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ARTICLE INFO ABSTRACT

Keywords: Children have more difficulty perceiving speech in noise than adults. Whether this difficulty relates to an imma-
Children ture processing of prosodic or linguistic elements of the attended speech is still unclear. To address the impact
Development

of noise on linguistic processing per se, we assessed how babble noise impacts the cortical tracking of intelligible
speech devoid of prosody in school-aged children and adults.

Twenty adults and twenty children (7-9 years) listened to synthesized French monosyllabic words presented
at 2.5 Hz, either randomly or in 4-word hierarchical structures wherein 2 words formed a phrase at 1.25 Hz,
and 2 phrases formed a sentence at 0.625 Hz, with or without babble noise. Neuromagnetic responses to words,
phrases and sentences were identified and source-localized.

Children and adults displayed significant cortical tracking of words in all conditions, and of phrases and
sentences only when words formed meaningful sentences. In children compared with adults, the cortical tracking
was lower for all linguistic units in conditions without noise. In the presence of noise, the cortical tracking
was similarly reduced for sentence units in both groups, but remained stable for phrase units. Critically, when
there was noise, adults increased the cortical tracking of monosyllabic words in the inferior frontal gyri and
supratemporal auditory cortices but children did not.

This study demonstrates that the difficulties of school-aged children in understanding speech in a multi-talker
background might be partly due to an immature tracking of lexical but not supra-lexical linguistic units.

Speech in noise
Magnetoencephalography
Hierarchical linguistic units
Multi-talker background
Cocktail party

1. Introduction linguistic or paralinguistic (e.g., prosody, pitch, fluency pauses) infor-

mation in children is still unsettled.

In daily life, humans tend to gather in places often unfavorable to
verbal communication due to noisy backgrounds. In such situations, suc-
cessful conversation is challenging since listeners have to tune in to the
speaker’s voice, while tuning out the noisy auditory scene. This difficult
task is especially challenging for children aged <10 years, who typically
have lower speech in noise (SiN) processing abilities than adolescents
or adults (Elliott, 1979; Hall et al., 2002). Whether these lower abilities
relate to a higher impact of noise on the neural processing of speech

One way to understand how the human brain processes SiN is to
study how cortical activity tracks the fluctuations of natural connected
speech in noisy backgrounds. Such cortical tracking of speech (CTS)
typically occurs at frequencies matching with hierarchical temporal lin-
guistic units (i.e., syllables, words, phrases/sentences) and with paralin-
guistic information such as prosodic cues (Giraud and Poeppel, 2012;
Gross et al., 2013; Ding and Simon, 2014). It is considered to subserve
the incremental neural grouping of abstract linguistic units to promote

Abbreviations: CTS, cortical tracking of speech; SiN, speech-in-noise; MEG, magnetoencephalography; SPL, sound pressure level; MRI, magnetic resonance images;
SNR, signal-to-noise ratio; STAC, supra-temporal auditory cortex; IFG, inferior frontal gyrus.
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subsequent speech recognition (Ding et al., 2016). In quiet background,
CTS is observed in school-aged children aged <10 years but is reduced
at the syllabic level compared with adults (Vander Ghinst et al., 2019;
Bertels et al., 2022). In multi-talker situations, their auditory system
selectively tracks the attended speech stream rather than the global au-
ditory scene (Vander Ghinst et al. 2019). Still, CTS in children is more
compromised by increasing noise level for words and phrases/sentences
compared with CTS in adults. Furthermore, syllabic CTS in children does
not increase in babble noise as observed in adults (Vander Ghinst et al.,
2019; Bertels et al., 2022).

Still unclear is whether the higher impact of noise on children’s
CTS relates to increased alterations in the cortical tracking of the at-
tended hierarchical linguistic units, or of the paralinguistic informa-
tion such as prosody. Indeed, previous studies used natural connected
speech masked by babble noise, yet natural connected speech com-
prises both hierarchical linguistic and paralinguistic information that
temporally correlate (Yamashita, 2013). Previous behavioral and elec-
trophysiological studies demonstrated ongoing maturation of syntactic
and semantic processes until late childhood, which might hinder the
cortical tracking of linguistic units per se in adverse auditory scenes
in school-aged children aged <10 years (Elliott 1979, Hall et al. 2002,
Demanez et al. 2003, Hahne et al. 2004, Mannel et al. 2013). One way
to specifically address the impact of noise on the neural processing of
speech linguistic units is to eliminate prosodic cues from the attended
speech stream. In quiet environments, such an approach has already
evidenced successful cortical tracking of hierarchical linguistic units in
adults (Yamashita, 2013; Ding et al., 2016, 2017). In this context, the
adults’ brain internally groups small linguistic units (words) into larger
linguistic units (phrases and sentences), based on grammatical knowl-
edge only (Ding et al., 2016, 2017).

In the present study, we used speech devoid of prosody to
contrast grammar-based CTS between school-aged children aged
<10 years and adults, and between quiet and noisy conditions. To
this end, we quantified using magnetoencephalography (MEG) the cor-
tical tracking of isochronous monosyllabic words either forming or
not phrases/sentences in the absence or presence of babble noise. As
grammar-based CTS requires increased attention (Makov et al., 2017;
Ding et al., 2018) and becomes less accurate when speech intelligi-
bility decreases (Blanco-Elorrieta et al., 2020; Meng et al., 2021), we
hypothesized that babble noise would impede the grammar-based in-
ternal grouping of monosyllabic words into phrases/sentences in both
children and adults. Furthermore, as syntactic and semantic process-
ing are developing until late childhood (Nufez et al., 2011; Skeide and
Friederici, 2016) and as children have lower SiN abilities than adults, we
also hypothesized that grammar-based CTS would be reduced by bab-
ble noise to a greater extent in children compared with adults. We also
hypothesized that the cortical tracking of small linguistic units such as
monosyllabic words would not be enhanced by babble noise in children
as compared with adults, as previously shown for natural connected
speech (Vander Ghinst et al., 2019; Bertels et al., 2022). Finally, as the
cortical tracking of natural connected speech is dominant in the right
hemisphere and is mainly driven by prosodic cues (Friederici, 2002;
Bourguignon et al., 2013), we hypothesized that the CTS in the absence
of prosody would become dominant in the left hemisphere.

2. Methods
2.1. Subjects

Twenty healthy adults (mean age: 24 years, age range: 20-29 years,
11 females) and twenty healthy children (mean age: 8 years, age range:
7-9 years, 9 females) took part in this study. All subjects were native
French speakers and right-handed according to the Edinburgh Handed-
ness Inventory (Oldfield, 1971) (adults score range: 50-95, mean score:
75; children score range: 50-95, mean score: 73.5; t3g = 0.30, p = 0.77).
They all had any prior history of neurological, psychiatric or otologic

Neurolmage 265 (2023) 119770

disorders and had normal hearing according to pure tone audiometry
(i.e., normal hearing thresholds: between 0-20 dB HL for 125 Hz to
8000 Hz). Using three separate subtests (a speech audiometry, a SiN
audiometry and a dichotic test) of a validated and standardized central
auditory battery in French (Demanez et al., 2003), we have ensured that
participants had normal dichotic and SiN perception for their age.

This study was approved by the Ethics Committee of the CUB Hépital
Erasme. All subjects (and their legal representatives for children) gave
written informed consent prior to their inclusion in the study.

2.2, Stimuli

Fig. 1 illustrates the stimuli used in the present study. They were
adapted from those described in Ding et al. (2016) to the French lan-
guage.

The auditory stimuli were 238 different monosyllabic French words.
They were synthesized using the MacinTalk Synthesizer (male voice,
Thomas, in macOs Sierra 10.12.6) and were adjusted to the same inten-
sity and the same duration of 400 ms by truncation (without alteration
of word identity) or silence padding symmetrically on both sides (origi-
nal mean duration of 375 + 70 ms, range 146-525 ms). To introduce a
fade-in and a fade-out, the extremities of each word were multiplied by
a 25-ms squared-sine ramp signal.

The stimuli were used to build blocks of 40 words in 4 different con-
ditions described hereafter (Meaningful, Meaningful,,.;.,, Scrambled, and
Scrambled,,,;;,). Word acoustic waveforms were concatenated without
any additional acoustic gap between words. Considering the duration
of each word (i.e., 400 ms), the word rate was 2.5 Hz (f,,,q). Twenty-
five different blocks were built for each condition.

For the Meaningful condition, we constructed 250 different sentences
composed of four monosyllabic words. All sentences shared the same
hierarchical linguistic structures: determiner + noun + verb + adjec-
tive/adverb. In that setting, the phrase (i.e., determiner + noun and
verb + adjective/adverb) rate was 1.25 Hz (f,pras), and the sentence (de-
terminer + noun + verb + adjective/adverb) rate was 0.625 Hz (f;epence)
(Fig. 1a). Critically, as in Ding et al. ( 2016), the linguistic units could
only be extracted using grammar-based knowledge, and not prosodic
cues. Indeed, the sound envelope featured fluctuations at f,,,.4 but not at
fohrase OF fsentence due to the absence of prosodic cues for phrase/sentence
boundaries (Fig. 1b).

The Scrambled condition was created by randomly shuffling the order
of the monosyllabic words used in the Meaningful condition, resulting in
meaningless strings of words presented at 2.5 Hz.

Two more listening conditions, Meaningful,,;. and Scrambled,,;,,
were created by adding a multitalker background noise to the Mean-
ingful and Scrambled conditions at a signal-to-noise ratio (SNR) of 0 dB
(Fig. 1c). This SNR was chosen because it is typically encountered in
multi-talker situations (Bronkhorst, 2015). The background noise was
the same as used in previous studies by our group (Vander Ghinst et al.,
2016, 2019). Briefly, it consisted of a mix of 6 native French speakers’
speech (3 females and 3 males). This configuration was chosen because
it introduces interference at phonetic and lexical levels (Simpson and
Cooke, 2005; Hoen et al., 2007), with good balance between these two
types of interference (Simpson and Cooke, 2005; Hoen et al., 2007).

2.3. Experimental paradigm

During MEG recordings, subjects sat comfortably in the MEG chair
with their arms laying on a table. They were asked to gaze at a cross on
the wall in front of them and not to move. After a 5-min rest condition
(i.e., stimulation-free), subjects underwent five listening sessions, each
lasting ~6 min. Listening sessions consisted of 20 blocks randomly se-
lected among the four different conditions (i.e., Meaningful, Scrambled,
Meaningful,,;;., Scrambled,, ;) with the rule that two consecutive blocks
cannot be of the same condition. The order of blocks was randomized
across conditions and blocks were separated by a silent break of 3 s.
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Fig. 1. Experimental stimuli. (a) Sequence of monosyllabic words (presenta-
tion rate 2.5 Hz) forming phrases (1.25 Hz, determiner + noun and verb + ad-
jective/adverb) and sentences (0.625 Hz, determiner + noun + verb + adjec-
tive/adverb). (b) Spectrum of stimulus intensity disclosing a clear peak at the
monosyllabic word rate but not at the phrase or sentence rates. (c) Time-course
of stimuli for each condition.

Auditory stimuli were played using VLC Media Player (VideoLAN
Project, version 2.2.6, GNU General Public License) and were delivered
through a MEG-compatible 60 x 60 cm? high-quality flat panel loud-
speaker (Panphonics SSH sound shower, Panphonics Oy) placed ~2.5 m
in front of the subjects. The average sound intensity was set to 60 dB
sound pressure level (SPL) as assessed by a sound level meter (Sphynx
Audio System). The audio signal was fed to a miscellaneous channel of
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the MEG system and sampled synchronously with MEG signals. This sig-
nal was later used for precise synchronization with the audio material
and to determine the onsets and offsets of word sequences.

To ensure subjects maintained their attentional focus on the audi-
tory stimuli, they were asked to repeat the last word they heard at the
end of each block during the acoustic gap (a behavioral task henceforth
referred to as “word identification”). To avoid a possible prediction of
the word to be repeated based on the preceding linguistic units, we ran-
domly truncated each block by a number of words in between 0 and 8,
leading to blocks of 32-40 words. The last word to be repeated could
therefore be of any class (i.e., determiner, noun, verb, adjective/adverb).
After the MEG recordings, subjects were asked to rate the intelligibility
of a randomly chosen block of each condition on a visual analog scale
ranging from O to 10 (O, totally unintelligible; 10, perfectly intelligible).

2.4. Data acquisition

Neuromagnetic signals were recorded at the CUB Hopital Erasme
with a whole-scalp-covering MEG system (Triux, MEGIN, Croton Health-
care, Finland) installed in a lightweight magnetically shielded room
(Maxshield, MEGIN, Croton Healthcare, Finland; see De Tiege et al.,
2008 for more details ). The MEG system comprised 102 sensor triplets,
each consisting of one magnetometer and two orthogonal planar gra-
diometers. The recording bandpass filter was 0.1-330 Hz and the data
were sampled at 1 kHz. We used four head-tracking coils to continu-
ously monitor subjects’ head position inside the MEG helmet. We digi-
tized with an electromagnetic tracker (Fastrak, Polhemus) the location
of the coils and at least 250 head-surface points (on scalp, nose, and
face) with respect to anatomical fiducials.

Subjects’ high-resolution 3D-T1 weighted cerebral magnetic reso-
nance images (MRI) were acquired on a 1.5 T MRI (Intera, Philips) with
a slice thickness of 1 mm and in-plane resolution of 1 x 1 mm. When
motion artifacts were visible on the MRI images at the time of acqui-
sition, which often happens with children, images were discarded and
another scan was performed after participants’ informed consent until
good quality images could be obtained.

2.5. Data preprocessing

Continuous MEG data were first preprocessed off-line using the tem-
poral signal space separation method implemented in MaxFilter soft-
ware (MaxFilter, MEGIN, Croton Healthcare, Finland; correlation limit
0.9, segment length 20 s) to suppress external interferences and to cor-
rect for head movements (Taulu et al., 2005; Taulu and Simola, 2006).
Besides, head movement parameters, consisting of a set of 3 translations
and 3 rotation angles, were saved for further analyses.

Cardiac, ocular and remaining system artifacts were further elimi-
nated from MEG data separately, using an independent component anal-
ysis of band-passed (0.1-25 Hz) signals (Vigario et al., 2000; FastICA
v2.5, http://www.cis.hut.fi/projects/ica/fastica, with dimension reduc-
tion to 30 components, symmetric approach, and cubic nonlinearity con-
trast). Artifactual components were identified by visual inspection and
corresponding MEG signals reconstructed by means of the mixing matrix
were subtracted from the full-rank and full-band data. Across subjects
and conditions, the number of components rejected was 2.5 + 0.5 (mean
+ SD) in the adult group and 3.8 + 1.0 in the children group (t35 = 5.06,
Deorr < 0.0001).

The resulting data were then filtered through 0.1-40 Hz using a zero
phase-lag filter implemented in the Fourier domain. In brief, the data
were Fourier-transformed, then multiplied by a window raising from
0 (at 0.05 Hz) to 1 at (0.15 Hz) following a squared-sine profile and
ebbing much the same way from 1 (at 37.5 Hz) to 0 (at 42.5 Hz), and
then inverse Fourier-transformed. MEG epochs were extracted from the
5t word onset (to avoid the transient response to the acoustic onset of
each block) to the 327 word offset (because of the random truncation of
blocks). Epochs were considered contaminated by artifacts and removed
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from further analyses when their maximum MEG amplitude exceeded 5
pT in at least one magnetometer or 1 pT/cm in at least one gradiome-
ter. The mean + SD number of artifact-free epochs was 24.3 + 2.0 out
of 25 (across subjects and conditions) in the adult group and 22.2 + 2.7
out of 25 in the children group. We performed an ANOVA on the num-
ber of rejected epochs to assess the effect of condition and the effect
of age. The ANOVA revealed a significant effect of age (F; 33 = 4.64,
p = 0.038) but no significant effect of condition (F3 ;74 = 0.76, p = 0.52)
nor interaction involving this factor (F3 ;74 = 0.82, p = 0.49). To avoid
a possible methodological bias in our results due to differences between
age groups in the number of epochs analyzed, we randomly discarded
epochs in adults’ data to equalize the number of epochs in both groups.

2.6. Head movements

For each participant and listening condition, the variance of head
movement parameters was estimated and summed across the three spa-
tial directions to obtain a single value for translations and rotations.
Variance values were averaged across listening conditions and con-
verted to standard deviation values using the square root.

2.7. Sensor-space data analyses

Retained epochs were Fourier-transformed (frequency resolution
0.089 Hz). For each subject, listening condition and sensor, ampli-
tude spectra were obtained as the modulus (i.e., absolute value) of the
averaged Fourier-transformed epochs. Note that because the modulus
was taken after averaging Fourier coefficients, our derivation of am-
plitude spectra allowed for phase cancellation of activity not phase-
locked with audio sequences. At each sensor triplet, we retained only
the Euclidean norm of the amplitude across pairs of planar gradiome-
ters. This approach allowed us to draw strong conclusions on the po-
tential underlying cortical sources. For each subject, condition and sen-
sor, SNR responses were computed as the ratio between the amplitude
at each frequency bin and the average amplitude at the 10 surround-
ing frequency bins (5 on each side, excluding the immediately adjacent
bins) (Lins et al. 1996; John and Picton 2000; Aiken and Picton 2008;
Peykarjou et al. 2017; Barry-Anwar et al. 2018; Bertels et al. 2020). SNR
values significantly above 1 at fiords fphrase OF feentence Would indicate
specific cortical tracking of the corresponding linguistic units.

2.8. Source-space data analyses

Source reconstruction was used to estimate brain maps of SNR. For
that, MEG and MRI coordinate systems were co-registered using the 3
anatomical fiducial points for initial estimation and the head-surface
points for further manual refinement. Then, the individual MRIs were
segmented using Freesurfer software (Martinos Center for Biomedical
Imaging, Boston, MA, RRID:SCR_001847; (Reuter et al., 2012)), and a
non-linear transformation from individual MRIs to the MNI brain was
computed using the spatial normalization algorithm implemented in
Statistical Parametric Mapping (SPM8, Wellcome Department of Cogni-
tive Neurology, London, UK, RRID:SCR_007037; (Ashburner et al., 1997;
Ashburner and Friston, 1999)). This transformation was used to map a
homogeneous 5-mm grid sampling the MNI brain volume onto individ-
ual brain volumes. For each subject and grid point, the MEG forward
model corresponding to three orthogonal current dipoles was computed
using the one-layer Boundary Element Method implemented in the MNE
software suite (Martinos Center for Biomedical Imaging, Boston, MA,
RRID:SCR_005972; Gramfort et al., 2014). The forward model was then
reduced to its two first principal components. This procedure is justified
by the insensitivity of MEG to currents radial to the skull, and hence, this
dimension reduction leads to considering only the tangential sources. A
Minimum-Norm Estimates inverse solution (Dale and Sereno, 1993) was
then used to project sensor-level Fourier coefficients (averaged across
epochs) into the source space. We followed the same approach as that
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used at the sensor level to estimate source-level SNR (source pairs taking
the place of gradiometer pairs).

We further identified the coordinates of local maxima in group-
averaged SNR maps. Such local maxima of SNR are sets of contigu-
ous voxels displaying higher SNR values than all neighboring voxels.
We only report statistically significant local maxima of SNR, disre-
garding the extent of these clusters. Indeed, cluster extent is hardly
interpretable in view of the inherent smoothness of MEG source re-
construction (Hamaéildinen and Ilmoniemi, 1994; Wens et al., 2015;
Bourguignon et al., 2018).

The significant local maxima were visualized on the MNI glass brain
using the BrainNet viewer (Xia et al., 2013) (see Fig. 5).

2.9. Statistical analysis

2.9.1. Behavioral results

Because results of speech and SiN audiometry were not normally
distributed as indicated by Shapiro-Wilk tests (both p < 0.05 for children
and adults’ results in silence), we performed a Mann-Whitney U test to
compare and identify statistical differences between adults and children.

A three-way repeated-measures ANOVA was used to assess the ef-
fects of listening condition (within-subject factor; Meaningful, Scrambled,
Meaningful,,;.., Scrambled,,;.,), word position (within-subject factor; de-
terminer, noun, verb, adjective/adverb) and of age group (between-
subjects factor; children, adults) on word identification.

A two-way repeated-measures ANOVA was used to assess the ef-
fects of listening condition (within-subject factor; Meaningful, Scrambled,
Meaningful,,;.., Scrambled,;.,) and of age group (between-subjects fac-
tor, children, adults) on the intelligibility rating.

Post hoc comparisons were performed with pairwise t-tests with Bon-
ferroni adjustment for multiple comparisons.

2.9.2. Head movements

Head movement values, consisting of one standard deviation for
translations and one for rotations, were compared between groups using
an independent sample t-test.

2.9.3. Individual levels of SNR

A nonparametric permutation-like test, first described in Bertels et al.
(2020), was used to estimate the statistical significance of the SNR for
each participant and at fyords fphrase a0d feentence Separately. The test
sought for significant responses in all gradiometer pairs, with correc-
tion for multiple comparisons across them. Such a statistical test was
chosen because it can support claims of statistical significance at each
gradiometer pair separately, in contrast with, e.g., cluster-based per-
mutation tests (Sassenhagen and Draschkow, 2019). In a nutshell, the
statistical procedure trims the epochs to randomize the position of the
linguistic units under assessment and hence to destroy the phase locking
across epochs of possible responses specific to these units. The parame-
ters of the test for phrase and sentence SNR were different from those for
word SNR. We therefore present the procedure for phrase and sentence
SNR, and highlight the modifications for word SNR.

To test the significance of the SNR at fiprase and foentences We first
built a permutation distribution for that SNR, or more specifically, for
the maximum SNR across gradiometer pairs. Elements of the permu-
tation distribution were computed as the maximum SNR derived from
epochs randomly trimmed by a duration corresponding to then=0, 1, 2
or 3 first words (n x 400 ms) and 4-n last words. This procedure was re-
peated 1000 times. To match epoch length across permuted and genuine
data, genuine SNR in each gradiometer pair was re-computed based on
epochs in which either the first or last 1.6 s of data (corresponding to 4
words) was removed. The significance of the genuine response at each
gradiometer pair was computed as the proportion of values in the per-
mutation distribution that were above the observed genuine value. This
test, being akin to a permutation test (Nichols and Holmes, 2002), is
exact, and because the permutation distribution was built on maximum
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values across gradiometer pairs, it intrinsically deals with the multiple
comparison issue.

To test the significance of SNR at f,,4, a different trimming scheme
was used. Word SNR was recomputed based on epochs in which either
the first or last 400 ms of data (corresponding to 1 word) was removed;
and to estimate the permutation distribution, epochs were randomly
trimmed by a duration corresponding to the n = 0 or 1 first half-words
(n x 200 ms) and 2-n last half-words. The trimming scheme randomized
the position of words within epochs, so that epochs either started at
word onset or in the middle of a word.

The total number of instances in which significant SNR at f;p a5 OF
fsentence Was uncovered in scrambled conditions (40 subjects x 2 frequen-
cies x 2 conditions) was compared with the number expected by chance.
Under the null hypothesis of no tendency to display significant SNR, this
number follows a binomial distribution with n = 160 experiments and
success probability p = 0.05).

2.9.4. Local maxima of group-level SNR

The statistical significance of the local maxima of SNR observed in
group-averaged maps for each age group, listening condition and fre-
quency of interest was assessed with a non-parametric permutation test
that intrinsically corrects for multiple spatial comparisons (Nichols and
Holmes, 2002). This test was conducted to support claims of gener-
alizability of our findings to the general population. First, participant
and group-averaged rest maps of SNR were computed with MEG epochs
randomly extracted from the rest condition. Group-averaged difference
maps were obtained by subtracting genuine and rest group-averaged SNR
maps. Under the null hypothesis that SNR maps are the same whatever
the experimental condition, the labeling genuine or rest are exchange-
able prior to difference map computation (Nichols and Holmes, 2002).
To reject this hypothesis and to compute a significance level for the cor-
rectly labeled difference map, the sample distribution of the maximum
of the difference map’s absolute value within the entire brain was com-
puted from a subset of 1000 permutations. The threshold at p < 0.05 was
computed as the 95 percentile of the sample distribution (Nichols and
Holmes, 2002). All supra-threshold local maxima of SNR were inter-
preted as indicative of brain regions showing statistically significant CTS
and will be referred to as sources of CTS.

Permutation tests can be too conservative for voxels other than the
one with the maximum observed statistic (Nichols and Holmes, 2002).
For example, dominant SNR values in the right hemisphere could bias
the permutation distribution and overshadow weaker SNR values in the
left hemisphere, even if these were highly consistent across subjects.
Therefore, the permutation test described above was conducted sepa-
rately for left- and right-hemisphere voxels.

2.9.5. Effect of age and multi-talker background noise on SNR values

We used a linear mixed model (LMM) to compare the SNR of sources
of CTS between adults and children with an additional factor of noise
(Meaningful and Meaningful,,,;,, conditions). The dependent variable was
the maximum SNR value within a sphere of 10-mm radius around the
maxima of the group-level SNR map averaged across age groups and
conditions in order to limit potential bias coming from differences in
source location. However, since all sources of CTS were bilateral, the
factor hemisphere (left and right) was added to the analysis. The factors
noise, age group and hemisphere were defined as fixed effects, and the
variability between subjects was accounted for by modeling the partic-
ipant ID as a random effect. We used an unstructured covariance ma-
trix to account for the repeated measures. Residuals were tested and
confirmed graphically for normality. p-values were calculated from F
statistics of type III by using between-within approximation of degrees
of freedom. Results at p < 0.05 were considered to be statistically sig-
nificant for all tests. They were not corrected for multiple comparisons.
Statistical tests were performed with SAS software version 9.04 (SAS In-
stitute Inc, Cary, NC, USA). Separate LMM were run for word, phrase,
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M Meaningful

Fig. 2. Mean + SD scores for the word identification (a) and the intelligi-
bility rating (b) in both age groups. Asterisks indicate significant differences
(* =p<0.05,** =p <0.01, *** = p < 0.001).

and sentence SNR, and for the different local maxima. Post hoc compar-
isons were performed with pairwise t-tests with Bonferroni adjustment
for multiple comparisons. When a significant effect was uncovered for
at least one but not all local maxima, we used a t-test to assess to what
extent the contrast underlying the effect was significantly different be-
tween local maxima.

2.9.6. Link between SNR values and behavioral results, children age and
head movements

Based on our results, we assessed the Pearson correlation between
(i) SNR values in both sources locations and behavioral results (identifi-
cation score and speech audiometry in noise) for both groups and both
hemispheres at each frequency of interest (ii) age in months in chil-
dren and the difference of SNR (mean over both hemispheres) between
Meaningful,,;,, and Meaningful conditions, (iii) age in months and head
movement parameters, and (iv) head movement parameters (for trans-
lation and rotations) and SNR values in both sources locations for both
groups and both hemisphere at each frequency of interest.

3. Results
3.1. Behavioral results

Speech audiometry in silence did not differ between adults and chil-
dren (mean score + SD: adults = 28.3 + 0.9, children = 28.1 + 1.1,
U = 232.5, p = 0.356), but differed in noise (adults = 27.4 + 1.2, chil-
dren = 25.9 + 2.0, U = 284.5, p = 0.020).

Similar results were observed for word identification (Fig. 2a). In-
deed, the ANOVA performed on these scores revealed a significant effect
of age group (F; 35 = 39.9, p < 0.0001), a significant effect of listen-
ing condition (F3 ;74 = 200.8, p < 0.0001) and a significant interaction
between age group and listening condition (F3 ;74 = 8.7, p < 0.0001),
but no effect of word class (determiner, noun, verb, adjective/adverb)
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in the sentence (F3;;4 < 1) nor interaction involving this latter fac-
tor (all p > 0.05). Post-hoc comparisons between listening conditions
demonstrated that scores were (1) not significantly different between
Meaningful and Scrambled conditions (adults, t;9 = 1.26, p.,,, = 1; chil-
dren, t;9 = 2.23, p., = 0.67) but significantly higher in noiseless con-
ditions compared to noisy conditions (all p.,, < 0.0001), (2) signifi-

cantly higher in Meaningful,,,;,, compared with Scrambled,,;, condition
(adults, t;¢ = 8.64, p.o < 0.0001; children, t;9 = 5.57, p.,, < 0.0001),
and (3) lower in children compared with adults only in noisy conditions
(Meaningful,,yices tsg = 7.11, peor < 0.0001; Scrambled,,y;,, tzg = 4.11,
Deorr = 0.002).
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Table 1
Number of adults and children showing statistically significant peaks in at least
1 sensor pair in each frequency and condition.

£ sentence f phrasal f word
Condition Adults Children Adults Children  Adults Children
Meaningful 18 9 20 17 20 20
Meaningful,,;, 18 12 19 15 20 20
Scrambled 2 1 0 3 20 20
Scrambled,,;,, 2 1 3 0 20 20

The ANOVA performed on the intelligibility ratings (Fig. 2b)
revealed the same significant effect of age group (F;3s = 5.99,
Peorr = 0.019) and listening condition (F3 ;74 = 84.5, p,or < 0.0001),
and a significant interaction between age group and listening condition
(F3,114 = 9.52, peorr = 0.009). Post hoc comparisons demonstrated that
intelligibility ratings were (1) significantly higher in noiseless compared
to noisy conditions (all p.,, < 0.01), (2) not significantly different be-
tween Meaningful and Scrambled conditions nor between Meaningful,, ;.
and Scrambled,,;, conditions (all p.,,. > 0.05), and (3) lower in children
compared with adults only in the Meaningful,,;;, condition (t33 = 3.5,
Peorr = 0.018).

3.2. Cortical tracking of linguistic units

Fig. 3 displays group-averaged SNR spectra and sensor distribu-
tions for each listening condition and age group. There was a clear
peak of SNR at 2.5 Hz (i.e., word rate, f,,4) in all listening condi-
tions and age groups, demonstrating excellent tracking of monosyllabic
words. Other peaks were also noticeable at 1.25 Hz (i.e., phrase rate,
fohrase) @nd at 0.625 Hz (i.e., sentence rate, feenience)> but only in the
Meaningful and Meaningful,,;;. conditions where sentential units were
present. In all cases, SNR peaked at MEG sensors covering bilateral
fronto-temporal areas. The cortical activity appears to be bilateral at
fwora but predominantly left-lateralized at foentence @nd fphrase i both
groups. -Supplementary Fig. 1a illustrates the individual variability of
SNR.

Table 1 provides the number of adults and children showing signifi-
cant SNR at fiyords fphrase a0 feentence for €ach condition. Tracking at fyorq
was significant in all participants and conditions. Furthermore, tracking
at fphrase @A feentence Were significant in most of the subjects in Mean-
ingful and Meaningful,,;;, conditions and in a non-significant proportion
of subjects overall in the Scrambled and Scramblednoise conditions (12
in 160 instances, binomial cumulative density B(12,160,0.05) = 0.94,
p = 0.12). Interestingly, sentence tracking (fienence) in children was sig-
nificant only in about half of the children.

3.3. Cortical source localization

Fig. 4 displays the SNR source distribution in all conditions and
in both age groups for each frequency of interest. Peaks of local max-
ima were consistently identified at the supra-temporal auditory cortex
(STAC) and at the inferior frontal gyrus (IFG) bilaterally for all frequen-
cies of interest, age groups and conditions. Indeed, across the listening
conditions and age groups, local maxima of SNR were less than 7.0 mm
apart at fiyorq, less than 13.4 mm at fo.ence> and less than 5.4 mm at
fphrase'

Table 2 presents the coordinates of the significant local maxima of
SNR and the standard deviation for each coordinate.
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Table 2

Local maxima of group-level SNR map for all frequencies of
interest: MNI coordinates + standard deviation (SD) and SNR.
STAC = Supra-temporal auditory cortex; IFG = Inferior frontal

gyrus;

Frequency Regions Location (Mean + SD) SNR
Soentence STAC [-50-258] + [475] @ 2.69
[56 -22 12] + [537] 2.25

IFG [-42 9 14] + [344] 2.62

[43 12 8] + [1328] 1.93

Sobrase STAC [-43-13 6] + [515] 3.51
[57 012] + [212] 2.92

IFG [-35 30 4] + [124] 2.96

[51 37 6] + [233] 2.35

Fuword STAC [42-1212] =+ [423] 6.93
[51 -6 10] + [532] 6.52

IFG [-40 29 1] + [333] 4.38

[45 32 -4] + [647] 4.19

3.4. Effect of age group, noise and hemisphere on the cortical tracking of
hierarchical linguistic units

Fig. 5 displays the SNR values in Meaningful and Meaningful,,,;;, con-
ditions, in both age groups and both hemispheres, for each frequency,
and for the two identified sources of CTS (i.e., STAC, Fig. 5a, and IFG,
Fig. 5b). Supplementary Fig. 1b illustrates the individual variability
of SNR.

Table 3 summarizes the results of the separate LMM performed on
SNR values in STAC and IFG, at fentences fphrase and fiorg With factors
noise, age group and hemisphere. The LMM revealed a significant effect
of age group for both cortical areas, explained by lower SNR values in
children compared with adults. They also revealed a significant effect
of the hemisphere at fyenence aNd fphrase DUt NOt at fiyorq in both cortical
areas, reflecting higher SNR in the left hemisphere compared with the
right. No significant interactions were found at feenence and fphrase- Anal-
yses also revealed a main effect of noise at f.pience> reflecting higher SNR
in Meaningful compared with Meaningful, ;. condition. A main effect of
noise was also uncovered at f,,,.q but only in the inferior frontal gyri,
with a significant interaction between age and noise. This interaction
was explained by significantly higher SNR in Meaningful,,,;, compared
with Meaningful condition in adults (t;¢ = 3.39, p.,; = 0.0098) but not
in children (t3¢9 = 0.36, peorr = 1).

In Supplementary Material S1, we present the results of an analysis
of the SNR at f,,,,q Where the factor “meaning” (i.e., Meaningful and
Scrambled) is included.

We further assessed to what extent the contrasts underlying the sig-
nificant effects uncovered at the IFG were significantly different be-
tween IFG and STAC. The difference between conditions of the mean
SNR across hemispheres did not differ significantly between sources
(tzg = 0.30, p = 0.76; assessment for main effect of noise), and the con-
trast thereof between sources did not differ significantly between age
groups (t3g = 0.57, p = 0.57; assessment for the interaction between
age and noise). Overall, these findings demonstrate that SNR at f,.q
is significantly increased in adults compared with children across the
considered sources (i.e., bilateral IFG and STAC).

3.5. Link between the cortical tracking of hierarchical linguistic units and
behavior, children’s age and head movements

3.5.1. Behavioral relevance

The SNR value at fnences fphrase @0d fiorg in Meaningful and
Meaningful,, ;. did not correlate significantly with word identification
score or SiN audiometry results (all p > 0.05). Of note, there was a sig-
nificant positive correlation between the result of the speech audiome-
try in noise and the identification score in the Meaningful,,;,, condition
(r=0.67, p = 0.001) in children but not in adults (r = 0.36, p = 0.12).
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Fig. 4. Source distributions of the SNR for each group,
condition, and frequency of interest.
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3.5.2. Effect of age

We computed the difference of SNR between Meaningful, ;. and
Meaningful conditions (mean over both hemispheres) to quantify the in-
crease in SNR. Then, we correlated this measure with the age of children
in months. A significant positive correlation (r = 0.51, p = 0.02) was ob-
served (See Supplementary Fig. 2). The ability to boost the tracking of
monosyllabic words in noise therefore develops throughout childhood.

Children

Moreover, the identification score in Meaningful,, ;. positively correlates
with the age in months (r = 0.46, p = 0.044).

3.5.3. Head movements

MEG recordings can be challenging with children, especially with
their limited ability to remain still during acquisitions. Therefore, in
Supplementary Material S2, we compare head movements between
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Fig. 5. SNR of CTS sources (mean + 2 SEM) in Meaningful (M)
and Meaningful, ;. (MN) conditions, in both age groups and in
hemispheres, for each frequency at the two regions of interest: (a)
Supra-Temporal Auditory Cortex and (b) Inferior Frontal Gyrus.
Significant local maxima are illustrated on the MNI glass brain.
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Table 3
Factors affecting the cortical tracking of hierarchical linguistic units. All significant results are in boldface.
S sentence S pheasal S word

Region Factor Fi 152 p Fi152 p Fi152 )4

Supra-temporal Age 31.73 < 0.0001 27.28 < 0.0001 20.98 < 0.0001

auditory cortex Noise 9.92 0.002 0.19 0.66 1.9 0.17
Hemisphere 7.87 0.006 7.31 0.008 0.61 0.44
Age x Hemisphere 2 0.16 0 0.96 0.68 0.41
Age x Noise 0.3 0.59 0.08 0.78 0.94 0.33
Noise x Hemisphere 0.94 0.34 0.1 0.75 0.3 0.58
Age x Hemisphere x Noise 0.02 0.89 0.07 0.8 0.49 0.48

Inferior frontal gyrus  Age 20.45 < 0.0001 35.16 < 0.0001 28.46 < 0.0001
Noise 5.44 0.02 0.05 0.82 6.67 0.01
Hemisphere 11.92 0.0007 11.94 0.0007 0.5 0.48
Age x Hemisphere 0.03 0.87 0.03 0.88 0.03 0.86
Age x Noise 0.31 0.58 0.7 0.4 4.35 0.04
Noise x Hemisphere 0.01 0.94 0.78 0.38 1.14 0.29
Age x Hemisphere x Noise 0.21 0.65 0 0.99 0.05 0.82

groups. As head movements were significantly related to SNR values
mainly at f,,,,4 in children and as one of our main findings was an in-
crease of CTS in adults in the presence of noise at f,,,,4, we corrected SNR
values for head movements (SNR ¢ recteq) @and computed the same LMM
used before to measure if this facilitation effect is independent from head
motions (i.e., separate LMM on SNR_ . ecteq Values in STAC and IFG at
fwora With factors noise, age group and hemisphere). We retrieved some

effects already described in the previous LMM (i) significant effect of
noise in the IFG (Fy,152 = 7.79, p = 0.006) and (ii) no effect of hemi-
sphere for both areas (all p > 0.3). Interestingly, no significant effects
of age group for both cortical areas were found, explained by similar
SNR orrected i children and adults. Crucially, we also retrieved the in-
teraction between age and noise (F; 15, = 4.94, p = 0.028) reflected by
higher SNR yrecteq i Meaningful,, ;.. compared with Meaningful condi-
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tion in adults (t;9 = 3.39, peor; = 0.01) but not in children (t;9 = 0.39,
Deorr = 1). No other significant interactions were uncovered. Overall,
these findings demonstrate that SNR .y ected at fword 1S Significantly in-
creased in adults compared with children and the absence of this facili-
tation effect in children is unlikely to be related to their increased head
movement. Crucially, the difference of SNR between Meaningful,,,;;, and
Meaningful conditions (see above, section 3.5.2) was not correlated with
head translations (r = —0.005, p = 0.98) or angles (r = 0.069, p = 0.77).

4, Discussion

This study shows that the child brain tracks the hierarchical linguis-
tic units of clear speech devoid of prosody, with a left-hemisphere dom-
inance as the adult brain, but with reduced accuracy. This study also
demonstrates that a multi-talker background noise similarly reduces
grammar-based cortical tracking of sentences in children and adults.
Critically, when such noise is present, the adult brain increases the track-
ing of monosyllabic words while there is no evidence for such a mech-
anism in children. This cortical tracking enhancement process appears
to develop through childhood.

4.1. Reduced grammar-based cortical tracking of speech hierarchical
linguistic units in children

In a quiet environment, adults and children exhibited a clear peak
of SNR, indicative of the presence of CTS, at word frequency in all
conditions, and at phrase and sentence frequencies only when words
formed meaningful sentences. In both groups, grammar-based corti-
cal tracking of words, phrases and sentences originated from bilateral
STAC and IFG. These brain areas are key nodes of the speech pro-
cessing network (Hickok and Poeppel, 2007; Friederici, 2011). They
have already been highlighted using non-invasive (Sohoglu et al. 2012;
Peelle et al. 2013; Park et al. 2015; Di Liberto et al. 2018; Vander Ghinst
et al. 2019; Bertels et al. 2022) and intracranial (Kubanek et al. 2013;
Ding et al. 2016) electrophysiological recordings as being involved in
the cortical tracking of natural connected speech both in adults and chil-
dren. Those intracranial electrophysiological studies demonstrated that
the CTS predominates over temporal auditory areas but also involved
non-auditory high-order speech-related brain areas such as the IFG, and
that this CTS was speech-specific (Kubanek et al. 2013; Ding et al. 2016).

CTS was lower in children compared with adults for all linguistic
units (i.e., words, phrases, sentences). Several non-exclusive hypothe-
ses can be raised to explain this finding. First, these results might il-
lustrate the key role that prosodic cues play in childhood in support-
ing the cortical tracking of linguistic units in synergy with grammar-
based knowledge (Mehler et al., 1988; Kalashnikova et al., 2018; Teixid6
et al.,, 2018; Myers et al., 2019). The use of a similar experimental
paradigm, but with the inclusion of prosodic features, might be of in-
terest to confirm this hypothesis. Still, the reduced cortical tracking of
monosyllabic words in Meaningful conditions does not really support
this hypothesis, as the absence of prosody should affect the monosyl-
labic tracking to a lesser extent than for phrases and sentences. Sec-
ond, connected speech processing also involves attentional processes
(Sanes and Woolley, 2011; Jones et al., 2015; Shinn-Cunningham et al.,
2017; Thompson et al., 2017, 2019). A certain level of attention is in-
deed required for combining syllables into words (Ding et al., 2018),
or words into phrases/sentences (Makov et al., 2017). Thus, the re-
duced CTS observed in children might also be driven by reduced at-
tention that is known to develop through childhood (Leibold, 2012).
Third, this decrease can be the sign of cortical maturation, which al-
lows better neural synchronization when it is fully developed until early
adulthood (Ulhaas et al., 2010). Finally, this might be explained by re-
duced SNR of MEG signals in children due to smaller head size or in-
creased head movements (Wehner et al., 2008; Witton et al., 2014). In
fact, children’s head moved more than that of adults in the MEG hel-
met and the mean displacement was negatively correlated with SNR
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at word frequency in the Meaningful conditions. This can explain why
we found smaller SNR responses at the word frequency compared with
adults, while the cortical tracking of natural connected speech in the
theta range (corresponding to the syllabic rate) has been shown to
be pretty stable and similar from childhood (>5 years) to adulthood
(<27 years) in the left hemisphere (Bertels et al. 2022). Still, after cor-
recting SNR for head movements, the cortical tracking of words ap-
peared similar in children and adults. Crucially, even if the amount of
head movements was greater in children, it was not correlated with the
SNR at the sentence frequency, arguing that head movements can not
explain on its own the lower SNR observed in children at the sentence
frequency. The future use of on-scalp MEG based on optically pumped
magnetometers that is more resilient to head motion should clarify those
issues (Hill et al., 2019; de Lange et al., 2021).

The interpretation of this reduced CTS for all linguistic units (i.e.,
words, phrases, sentences) in children compared with adults is also com-
plicated by the difficulty to assess its behavioral relevance for speech
processing/understanding. Our experimental paradigm was designed to
keep participants focused on the auditory stream by asking them to iden-
tify a randomly selected monosyllabic word at the end of each block of
12-16 words. This task was therefore not a direct measure of internal
neural sentence building or comprehension. This can explain why we
did not find any correlation between CTS values and word identifica-
tion scores. One of the main interests of the paradigm used in this study
is that SNR at sentence frequency provides a quantitative estimation
of the participant’s ability to group monosyllabic words into meaning-
ful sentences, but it’s still unclear how the inter-individual variability
in SNR amplitudes actually relates to the variability in comprehension
abilities (see Ding et al. 2017 for correlation with behavioral measure-
ment). Further studies are needed to address this issue by designing a
behavioral task directly assessing sentence comprehension. This could
bring novel insights into the difference in CTS observed between chil-
dren and adults, and also between individuals in similar age groups.

4.2 Impact of a multi-talker background on the cortical tracking
of hierarchical linguistic units

Behavioral scores (SiN audiometry, word identification and intelligi-
bility ratings) were significantly lower in children compared with adults
in noise, while they were similar in a quiet environment. These results
are perfectly in line with the well-described reduced SiN processing abil-
ities of children <10 years (Elliott, 1979; Hall et al., 2002).

In a multi-talker background, adults and children’s cortical activ-
ity tracked phrases and sentences, reflecting ongoing grammar-based
neural building of the hierarchical linguistic units in such adverse
auditory scenes. These results are in line with previous studies that
used competing speakers as masker and were conducted in adults
(Mesgarani and Chang 2012; Zion Golumbic et al. 2013; Ding and Si-
mon 2013; O’Sullivan et al. 2015; Rimmele et al. 2015; Vander Ghinst
et al. 2016; Decruy et al. 2019; Destoky et al. 2019; Fuglsang et al. 2017;
Ding et al. 2018; Kulasingham et al. 2021) or children (Destoky et al.,
2020; Vander Ghinst et al., 2019; Bertels et al., 2022). Those studies
showed significant cortical tracking of the attended speech in a multi-
talker background at similar SNR (i.e., +3 to 0 dB) than in our study. The
amplitudes of STAC and IFG responses at sentence frequency were signif-
icantly lower in noisy conditions, which is comparable to the dampening
of the cortical tracking of natural connected speech previously reported
at ~0.5-Hz in children and adults when speech is polluted by a multi-
talker background (Vander Ghinst et al., 2016, 2019; Giordano et al.,
2017; Destoky et al., 2019, 2020; Bertels et al., 2022). This noise-related
reduction in the cortical tracking of the attended speech at the sentence
level plausibly accounts for the lower behavioral scores observed both
in children and adults. Unfortunately, this was not verified by corre-
lations between scores and SNR values, which might be related to the
fact that these scores poorly reflected the process of internal grammar-
based grouping of monosyllabic words into meaningful sentences. Still,
no difference was observed in the effect of noise on the tracking of
phrases/sentences between children and adults. But considering that
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children have a weaker tracking of phrases/sentences in the Meaning-
ful condition compared with adults, the similar effect of noise between
children and adults might actually have a higher functional impact in
children that would partly explain why school-aged children have lower
SiN processing abilities than adults.

The cortical tracking of phrases was not affected by noise. Binding
two elements into a syntactic hierarchy is considered as the most ba-
sic operation of the hierarchic syntactic building (Mueller et al., 2012;
Friederici, 2020) and has been shown to be already operational in prelin-
guistic infants (Mueller et al., 2012; Friederici, 2020). This might ex-
plain the robustness of the cortical tracking of phrases at this sound
level of babble noise even in children.

The multi-talker background noise induced an increase in the corti-
cal tracking of monosyllabic words, in adults but not in children. This
increase was specific to meaningful connected speech, as it was observed
between Meaningful conditions but not between Scrambled ones. The am-
plification of CTS (as assessed based on temporal response function)
in noisy auditory scenes has already been described in elderly subjects
(Presacco et al. 2016; Decruy et al. 2019; Mesik et al. 2021) and in
adults with impaired hearing (Decruy et al. 2020; Fuglsang et al. 2020).
Unlike our participants, these populations suffer from reduced hearing
leading to less accurate peripheral neural representations. Therefore, in
such populations, the increase in CTS may correspond to a central mech-
anism aiming at compensating for the peripheral deficit to improve SiN
processing. On the other hand, such finding has also been observed for
the cortical tracking of natural connected speech at the syllabic rate
(i.e, 4-8 Hz) in healthy adults compared with school-aged children and
in adults with impaired speech perception in noise (ISPiN); those popu-
lations being characterized by normal peripheral hearing. While the CTS
was significantly increased in a multi-talker background (up to 0 dB) in
healthy adults, such increase was not observed in children (<10 years)
(Vander Ghinst et al., 2019), nor in adults with ISPiN (Vander Ghinst
et al., 2021). These findings therefore argue for a central origin of the
reduced SiN perception abilities in those two latter populations. As the
strength of the CTS has been related to speech intelligibility (Ding and
Simon 2013; Peelle et al. 2013; Ding et al. 2014; Doelling et al. 2014;
O’Sullivan et al. 2015; Vanthornhout et al. 2018; Decruy et al. 2019;
Bednar and Lalor 2020; Teoh et al. 2022), these findings highlight key
neural correlates of the reduced behavioral abilities of school-aged chil-
dren and adults with ISPiN to understand SiN (Vander Ghinst et al.,
2019, 2021). Indeed, these data highly suggest that the ability to in-
crease the neural tracking of (sub-)lexical linguistic units in adverse au-
ditory scenes plays a key functional role in the human capacity to prop-
erly perceive and understand SiN. Impairments in this ability would rep-
resent a common neural correlate to physiological or pathological con-
ditions characterized by a reduced SiN understanding at the behavioral
level.

In the multi-talker background noise, the increased CTS of mono-
syllabic words observed in adults but not in children similarly involved
bilateral STAC and IFG, though it predominated over frontal areas that
are known to be involved in high-order speech processing. The simi-
lar modulations of syllabic CTS in these brain areas might be related
to the limited ability of MEG to distinguish activity from nearby brain
sources. Still, they appeared as clear independent local maxima in the
reconstructed source volume. Their common involvement is also in line
with the fact that they both tracked monosyllabic words (leading to
correlated CTS values) and with previous intracranial recordings that
demonstrated their speech-specific involvement in syllabic neural track-
ing (Kubanek et al. 2013; Ding et al. 2016). The fact that this enhanced
CTS was only observed between the Meaningful conditions also supports
the idea that it involved or contributed to high-order speech processing
rather than being limited to (non-speech related) acoustic processing.
Such increased CTS in the Meaningful,,,;, condition might play a key
role to support the internal neural grouping of small linguistic units
into meaningful phrases/sentences in adverse auditory scenes. Finally,
the ability to increase the syllabic CTS in noise positively correlated with
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age (in months) in children, arguing that this ability develops through-
out childhood. Overall, these data suggest an immature cortical tracking
of (sub-)lexical speech units in noise in children compared with adults.
Further research is needed to confirm our hypothesis by comparing this
specific speech processing to non-speech stimuli (using non-words or
music rhythms).

4.3. Hemispheric dominance of the cortical tracking of speech hierarchical
linguistic units

In the absence of any prosodic cue, the CTS in a quiet environ-
ment was clearly left-hemisphere dominant at the phrase and sen-
tence frequencies, both in children and adults. This was already
observed in studies using a similar paradigm (Sheng et al. 2019;
Kulasingham et al. 2021). Contrastingly, previous studies using natu-
ral connected speech revealed that the auditory system tracks the slow
fluctuations of speech temporal envelope (< 2Hz) preferentially in the
right hemisphere (Bourguignon et al., 2013, 2018; Gross et al., 2013;
Molinaro et al., 2016; Vander Ghinst et al., 2016, 2019; Destoky et al.,
2019). These opposing results therefore provide additional empirical
evidence supporting the hypothesis that the right-dominant CTS is
mainly driven by the neural tracking of prosodic cues (Friederici, 2002;
Bourguignon et al., 2013).

The present study identified a similar impact of noise on the
grammar-based cortical tracking of sentences in children and adults.
Yet, previous studies performed in school-aged children and adults con-
sistently demonstrated that the cortical tracking of attended natural con-
nected speech at phrase/sentence levels is more robust to noise in the left
hemisphere compared with the right (Peelle et al., 2013; Rimmele et al.,
2015; Vander Ghinst et al., 2016, 2019; Destoky et al., 2019). The right-
hemisphere CTS is also more easily corrupted by noise in children than
in adults (Vander Ghinst et al., 2019; Bertels et al., 2022). Considering
that right-hemisphere CTS appears to be mainly driven by the neural
tracking of prosodic cues, these data might thus provide indirect evi-
dence suggesting that children’s behavioral SiN processing difficulties
might also be rooted in suboptimal non-verbal (i.e., prosodic) rather
than grammar-based neural processing of the attended speech stream.
Further studies are needed to confirm that hypothesis.

5. Conclusion

As compared to adults, school-aged children appear to be unable to
enhance the cortical tracking of monosyllabic words in a multi-talker
background noise, which might impair their ability to group them into
meaningful phrases/sentences in such adverse auditory scenes. This
might partly contribute to their lower behavioral ability to understand
speech in noise. This effect comes in addition to a restricted cortical
tracking of prosodic elements that has been previously shown in a multi-
talker background.
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