in the efficiency of phonological processing with increasing age.
Finally, at the phrase level, children showed increased N400m responses to words in phrasal contexts than to
those without a context in the right temporal lobe. This suggests greater involvement of right hemisphere in
children during phrase-level speech comprehension.

information and at what developmental stage they exhibit adult-like
brain responses. The current study used magnetoencephalography

1. Introduction

Speech comprehension is a complex process, involving sound
detection, word recognition, and integration of multiple words into
larger units such as phrases and sentences. Humans are able to complete
this process within hundreds of milliseconds, even from a very young
age (Kuhl, 2004). However, it takes many years to achieve adult-like
language proficiency in processing speech information (McMurray
et al., 2022). Neuroimaging studies also provide evidence that the
human auditory system does not fully mature until adolescence or early
adulthood (Albrecht et al., 2000; Bishop et al., 2007, 2011; Mahajan and
McArthur, 2012; Sussman et al., 2008). It remains unclear how children,
with their developing auditory systems, comprehend speech

(MEG) to examine developmental profiles of auditory language pro-
cessing across multiple levels of linguistic representations in both
school-age children and adults.

1.1. Slow-developing process of auditory evoked responses

Previous research utilizing neuroimaging techniques such as elec-
troencephalography (EEG) and MEG has demonstrated differences in
brain responses to auditory stimulation between adults and children
(Albrecht et al., 2000; Bishop et al., 2007, 2011; Mahajan and McArthur,
2012; Paetau et al., 1995; Pang and Taylor, 2000; Ponton et al., 2000,
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2002; Sussman et al., 2008; Wunderlich and Cone-Wesson, 2006).
Specifically, compared to adults’ typical P100 (or P50)-N100-P200
auditory complex, children’s most prominent auditory components are
the P100 and N200/N250 responses. It has been shown that the am-
plitudes and latencies of these two components decrease with age,
whereas the N100 component gradually emerges during children’s
development. Studies have indicated that the adult-like N100-P200
complex induced by speech stimuli may not be reliably identified until
the age of 10 (Shibasaki and Miyazaki, 1992). Previous research has also
indicated that most of the early auditory components (e.g., the P100 (or
P50)-N100-P200 complex in adults and the P100 and N200/N250 in
children) are associated with perceptual processing of auditory infor-
mation. Additionally, word-level and sentence-level information are
usually represented in later time windows, such as N400 component. We
have reviewed the relevant auditory components in response to different
levels of linguistic processing in Table 1.

1.2. Experience-related neural changes in language learning

The early evoked responses, such as the N100-P200 complex, are
often used as an indicator of human auditory processing or speech
perception due to their sensitivity to the temporal and physical char-
acteristics of auditory stimuli (Naatanen and Picton, 1987). Previous
studies have indicated that this sensitivity to auditory stimulation is
influenced by experience. For instance, Tremblay et al. (2009) found
that, after six sessions of training (one session per day) in syllabic sound
discrimination, adults showed an amplitude enhancement of the P200
component. Similarly, Brem et al. (2010) observed that, after an 8-week
training in grapheme-phoneme correspondence, young children showed
increased N100 responses, suggesting a role for early evoked responses
in phonological decoding and grapheme-phoneme mapping during early
development. Additionally, research has found similar learning-induced
neural changes in the study of reading acquisition. Using functional
magnetic resonance imaging (fMRI), Monzalvo and Dehaene-Lambertz
(2013) examined the effects of reading acquisition on children’s
spoken language processing by comparing activation differences be-
tween 6-year-old (beginning readers) and 9-year-old (advanced readers)
children during sentence listening. Their findings revealed that, when
listening to the sentences in their native language, 9-year-olds exhibited
increased activation in the visual word form area (VWFA) compared to
6-year-olds, suggesting that greater reading experience reshapes the
spoken language network by recruiting visual regions responsible for
orthographic codes (Yoncheva et al., 2010).

1.3. The present study

The present study aims to examine how children’s spoken language
network changes with increasing language experience, as operational-
ized by age (Monzalvo and Dehaene-Lambertz, 2013). Research has
demonstrated that the auditory system and spoken word recognition
undergo a prolonged developmental trajectory from early childhood
through adolescence (Litovsky, 2015; McMurray et al., 2022; Moore and
Linthicum, 2007). These findings motivated the current study to inves-
tigate age-related changes in auditory processing throughout children’s
development (ages 7-15 years in this study). Previous research on
auditory development has primarily focused on individual level of
processing, such as sound perception, word recognition, or sentence
comprehension (see the summary in Table 1). Few studies have sys-
tematically examined developmental changes in language processing at
multiple levels (but see Kolozsvari et al. (2021)). Additionally, the
developmental profile of children’s N100 response is less characterized
due to its slow maturation and temporal overlap with other dominant
auditory components, such as P100 and N200/N250. In the current
study, we employed a recently developed data-driven approach to
identify components in the sequence of auditory evoked responses
(Bruzzone et al., 2021; Haumann et al., 2020) and examined children’s
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and adults’ auditory components in response to sound-, word-, and
phrase-level information. Furthermore, previous studies investigating
hemispheric differences in language processing have yielded mixed re-
sults during children’s development (Berl et al., 2014; Holland et al.,
2007; Kadis et al., 2011; Olulade et al., 2020; Szaflarski et al., 2006a,b;
Weiss-Croft and Baldeweg, 2015). Therefore, we also investigated the
developmental trajectories of hemispheric asymmetries at different
levels of linguistic processing in children. Previous studies have indi-
cated that the neural generators of auditory components observed at
similar time latencies (e.g., N100) may not be identical between chil-
dren and adults (Pang and Taylor, 2000; Takeshita et al., 2002). Under
this assumption of developmental differences in auditory components,
all of our analyses were conducted separately for each group, with no
direct comparisons between children and adults.

2. Methods
2.1. Participants

Twenty-one children (11 females, mean age: 9.9 years, range: 7-15
years) and twenty-five adults (19 females, mean age: 22.0 years, range:
18-40 years) participated in the study. Participants were recruited from
the New York metropolitan area. They were all English native speakers
with normal hearing and vision (or corrected-to-normal vision) and had
no history of neurological or developmental disorders. Except for one
left-handed adult, all participants were right-handed. A written
informed consent was obtained from all adult participants and the
parents of all child participants, and compensation was provided for
their participation. The study was approved by the New York University
Institutional Review Board and all the methods were performed in
accordance with relevant guidelines and regulations.

2.2. Stimuli and experimental design

The present study used the dataset from one of the four-task protocol
of the NYU Kid-Lang project (https://wp.nyu.edu/neurolinglab/for-par
ents/). The comprehension task consists of three conditions: phrase, one-
word, and baseline. In the phrase condition, 36 adjective-noun phrases
were formed using 6 color adjectives (“black”, “blue”, “green”, “pink”,
“red”, “white”) and 6 object nouns (“comb”, “door”, “glass”, “heart”,
“house”, “sword”). In the one-word condition, the color adjectives were
replaced with a “mmm” sound. The goal of using this “mmm’ sound was
to provide a natural sound arising from the human vocal tract without
initiating lexical access. In the baseline condition, the “mmm” sound was
presented twice (e.g., “mmm mmm”). The sound files, recorded by a
native English speaker, ranged in length from 446 to 615 ms.

In the experiment, all trials from the three conditions (50 trials each)
were presented in a random order. Each trial began with a fixation cross
shown at the center of the screen for 600 ms, followed by a 300-ms blank
screen. Subsequently, two auditory stimuli were presented consecu-
tively, followed by a 600-ms blank screen. Each auditory stimulus
maintained a consistent duration of 875 ms (Fig. 1). In the phrase and
one-word conditions, participants viewed 8 object pictures at the end of
each trial and were asked to select the picture that matched the auditory
stimuli they heard via a button press.

2.3. Data acquisition and preprocessing

Continuous MEG data were acquired using 157-channel axial
gradiometer systems (Kanazawa Institute of Technology, Kanazawa,
Japan), with a sampling rate of 1,000 Hz and an online low-pass filter of
200 Hz. Before the MEG recording, participants’ headshapes were
digitized using a FastSCAN laser scanner (Polhemus, VT, USA) for later
coregistration. Five marker coils were used to localize participants’
heads relative to the MEG sensors. Marker measurements were obtained
before and after the experiment.


https://wp.nyu.edu/neurolinglab/for-parents/
https://wp.nyu.edu/neurolinglab/for-parents/

Table 1
A summary of sensor-level auditory evoked potentials/fields in typically developing school-age children and adults.
Study Method Paradigm/Stimuli Task Native Group Age N Target Component/  Main Findings of Sensor-Level Other Findings
Language Reported or Auditory Evoked Responses
Selected Time
Window
Sound repetition
Karhu et al. EEG e MMN paradigm Passive listening N/A Child 9 42 N100: 124-130 ms [repeated tones] N/A
(1997) e Stimuli: simple tones (unattended) while watching (vertex); 167 ms e N100: decreased amplitude
a silent video (temporal) e N200: increased amplitude
N200: 274 ms
(vertex)
Adult 23-49 16 N100: 107-113 ms [repeated tones] N/A
(vertex) e N100: decreased amplitude
Ruhnau et al. EEG & e Two conditions Passive listening N/A Child 9-10 15 P100(m): 75-105 [repeated tones vs. random tones] [repeated tones vs. random
(2011) MEG presented in separate  (unattended) while watching ms e (MEG) P100m & N200m: no tones] (source ROI analysis)
blocks a silent video N100(m): 90-130 difference e ROL bilateral PAC and

- repetitive tones ms e (EEG) P100: no difference middle STG

- random tones N200(m): 200-240 e (EEG) N100: decreased amplitude e (MEG) N100m: decreased
ms e (EEG) N200: increased amplitude amplitude

Adult 24-34 20 P100(m): 50-80 ms [repeated tones vs. random tones] [repeated tones vs. random
N100(m): 90-130 e (MEG) P100m: no difference tones] (source ROI analysis)
ms e (EEG) P100: increased amplitude e ROL bilateral PAC and
o (EEG & MEG) N100(m): middle STG
decreased amplitude e (MEG) N100m: no difference
Muenssinger MEG e MMN paradigm Passive listening N/A Child 9-11 22 M100: 80-140 ms [repeated tones] N/A
et al. (2013) e Stimuli: simple tones (unattended) while watching e M100: no difference
a silent video Adult 24-35 14 M100: 80-140 ms [repeated tones] N/A
e M100: decreased amplitude
Lexicality effect
MacGregor MEG o Stimuli: Passive listening English Adult 18-35 22 Early time window: [words vs. pseudowords] [words vs. pseudowords]
et al. (2012) - words (unattended) while watching 50-80 ms o All time windows: increased (source analysis)

- pseudowords a silent video Middle time amplitude e Early time window:
window: 110-170 increased amplitude in the
ms bilateral temporal lobes and
Late time window: the left pre-/post-central
320-520 ms cortex

e Middle time window:
increased amplitude in the
right temporal lobe

e Late time window: increased
amplitude in the left IFG, left
STG, and the right ATL

Cheng et al. EEG e Repetition paradigm Indicating whether all three English Adult 18-28 24 P200: 200-300 ms [first item in each trial] N/A
(2014) e Stimuli: items in each trial were the N400: 400-600 ms e Left-frontal P200 amplitude:

- words same words =~ pseudowords <

- pseudowords nonwords

- nonwords o Left hemisphere N400 amplitude:

words > pseudowords ~

nonwords
Caffarra et al. MEG o Stimuli: One-back task: pressing a Basque- Child 4-8 30 Early time window: [words vs. scramble sounds] N/A
(2017) - words button when the current Spanish 0-200 ms e Early time window: decreased

- scramble sounds

Phrase- & Sentence-level processing

stimulus was identical to the
previous one

Late time window:
300-700 ms

amplitude
e Late time window: increased
amplitude

(continued on next page)
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Table 1 (continued)

Study Method Paradigm/Stimuli Task Native Group Age N Target Component/  Main Findings of Sensor-Level Other Findings
Language Reported or Auditory Evoked Responses
Selected Time
Window
Holcombetal.  EEG e Conditions: Indicating whether the English Child 5-26(split 130  P50: 0-100 ms [anomalous vs. best completions] N/A
(1992) - best completions sentence made sense & into ten N100: 90-200 ms e N400 & Late N400: amplitude
(grammatical Adult age P250: 200-500 ms differences reduced with age
sentences) groups) N400: 300-500 ms
- anomalous Late N400: 500-800
completions ms
(semantic
violations)
Hahne et al. EEG e Conditions: Grammaticality judgment German Child Five age 102  Early time window: [syntactic violations vs. N/A
(2004) - grammatical groups: 100-300 ms grammatical]
sentences 6,7,8,10, Middle time e Early time window: 13-year-olds
- semantic violation 13 window: 400-600 showed greater negativity; 6-
sentences ms year-olds showed greater
- syntactic violation Late time window: positivity.
sentences 600-1500 ms o Children between 7-13 showed
- fillers biphasic responses (middle time
window: greater negativity; late
time window: greater positivity).
e 6-year-olds showed a late
positivity between 1250-1500 ms.
Hasting & EEG e Conditions: Grammaticality judgment German Adult 20-29 24 Early time window: [ungrammatical vs. grammatical] N/A
Kotz (2008) - subject-verb 100-300 ms e Early time window: greater
Experiment 1 agreement Late time window: negativity to both violations
violation phrases 300-800 ms e Late time window: greater
- word category positivity to subject-verb agree-
violation phrases ment violations only
Segaert et al. EEG e Conditions: Detecting reversed speech in Dutch Adult 21 (mean 20 P600: 500-700 ms [minimal phrases vs. wordlists] [minimal phrases vs. wordlists]
(2018) - minimal phrases (a the fillers age) e P600: no difference (TFR analysis)
pronouns & a o Target words: pseudoverbs at
pseudoverb) the second word position
- wordlist (two e Preceding the target word:
pseudoverbs) increased power in the alpha
- fillers (8-12 Hz) and beta (15-20
Hz) frequency bands
e Following the target word:
increased power in the alpha
(8-12 Hz) frequency band
Dube et al. EEG e Conditions: Detecting target words in the ~ English Child 9-11 24 Time window: 180- [ungrammatical vs. grammatical] N/A
(2019) - subject-verb fillers 380 ms e Greater negativity at the anterior-
agreement central sites

violation sentences

- fillers

N/A: not addressed or not reported in the study. N: number of participants for data analysis. For the columns of main findings and other findings, texts in square brackets indicate the contrast or condition. ROL: region of
interest. PAC: primary auditory cortex. STG: superior temporal gyrus. IFG: inferior frontal gyrus. ATL: anterior temporal lobe. TFR: time-frequency representation.
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O O

phrase pread  “green’ “glass”

ms
600 ms 875 ms 875 ms final screen stays on
until a response
O
one-word glass

O O

baseline + “mmm” “mmm”

Fig. 1. Trial structure of each condition in the comprehension task.

The raw MEG data underwent noise reduction using the Continu-
ously Adjusted Least Squares Method (CALM62; MEG160 software
v2.004A-Yokogawa Electric Corporation and Eagle Technology Corpo-
ration, Tokyo, Japan). MNE-Python (v0.23; Gramfort, 2013) was used
for data preprocessing and statistical analyses. The noise-reduced data
were band-pass-filtered between 1 and 40 Hz. Bad sensors were identi-
fied by visual inspection and interpolated using the remaining sensors.
An independent component analysis (ICA) algorithm was applied to
detect and remove artifacts such as eyeblinks, heartbeats, and external
noise. The continuous data were then segmented into epochs
time-locked to event onsets (the onset of the first auditory stimulus in
each trial), with a time range of —100 ms-1,750 ms relative to the event
onset. All the epochs were then baseline-corrected using the 100 ms time
window prior to the event onsets. For epoch rejection, the artifact
detection method from MNE-Python with a threshold of 3,000 fT and
visual inspection were both used to reject noisy epochs. The mean
artifact rejection rates were 10.9 % in adults and 17.6 % in children. The
remaining epochs were equalized across three conditions and averaged
to obtain the evoked responses for each condition.

As individual MRI structural images were not collected in the present
study, for the child group, we used an MRI template (4.5-18.5 years old
atlas) from the NIHPD database (Fonov et al., 2011; https://www.mcgi
1l.ca/bic/software/tools-data-analysis/anatomical-mri/atlases/nihpd)
for source-level analysis. For the adult group, the FreeSurfer average
brain was used as their template. First, each participant’s digitized
headshape was coregistered to the template corresponding to their age
group. A source space was then constructed with an “ico4” resolution,
consisting of 2,562 vertices in each hemisphere. A forward solution from
vertices was computed using the boundary element model. The channel
noise covariance matrix was estimated using the 100-ms baseline period
prior to the event onset and regularized by the automatic method
(Engemann and Gramfort, 2015). With the forward solution and the
noise covariance matrix, an inverse solution was computed with “free”
orientation and applied to the evoked responses to yield dynamic sta-
tistical parametric maps (dSPM) (Dale et al., 2000) for each condition.
Finally, the estimated source activity was morphed to the NIHPD MRI
template and the FreeSurfer average brain template for children and
adults, respectively.

2.4. Statistical analyses of MEG data

The following section summarizes the data analysis pipeline used in
the present study. First, a data-driven approach was used to identify
components of interest and estimate peak latencies for each participant

in each condition. At the sensor level, group-level statistical analyses
were conducted on the mean amplitudes of the components using the
Ime4 (v1.1.25; Bates et al., 2015) and lmerTest (v3.1.3; Kuznetsova
et al., 2017) packages in R (v4.0.2; R Core Team, 2020). At the source
level, we used a spatial clustering permutation test to localize the effects
of interest. Furthermore, within the child group, we investigated the
correlation between age and their brain responses.

In a review paper, Moore and Linthicum (2007) indicated that the
auditory cortex undergoes layer-by-layer maturation from age 5 to 12. It
is not until age 11 or 12 that children achieve a similar axon density to
adults. Due to the intrinsic differences in the auditory system between
children and adults, there is uncertainty in stating that the auditory
components with the same labels (e.g., N100m and N400m) in both
groups have similar underlying neural generators (Pang and Taylor,
2000; Takeshita et al., 2002). Therefore, all analyses were conducted
separately for the two groups.

2.4.1. Individual-level analysis: identifying components of auditory evoked
fields

First, we used the “ft megrealign” function from the FieldTrip toolbox
(v20201128; Oostenveld et al., 2011) to realign individual data to the
averaged sensor locations, by averaging the sensor locations across
participants in each age group, for children and adults, respectively.
Next, to identify components of interest, we selected 114 sensors (57
sensors in each hemisphere) over the temporal regions as sensors of
interest (see the sensor layout in Fig. 2). Based on previous studies,
restricting sensors to the temporal regions can better characterize the
activity of auditory-evoked responses, enabling a further comparison of
hemispheric differences in peak latency and amplitude (Howard and
Poeppel, 2009; Parviainen et al., 2019; van Bijnen et al., 2019)

To objectively estimate the peak latency from the sequence of
auditory components, we used the Spike-density Component Analysis
(SCA) method (Bruzzone et al., 2021; Haumann et al., 2020; https://gith
ub.com/nielsthaumann/sca) in the present study. The SCA method is a
MATLAB script based on the FieldTrip toolbox and has been shown to
effectively differentiate overlapping components in children (Bruzzone
et al., 2021). There are three steps in this approach.

(1) Spike-density Component Analysis (SCA): The SCA method was
applied to each participant’s brain responses in each condition
during the time course of the first (0-875 ms) and the second
auditory stimulus (875-1750 ms), respectively. First, for each
hemisphere, the method identified the peak with the highest
amplitude across channels and fitted it to a Gaussian model. Next,
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Fig. 2. Auditory evoked fields in adults and children. The grand-average auditory evoked fields time-locked to the first auditory stimuli (S1) across all conditions
in adults (upper panel) and children (lower panel). The sensors of interest in the left and right hemispheres and the corresponding evoked responses are indicated by
blue and orange, respectively. In each group, time windows of components of interest are highlighted by rectangles, with topographies of mean magnetic fields

shown above.

a component weighting matrix was estimated using linear
regression and multiplied by the channel weight vector. The
component’s waveform was then subtracted from the multi-
channel waveforms, and its explained variances were estimated.
This procedure was repeated until the cumulative explained
variances reached the threshold of 95 % variances. The original
waveform was then decomposed into overlapping Gaussian-
shaped components with distinct spatial topography and tem-
poral information.

(2) Half-Split Average (HSA) analysis: The HAS method was used to
estimate the consistency of the decomposed Gaussian-shaped
component from the previous step. To enhance the accuracy of
consistency estimation, the analysis was constrained by the time
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windows and polarities (dipole orientations) of the auditory
evoked responsesl (see Fig. 2). Within each time window of
auditory evoked responses, the reliability of the decomposed
Gaussian-shaped component was evaluated by the HSA method.
In this approach, except the tested component, all the other
components were subtracted from the HSA. The HSA was then
transformed into component space, and its consistency was esti-
mated using Pearson correlation. This procedure was repeated
over 1,000 times, and components were considered highly
consistent if they appeared in 70 % of the HSAs. These highly
consistent components were then used to reconstruct the
waveform.

(3) Peak latency estimation: The Root-Mean-Square (RMS) values at
each time point were calculated for each hemisphere and each
condition. We then estimated peak latency based on the highest
RMS value within each auditory component’s time window.
(subjects’ peak latencies and RMS mean amplitudes were listed in
the Supplementary, Tables S1-54).

2.4.2. Statistical analysis at the sensor level

At the individual level, for each condition and each hemisphere, we
first estimated a participant’s RMS values across the sensors of interest at
each time point. Then, we averaged the RMS values within a 25-ms time
window centered at each component’s peak latency as the estimation of
mean amplitude. The components of interest listed in Table 2 were
determined based on the studies reviewed in Table 1. For each group,
participants’ RMS mean amplitudes of component of interest were fitted
using the lmer model: Amplitude ~ Condition x Hemisphere + (1 +
Condition + Hemisphere | Subject). In the model, Condition, Hemisphere
(left vs. right) and their interaction were treated as fixed factors. By-
participant random intercepts and by-participant random slopes for
the Condition and Hemisphere were included in the model. The model’s
parameters were estimated using Maximum Likelihood with the Sat-
terthwaite’s approximation (Satterthwaite, 1941) for computing de-
grees of freedom. To assess the significance of main effects and

Table 2
Planned contrasts and components of interest at three levels of linguistic
processing.

Level Effect Contrast Components of

interest

Adult: P50m, N100m,
P200m

Child: P100m,
N100m, N250m
Adult: N100m,
P200m, N400m

Child: N100m,
N250m, N400m
Adult: P200m, N400m
Child: N250m, N400m

2nd “mmm” (baseline) vs. 1st
“mmm” (baseline)

Sound Repetition

Word Lexicality adjective (phrase) vs. "mmm”

(one-word)

Phrase  Contextual noun (phrase) vs. noun (one-

effect word)

Note: for each contrast, the second level was treated as a reference level in the
Imer model.

! To determine the time windows of auditory components, the grand-average
evoked fields time-locked to the first auditory stimuli were computed by
averaging all trials across conditions and participants within each group
(Fig. 2). Through visual inspection, four auditory components were identified
for the adult group: P50m (30-80 ms), N100m (90-140 ms), P200m (170-270
ms), and N400m (300-550 ms). Similarly, four auditory components were
identified for the child group: P100m (50-100 ms), N100m (90-150 ms),
N250m (190-290 ms), and N400m (350-500 ms). The same time windows of
the components of interest were applied to the responses elicited by the second
auditory stimuli.
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interactions, likelihood-ratio tests were conducted by comparing a full
model with a reduced model.

2.4.3. Statistical analysis at the source level

Similar to the sensor-level analysis, we first estimated the averaged
dSPM values for each auditory component. The estimation was per-
formed for each vertex within a 25-ms time window centered at the peak
latency of each auditory component for each hemisphere. Subsequently,
we conducted a spatial clustering permutation test for the planned
contrasts with 10,000 permutations (Maris and Oostenveld, 2007) and
used the threshold-free cluster enhancement (TFCE) approach (Smith
and Nichols, 2009). Due to the low sensitivity of MEG to deeper sources,
the medial walls—the corpus callosum as defined by the
Desikan-Killiany atlas (Desikan et al., 2006)—of both hemispheres were
excluded from the analyses (Larson et al., 2014). The brain regions re-
ported in the source-level results met the threshold of p(TFCE) < 0.05
and were corrected for multiple comparisons, accounting for the number
of components in each planned contrast, using the false discovery rate
(FDR) method (Benjamini and Hochberg, 1995).

2.4.4. Examination of age-related changes within the child group

We examined the relationship between the effects of interest and
children’s age through regression analyses at both the sensor and source
levels. The RMS values for each hemisphere at the sensor level and the
dSPM values for each vertex at the source level were used in the
regression analyses. In the regression model, we fitted the amplitude
differences for each contrast against children’s age. We then employed a
bootstrapping method to validate the age correlation by resampling the
data with replacement (Pernet et al., 2011). This procedure was carried
out over 10,000 iterations, and the resulting distribution was used to
estimate the adjusted p-values for each hemisphere or vertex. All the
adjusted p-values reported in the results were corrected for the multiple
comparison using the FDR method.

3. Results
3.1. Behavioral results

Data from two children were missing due to a facility problem during
the experiment. The remaining data from 25 adults and 19 children were
used for the following behavioral analyses. All analyses were conducted
using the Ime4 (v1.1.25) and ImerTest (v3.1.3) packages in R. For both
reaction time and accuracy, Group (Adults vs. Children), Condition
(noun vs. phrase) and their interactions were treated as fixed factors in
the models. The first level of each factor listed above was set as reference
level. By-participant and by-item random intercepts, along with by-
participant random slopes for the effects of Condition, were included
in the models.

Both groups showed high accuracy on the task. In adults, the accu-
racies (mean =+ SD) for the phrase and one-word conditions were 96.6 +
3.8 % and 97.2 £ 2.9 %. In children, the accuracies for the phrase and
one-word conditions were 88.5 + 10.2 % and 89.8 + 9.2 %. The data
were analyzed using the glmer model: Accuracy ~ Group x Condition +
(1 + Condition | Participant) + (1 | Item). The results revealed a signif-
icant main effect of Group [Bchig = —1.44, Xz(l) = 19.06, p < .001],
indicating that adults had higher accuracy than children.

In adults, the reaction time (mean =+ SD) for the phrase and one-word
conditions were 1880.2 4 525.7ms and 1962.8 & 491.3ms. In children,
the reaction time for the phrase and one-word conditions were 3146.0
+ 1091.7ms and 3442.7 + 1547.1ms. The data were analyzed using the
Imer model: log(Reaction Time) ~ Group x Condition + (1 + Condition |
Participant) + (1 | Item). The results showed a significant main effect of
Group [fchiig = 0.105, Xz(l) = 27.46, p < .001], indicating that adults
made faster responses than children. Moreover, the reaction times in the
phrase condition were faster than in the one-word condition [fpprase =
-0.011, Xz(l) = 4.27, p = .039]. However, no interaction of Group and
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Condition was observed [fchid:phrase = —0.001, Xz(l) =0.08, p = .780].

3.2. MEG results

In the following section, we present our findings on sound repetition,
lexicality effect, and phrase-level contextual effect, respectively. For
each effect, we first report the results for the adult group at both sensor
and source levels. Next, we report the results for the child group at both
levels and the correlation between children’s age and their brain re-
sponses. The summary of the Imer models for all sensor-level results can
be found in the supplementary materials (Table S5-S7).

3.2.1. Sound repetition effect in adults: repetition suppression in the early
auditory components

At the sensor level, neither a main effect nor an interaction was found
for the P50m [ps > 0.1, FDR-corrected]. There were significant main
effects of the Order of “mmm” sounds for the N100m [fs; = —8.43, X2(1)
= 23.11, p < .001, FDR-corrected] and P200m [fs2 = —2.90, Xz(l) =
14.59, p < .001, FDR-corrected], with a reduction in amplitude for the
second “mmm” sound compared to the first “mmm” sound across both
hemispheres in adults (Fig. 3). No main effect of Hemisphere or inter-
action between Order and Hemisphere was found for the N100m [S;g =
1.03, x2(1) = 0.29, p = .898, FDR-corrected; fsz1y = —0.88, ¥%(1) =
0.80, p = .370, FDR-corrected] or P200m [y = —0.14, x*(1) = 0.02, p
= .898, FDR-corrected; fisz gy = —0.61, xz(l) = 0.82, p = .370, FDR-
corrected].

At the source level, spatial clustering permutation tests revealed a
significant amplitude reduction in response to the repeated “mmm”
sound for both N100m and P200m components. For the N100m, an
amplitude reduction to repeated sounds was observed in both hemi-
spheres [py. < 0.05, FDR-corrected; left hemisphere: 1718 vertices,
right hemisphere: 1487 vertices]. For the P200m, an amplitude reduc-
tion to repeated sounds was found in the left hemisphere, including
frontal and anterior temporal lobes as well as cingulate cortex and
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precuneus [pye. < 0.05, FDR-corrected; 867 vertices].

3.2.2. Sound repetition effect in children: sensor-level repetition suppression
in the N100m

At the sensor level, a main effect of the Order of “mmm” sounds was
observed for the N100m [Bsz = —5.66, y%(1) = 9.72, p = .006, FDR-
corrected], indicating repetition suppression in children’s brain re-
sponses when contrasting the second “mmm” sound with the first “mmm”
sound. No main effect of Hemisphere or interaction between Order and
Hemisphere was found for the N100m [fry = 1.03, x2(1) =0.16,p =
.691, FDR-corrected; fs2 gy = 0.02, Xz(l) = 0.0002, p = .988, FDR-
corrected]. Additionally, we didn’t find any main effect or interaction
for the P100m [ps > 0.1, FDR-corrected] or the N250m [ps > 0.1, FDR-
corrected].

At the source level, no significant differences to repeated sounds
were found. A regression model was further used to examine the rela-
tionship between the N100m repetition effect and children’s age. A
negative age correlation was found in the right-hemisphere sensors [ =
—3.50, t = —2.44, uncorrected p = .024] but not in the left-hemisphere
sensors [ = —1.70, t = —0.88, uncorrected p = .390]. However, the age
trend in the right hemisphere did not persist after employing the boot-
strapping method [adjusted p = .989, FDR-corrected].

3.2.3. Lexicality effect in adults: increased P200m responses to spoken
words

At the sensor level, a main effect of Condition was observed for the
P200m [Byorq = 4.67, Xz(l) = 8.45, p = .012, FDR-corrected], indicating
that responses to spoken words (e.g., “green”) were greater than those to
“mmm” sounds in adults (Fig. 4a). Furthermore, a main effect of Hemi-
sphere was observed for the P200m [fiy = —3.24, X2(1) =845,p =
.012, FDR-corrected], suggesting that the amplitude was higher in the
right hemisphere compared to the left hemisphere. No interaction be-
tween Condition and Hemisphere was found for the P200m [fyord:Ly =
-0.61, Xz(l) = 0.40, p = .789, FDR-corrected]. Additionally, neither a
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Fig. 3. Sound repetition effect in adults and children. Left panel: RMS mean amplitudes of N100m and P200m, along with corresponding source localization, in
the adult group. Right panel: RMS mean amplitudes of N100m in the child group. The sensors of interest in the left and right hemispheres and the corresponding RMS
mean amplitudes are indicated by blue and orange, respectively. Significant levels for sensor-level results are denoted by asterisks (*p < .05, **p < .01, ***p < .001;
FDR-corrected). Source-level results were set at the FDR-corrected threshold of p (TFCE) < 0.05. L: left; R: right; n.s.: not significant.
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Fig. 4. Lexicality effect in adults and children. (a) Left panel: RMS mean amplitudes of P200m and corresponding source localization in the adult group. Right
panel: RMS mean amplitudes of N100m and corresponding source localization in the child group. The sensors of interest in the left and right hemispheres and the
corresponding RMS mean amplitudes are indicated by blue and orange, respectively. Significant levels for sensor-level results are denoted by asterisks (*p < .05, **p

< .01, ***p < .001; FDR-corrected). Source-level results were set at the FDR-corrected threshold of p (TFCE) < 0.05. (b) Correlation between children’s age and
N100m lexicality effect in the left-hemisphere sensors. (c) Left panel: significant clusters from the whole-brain regression analysis on the association between
children’s age and their N100m lexicality effect (adjusted p < .05, FDR-corrected). Middle and right panels: scatter plots for visualizing the correlation between
children’s age and the N100m lexicality effect in the left precuneus cluster and the left ventral occipitotemporal cortex (vOTC) cluster. L: left; R: right.

main effect nor an interaction was found for the N100m [ps > 0.7, FDR-
corrected] or the N400m [ps > 0.3, FDR-corrected].

At the source level, greater amplitudes to words compared to “mmm”
sounds were observed in the left supramarginal gyrus (SMG) [pygc. <
0.05, FDR-corrected; 47 vertices].

3.2.4. Lexicality effect in children: left-hemisphere N100m lexicality effect
correlated with children’s age

At the sensor level, a main effect of Condition was observed for the
N100m [Byorq = —4.34, Xz(l) = 5.80, p = .048, FDR-corrected], indi-
cating that responses to spoken words (e.g., “green”) were lower than
those to “mmm” sounds in children (Fig. 4a). No main effect of Hemi-
sphere or interaction between Condition and Hemisphere was found for
the N100m [fy g = —2.79, Xz(l) = 1.53, p = .216, FDR-corrected; Syord:
H=—1.83, Xz(l) =1.71, p = .287, FDR-corrected]. Additionally, there
were main effects of Hemisphere for both the N250m [fy = —3.17,
Xz(l) = 7.36, p = .011, FDR-corrected] and the N400m [f;y = —4.04,
¥2(1) = 10.93, p = .003, FDR-corrected], suggesting that the amplitude
was higher in the right hemisphere compared to the left hemisphere. No
main effect of Condition or interaction between Condition and Hemi-
sphere was found for the N250m [f,orq = —0.55, Xz(l) =0.05,p =.815,
FDR-corrected; fyora:ry = —0.49, Xz(l) =0.20, p = .658, FDR-corrected]
or the N40Om [f,,or¢ = 0.58, Xz(l) =0.22, p =.815, FDR-corrected; fyord:
g = —1.20, Xz(l) = 2.21, p = .287, FDR-corrected].

At the source level, for the N100m component, an amplitude
reduction to spoken words compared to “mmm” sounds was found in the
left middle frontal gyrus (MFG) and the left posterior insula [py. < 0.05,
FDR-corrected; 118 vertices].

Moreover, a regression analysis revealed a positive age correlation of
the N100m lexicality effect in the left-hemisphere sensors [ = 4.18, t =
2.23, adjusted p = .033, FDR-corrected]. When contrasting spoken
words to “mmm” sounds, the reduced N100m responses gradually
diminished with children’s age (Fig. 4b). However, this age-related
trend was not observed in the right-hemisphere sensors [ = 0.40, t =
0.25, adjusted p = .403, FDR-corrected].

A whole-brain regression analysis showed a similar positive age
correlation in the left precuneus [adjusted p < .05, FDR-corrected; 79
vertices,] and the left ventral occipitotemporal cortex (vOTC) [adjusted
p < .05, FDR-corrected; 60 vertices] (Fig. 4c).

3.2.5. Phrase-level contextual effect in adults: amplitude reduction in
P200m and N400m

At the sensor level, the main effects of Condition were found for the
P200m [fpprase = —6.03, Xz(l) =9.36, p = .004, FDR-corrected] and the
N400m [fphrase = —2.59, y*(1) = 7.31, p = .007, FDR-corrected], with
reduced responses to words in phrasal contexts (e.g., “green glass™) than
words with no context (e.g., “mmm glass”) in adults. Neither a main ef-
fect of Hemisphere nor an interaction between Condition and
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Hemisphere was observed for the P200m [fy = —0.92, X2(1) =0.67,p
= .670, FDR-corrected; fprase:er = —0.02, ¥*(1) = 0.00, p = .984, FDR-
corrected] or N400m [fry = —0.36, Xz(l) = 0.18, p = .670, FDR-
corrected; fphrase: = 0.04, Xz(l) = 0.01, p = .984, FDR-corrected].

At the source level, the context-induced reduction in P200m was
observed in the left hemisphere [py. < 0.05, FDR-corrected; 348
vertices], including insula, pre-/post-central gyrus, anterior temporal
lobe, and inferior parietal lobule, as well as the in the right hemispheres
[Pefce < 0.05, FDR-corrected; 283 vertices], including MFG, SMG, and
anterior cingulate cortex. (Fig. 5).

3.2.6. Phrase-level contextual effect in children: enhanced N400m
responses to two-word phrases

At the sensor level, the main effects of Hemisphere were found for
the N250m [f; g = —3.59, Xz(l) =7.49,p =.010, FDR-corrected] and the
N400m [frg = —3.40, Xz(l) = 6.72, p = .010, FDR-corrected], with
higher amplitudes in the right hemisphere than the left hemisphere
across conditions in children (Fig. 5). No main effects of Condition or
interactions between Condition and Hemisphere were observed for the
N250m [fphrase = —0.94, Xz(l) = 0.51, p = .612, FDR-corrected; fphrase:
g = 0.66, Xz(l) = 0.51, p = .656, FDR-corrected] or the N400m [fphrqse
=0.64, y*(1) = 0.26, p = .612, FDR-corrected; fphrase:Lsr = 0.28, x*(1) =
0.20, p = .656, FDR-corrected].

At the source level, cluster-based permutation tests revealed that
children showed increased N40Om responses to the words in a phrasal
context compared to those without context in the right temporal lobe
[Pgee < 0.05, FDR-corrected; 203 vertices]. However, regression ana-
lyses did not show any age correlation for the N250m or the N40Om at
either the sensor or source level.
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4. Discussion

The present study used MEG to investigate auditory evoked re-
sponses and hemispheric asymmetries at different levels of linguistic
processing in school-age children and adults. At the sound level, reduced
brain responses to repeated sounds were observed in the N100m and
P200m components in adults, as well as in the N100m component in
children. At the word level, adults showed an increased signal for the
lexicality effect (word vs. “mmm”) in the left SMG during the P200m
time window. In contrast, children exhibited a decreased signal for the
same comparision in the left MFG and the left posterior insula during the
N100m time window. Regression analyses further revealed that chil-
dren’s age positively correlated with the N100m lexicality effect in the
left precuneus and left vOTC. Lastly, at the phrase level, adults displayed
a general signal reduction to words in a phrasal context compared to
those without context during the P200m time window. Conversely,
children exhibited enhanced N40Om activation induced by the phrasal
context in the right temporal lobe.

4.1. Adults and children exhibited repetition suppression in the early
auditory components

Both children and adults showed a repetition suppression for their
early auditory evoked responses, indicating an adaptation mechanism to
repeated sensory input for processing efficiency (Grill-Spector et al.,
2006). In the adult group, a widely distributed N100m repetition sup-
pression was observed in both hemispheres. Additionally, the P200m
repetition suppression was localized in regions across the frontal,
anterior temporal, and medial parts of the left hemisphere. This widely
distributed pattern could be due to the point-spread functions (PSFs) we
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Fig. 5. Phrase-level contextual effect in adults and children. Left panel: RMS mean amplitudes of P200m and corresponding source localization in the adult
group. Right panel: RMS mean amplitudes of N400m and corresponding source localization in the child group, along with a bar plot indicating the mean amplitudes
in the left temporal cluster for word and phrase conditions. The sensors of interest in the left and right hemispheres and the corresponding brain signals are indicated

by blue and orange, respectively. Significant levels for sensor-level results are denoted by asterisks (*p < .05, **p < .01,
results were set at the FDR-corrected threshold of p (TFCE) < 0.05. L: left; R: right.

*p < .001; FDR-corrected). Source-level
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implemented in the source analysis, which might blur the overall esti-
mation because of signal leakage between sources. Other methods, such
as cross-talk functions (CTFs), should be utilized together with PSFs in
future studies to enhance the accuracy of source localization (Hauk
et al., 2022).

As for children, the N100m repetition suppression was observed at
the sensor level. Our findings are consistent with a previous MEG study
by Orekhova et al. (2013), which showed that children (ages 7-16 years)
exhibited reduced brain responses to the repetition of white noise clicks
(a pair of clicks with a 1,000 ms interstimulus interval (ISI)) at the sensor
level and in their auditory cortices in both hemispheres during the early
time window (50-130 ms). However, we did not find any significant
clusters at the source level. This could be attributed to the slow matu-
ration of auditory cortex during childhood. Moore and Linthicum (2007)
indicated that 6-12 years of age is the stage of axonal maturation in the
superficial layers of auditory cortex. Consequently, children may not
have adult-like axon density in their auditory systems until ages 11 or
12. This slow maturation of auditory cortical layers may affect dipole
signals, complicating the measurement of children’s auditory evoked
responses using M/EEG methods. Thus, individual differences in brain
structure within the child group could hinder the accurate estimation of
their brain responses at the source level. Future studies should include
participants’ structural images and use a longitudinal design to better
capture the developmental profiles of children’s auditory processing.

Unlike adults, who demonstrated repetition suppression for both the
N100m and P200m components, children did not exhibit repetition
suppression in the later component, such as the N250m. Previous M/
EEG studies have reported enhanced brain responses around 200-250
ms to the repetition of pure tones in school-age children (ages 9-10 years
across studies) (Karhu et al. (1997): tone sequences (four consecutive
800 Hz pure tones with a 1,000 ms ISI[; Ruhnau et al. (2011): repetitive
tones (500 Hz pure tones) presented with a 500 ms stimulus onset
asynchrony (SOA) in a block). Given the broader age range in the child
group in the present study, the absence of N250m repetition suppression
in children may be due to a cancelling-out effect, where some children
showed signal reduction while others showed signal enhancement in
response to repeated sounds. A larger sample size across different age
cohorts in future studies will be necessary to characterize the develop-
mental changes to stimulus repetition within auditory modality.

4.2. Adults showed P200m lexicality effect in the left SMG

In line with a previous MEG study investigating lexicality effects by
comparing spoken words and pseudowords (MacGregor et al., 2012), an
increased P200m response to adjective words compared to “mmm”
sounds was found in the adult group. Source analysis further localized
the lexicality effect to the left SMG. Previous research has indicated that
the left SMG and adjacent regions in the left IPL may be involved in
lexical representation (Gow and Olson, 2016) or audiovisual mapping
(Bonte et al., 2017) during language comprehension. A meta-analysis of
fMRI studies on the lexicality effect in the auditory modality found that,
compared to pseudowords, spoken words elicited greater activation in
the temporal lobe and IPL (Davis and Gaskell, 2009). However, in
addition to the lexical representation, these regions have been shown to
be involved in other processes, such as sensorimotor integration, as well
as articulatory and phonological processing (Hickok and Poeppel, 2007;
McQueen et al., 2016; Oberhuber et al., 2016). The design in our current
study could not rule out the possibility that these other processes were
involved during spoken word recognition. Further research would be
necessary to better delineate these processes when comprehending
spoken words.

4.3. Left-hemisphere N100m responses to lexicality correlated with
children’s age

Similar to previous research on lexicality effects in children (ages 4-8
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years; Caffarra et al., 2017), we observed decreased responses to words
relative to the “mmm” sounds in their early auditory component.
Moreover, a positive correlation between age and the size of N100m
lexicality effect was found at the left-hemisphere sensors as well as in the
left precuneus and the left vOTC. The age correlation of N100m lexi-
cality in children may be associated with the efficiency of phonological
processing and automatic orthographic mapping during spoken word
recognition with increasing age. Pugh et al. (2013) investigated the
relationship between children’s (ages 5-9 years) reading-relevant skills,
such as phonological awareness and decoding, and their brain responses
to print and spoken (pseudo)words using fMRI. They found that, for
speech-related processing, children’s reading-relevant skills were posi-
tively correlated with brain activation in the left IFG and precuneus. In
another longitudinal fMRI studies investigating phonological processing
in children at different reading stages (pre-reading, beginning reading,
emergent reading), Yu et al. (2018) observed decreased activation in the
left IPL and bilateral precuneus during an audiovisual phonological task
across three time points. They suggested that this developmental
decrease in the left IPL and precuneus indicates the increasing efficiency
in phonological processing with children’s age. Additionally, the age
correlation that we observed in the left vOTC is in line with the findings
of Monzalvo and Dehaene-Lambertz (2013). They found that older
children (9 years old) with more reading experience showed greater
activation in the VWFA, suggesting that, with increasing age, greater
language experience may result in automatic activation of
reading-related brain areas for orthographic codes during spoken word
recognition in children.

4.4. Adults showed reduced P200m responses in phrasal contexts

Adults showed a general signal reduction to the phrase condition (e.
g., “green glass”) compared to the one-word condition (e.g., “mmm glass™)
in both sensor and source space. This may be due to predictive pro-
cessing when listening to adjective-noun phrases. This contrasts with
previous literature on the effects of basic composition in adjective-noun
phrases, which has generally shown a signal increase in temporal and
prefrontal cortices for phrasal as compared to non-combinatory stimuli
(Bemis and Pylkkanen, 2011, 2013). However, only one of those studies
has used the auditory modality in comprehension (Bemis and
Pylkkanen, 2013). The present study differs from the prior studies in that
it included a baseline condition, in which both stimulus slots were filled
with the “mmm” sound. This resulted in a difference between the
probability of a noun after an adjective (100 %) and the probability of a
noun after “mmm” (50 %). This is a possible explanation for the reduced
signals in the phrase condition: in this condition, when participants
heard the adjective, they were able to expect that the second word
would be an object noun. By contrast, when participants heard an
“mmm” sound in the first-word position, they had less chance to predict
the next stimulus since there were two potential candidates (object
nouns or “mmm” sounds) in the second-word position. Therefore, the
different probabilities between the conditions may have resulted in a
reduction in the phrase condition, reflecting expectancy or the ease of
information integration when listening to words in the phrasal context.

4.5. Children showed enhanced right-hemisphere N400Om responses in
phrasal contexts

Children exhibited increased N40Om responses in the right temporal
regions to words in phrasal contexts as compared to those without
context. This finding aligns with a previous EEG study indicating that
school-age children showed right-hemisphere dominance in their brain
responses when listening to spoken sentences (Abrams et al., 2008).
However, our finding on children’s N400m component differs from the
contextual effect reported in Hahne et al. (2004). In their EEG study,
children over the age of 7 exhibited early anterior negativities, an in-
dicator of automatic processing of syntactic structure, in response to
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syntactic anomalies in sentences. This discrepancy may be due to dif-
ferences in stimuli (longer phrases in Hahne et al. (2004)), tasks
(grammaticality judgment vs. picture matching), and research focus
(error detection vs. composition) between the two studies.

Our findings that adults exhibited P200m signal reduction while
children showed N400m signal enhancement may be due to different
strategies employed by adults and children during phrase- or sentence-
level comprehension. For example, research on age-related differences
in comprehending referential expression has indicated that adults focus
more on the grammatical information, whereas children prioritize
descriptive information in referential contexts (Brody and Feiman,
2024). Additionally, studies using neuroimaging techniques have shown
that children rely more on semantic-based processing during language
comprehension (Dube et al., 2019; Morgan et al., 2020; J. M. Schneider
et al., 2016; Skeide et al., 2014). For instance, Schneider et al. (2016)
found that in an auditory grammaticality judgment task, adults elicited
P600 responses, whereas children (ages 10-12) elicited N400 responses
to ungrammatical sentences compared to grammatical sentences. This
impact of experience or proficiency on language processing can also be
observed in second language learners. For instance, Weber-Fox and
Neville (1996) investigated the effect of language exposure in Chine-
se/English bilinguals and found that, unlike native speakers who
showed a P600 effect, bilinguals with later exposures to English (i.e.,
after the age of 16) exhibited N400-like negativity with bilateral dis-
tribution to syntactic anomalies. The convergence of children’s and late
bilinguals’ N400-like response to anomalies during sentence compre-
hension suggests that language experience (operationalized by either
age or language exposure) can modulate the effect we observed in
phrase- or sentence-level processing. Furthermore, a similar pattern of
greater involvement of the right hemisphere was found in English adult
native speakers after they learned Mandarin Chinese through a 4-week
course (Qi et al., 2015). Our results, which show increased
right-hemisphere N400m in children, support the view that an in-
dividual’s language experience or proficiency can influence the
involvement of right hemisphere when processing phrase- or
sentence-level information.

4.6. Limitations

The task reported here incorporated design components aligned with
the objectives of the larger protocol it was part of, which led to certain
limitations. Firstly, the inclusion of the baseline condition introduced a
probability contrast between the one-word and phrase conditions,
resulting in a co-variation of composition and predictability. Addition-
ally, in selecting a non-lexical stimulus, we prioritized naturalness,
opting for an ecologically valid hesitation sound (“mmm”) rather than a
nonword matched in phonetic detail to the corresponding lexical stim-
ulus. This leaves room to explore the contribution of phonological pro-
cesses to the observed lexicality effects. While the role of predictability
will be more straightforward for future studies to address, disentangling
lexical processing from phonological processing is always a challenge.
This is because stimuli that possess the phonological properties of real
words generally trigger lexical activation, even if they themselves lack
meaning.

In the present study, we did not collect participant’s MRI structural
images; instead, we used adult and child templates for data pre-
processing. Therefore, our results of source analysis should be inter-
preted with caution. Moreover, our results demonstrated developmental
trajectories at different levels of processing, but the sample size in our
child group was relatively small. Future studies should include a larger
sample size of children at different age cohorts.

Previous research has shown that children’s language abilities can
mediate their brain responses (Joo et al., 2021; Monzalvo and
Dehaene-Lambertz, 2013; Pugh et al., 2013; Sanchez-Alonso and Aslin,
2020). Furthermore, recent studies have indicated socioeconomic status
(SES) and neighborhood poverty as important factors associated with
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children’s brain development (Amso, 2020; J. Schneider et al., 2021; J.
M. Schneider et al., 2024; Thanaraju et al., 2024). Therefore, compre-
hensive assessments of language-related skills and cognitive functions,
as well as large-scale studies across diverse regions and countries, are
needed in the future research for a better understanding of individual
differences and environmental contributions to linguistic processing and
the underlying developmental changes in children’s brains.

5. Conclusions

In sum, our study revealed a variety of developmental trajectories
and hemispheric asymmetries at different levels of linguistic processing
in children. At the basic sound level, children exhibited adult-like
adaptation to repeated sounds. At the word level, the size of the lexi-
cality effect in the N100m was associated with children’s age. This age
correlation was observed in the left precuneus and vOTC, suggesting
age-related changes in phonological processing efficiency and automatic
access to orthographic information during spoken word recognition.
Additionally, when comprehending words in a phrasal context, children
showed increased responses during the N400Om time window in the right
temporal lobe, indicating greater recruitment of right-hemisphere re-
sources for phrase comprehension.
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