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SUMMARY
During the third trimester of gestation in humans, the auditory cortex displays spontaneous and auditory-
evoked EEG patterns of intermittent local oscillatory activity nested in delta waves – delta brushes (DBs). To
test whether the spatiotemporal dynamics of evoked DBs depends on stimulus type, we studied auditory
evoked responses (AERs) to voice and ‘‘click’’ using 32-electrode EEG in 30 healthy neonates aged 30 to 38
post-menstrual weeks. Both stimuli elicited two peaks at approximately 250ms and 600ms, the second corre-
sponding to the first principal components of the AER and the evoked DB. The DB showed stimulus-
specific topography, temporalposteriorandmid-temporal for ‘‘click’’, andmid-temporal andpre-central inferior
for voice, and contained theta to gamma oscillations more widespread for the ‘‘click’’response. Gamma oscil-
lations increased with age. AERs predominated on the right but shifted toward the left with age for voice
response. Auditory evoked DBsmay therefore underlie specific auditory processing during fetal development.
INTRODUCTION

During early developmental stages (i.e., the third trimester of

gestation in humans and the equivalent first ten-day postnatal

period in rodents), the immature sensory cortex displays homol-

ogous patterns of activity in the form of intermittent local oscilla-

tory activity bursts, namely delta brushes (DBs) in humans and

spindle/gamma bursts in rodents.1–5 This activity is character-

ized by short-lived fast oscillations in the alpha to gamma

frequency range nested within the envelope of delta waves.

Considerable evidence indicates that these early cortical activity

patterns are largely driven by spontaneous activity at the sensory
iScience 28, 112313,
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periphery: in the somatosensory cortex by sensory feedback re-

sulting from myoclonic twitches, in the visual cortex by retinal

waves, and in the auditory cortex by spontaneous cochlear ac-

tivity.5–13 Supported by these early patterns, correlated activity

and synaptic plasticity in thalamocortical networks are thought

to sustain the activity-dependent formation of somatotopic, ret-

inotopic, and tonotopic cortical maps during the pre-critical and

critical periods of thalamocortical development.2,14–22 These

early activity bursts can also be evoked in the corresponding

sensory areas by sensory stimuli of different modalities including

somatosensory, visual, and auditory, although with some inter-

species and intersystemdifferences.2,6–8,10,23–26 However, these
May 16, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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all-or-none sensory-evoked bursting responses, which involve

high neuronal participation, seem incapable of conveying graded

and high-frequency information transfer as in adults.7,27 This rai-

ses the question of whether the spatiotemporal dynamics of

these early bursting responses depend on the physical charac-

teristics of the stimulus, which may underlie the ability to differ-

entiate complex sensory stimuli and support the early emer-

gence of cognitive abilities. This question is of particular

importance for sensory signals in the auditory modality, which

efficiently reach human fetuses in thewomb, unlike visual stimuli.

Behaviorally, auditory cognitive abilities emerge in humans dur-

ing the fetal period and newborns already show remarkable be-

haviors from birth: they can recognize their mother’s voice from

prenatal exposure, they are able to discriminate between

different sounds (speech, music, and combination of pure

tones), and they can remember acoustic cues of a target pas-

sage of a story read prenatally.28–32 The ability of premature

newborns from 28 post-menstrual weeks (PMW) to discriminate

between phonemes or between male and female voices has

been demonstrated through the mismatch responses to

phonetic and voice changes observed with functional near-

infrared spectroscopy and high density electroencephalography

(EEG).33,34 Together, these findings indicate that the fetal brain is

capable of discriminating patterned auditory stimuli including

voice and nonverbal signals. However, the specifics of the

cortical activity patterns providing the neurophysiological basis

for these early abilities remain largely unknown.

Auditory evoked responses (AERs) are among the ontogeni-

cally earliest sensory EEG responses and display gradual devel-

opmental changes in the timing of all components between the

immature and mature systems. Previously studied mainly

through the event related potentials (ERPs) technique that

average tens of stimulus-locked responses, AERs are not a uni-

tary phenomenon but, rather, a series of temporally overlapping

waves or components representing activity from various cortical

and subcortical sources.35

The latencies andmorphology of auditory ERP peaks are high-

ly dependent upon the auditory stimulus: in particular ERP ampli-

tude, latency, and scalp distribution can be manipulated by

changes in stimulus rise time, duration, inter-stimulus interval,

level (intensity), complexity, and tone burst frequency.36,37 Brain

processes associated with detection, discrimination, and devel-

opmental plasticity can therefore be investigated using scalp-re-

corded AERs. Previous studies using standard (9-electrode)

EEG recordings in healthy preterm newborns revealed that

both vocal and click stimuli evoke AERs with a prominent late

component of DB in the temporal cortex which reaches maximal

amplitude before the age of 35 PMW and vanishes at full term

(�40 PMW).23More recently, using 32-electrode EEG recordings

in healthy neonates from ages 30 to 38 PMW, we showed that

click-evoked DBs occur in temporal regions, include oscillatory

activity from delta to gamma frequency bands, and correspond

to the late component of AERs and auditory ERPs peaking

around 500–700 ms.8

To test whether the auditory evoked DBs, represent stimulus-

specific features, we aimed to perform comparative analyses of

AERs, including their late component of DBs, after two physically

different auditory stimuli (voice and ‘‘click’’) in the samepopulation
2 iScience 28, 112313, May 16, 2025
of 30 healthy neonates aged 30–38 PMW, using the same

recording setting.8 We performed visual, spectral power density,

power spectrum (PS) and time-frequency (T-F) analyses allowing

study of event-related spectral perturbations (ERSPs). We used

averaging and principal component analyses (PCA) to study the

morphology of auditory ERPs. These complementary analyses al-

lowed to dissect spectral components of AERs including their late

DB component.We compared DB response rates after both stim-

uli; auditory ERPs (identification of peaks, their amplitude, latency

and scalp topography) and AER oscillatory components using vi-

sual, PSandT-Fanalyses. Finally,weassessed thedevelopmental

course of AERs between 30 and 38 PMW.

RESULTS

‘‘Click’’ evoked visually identifiable DBs better than
voice (in 83 versus 50% of babies)
Vocal stimulus (a spoken word ‘‘bébé’’, meaning ‘‘baby’’ in

French) evoked DBs at the mid-temporal (T7-T8) and pre-central

inferior (FC5-FC6) electrodes, peaking at around 500–700 ms

and preceded by a theta band sharp peak culminating at the

FC5-FC6 electrodes at around 250 ms (see Figures S1 and 1A).

As previously described8 ‘‘click’’ evoked DBs mostly on the

mid-temporal (T7- T8) and temporal-posterior (CP5-CP6) elec-

trodes, also peaking at around 500–700 ms and also preceded

by a negative sharp peak in the theta band visible on the FC5-

FC6 electrodes (Figure 1A). Spontaneous DBs at temporal elec-

trodes had similar aspect but were not preceded by the small

initial theta component (Figure 1A). Voice evoked visually identifi-

able DBs (response rate >10%) in 50%of infants (15/30), encom-

passing the 3 age groups but only 3 infants among the youngest

hadeasily identifiableDBs (response rate>30%compared to20–

30% in the other 12 patients) (see Table S1). In contrast, and as

previously reported, ‘‘click’’ evoked visually identifiable DBs in

83% of infants (25/30), more than voice presently did (p < 0.01),

and were easily identifiable in 50% of babies (15/30).8

Voice- and ‘‘click’’-evoked ERPs differ mainly in the
topography of late DB component
Considering individual and group-level AER averaging, we

observed that auditory ERPs showed two distinct negative peaks

for both stimuli. The first peak (N1) had a sharpwaveform andwas

located at approximately 250 ms latency. The second peak (N2)

was at around 500–700 ms, it had a vast and shallow waveform

of around 20 mV amplitude with double polarity: negative at the

pre-central inferior (FC5-6), mid-temporal and temporal posterior

(T7-8, CP5-6) electrodes and corresponding to the visually

observed DBs, and positive polarity at the midline Fz, Cz, Pz

and POz electrodes (Figures 1B and 1C; Figures 2A, 2B, and

2C; Figure 3A). N2 was followed by a vast positivity at CP5-6

and T7-8 electrodespeaking at around 1500–2000ms (Figure 3A).

Group-level analyses (n = 30) showed significant differences be-

tween voice and ‘‘click’’ evoked ERPs in terms of spatial distribu-

tion and amplitude of peaks (Figures 3B and 3C, see also Video

S1). ‘‘Click’’ evoked an N1 peak on the T8, CP6 and CP5 elec-

trodes as well as an N2 peak onCP5 and CP6 of higher amplitude

than voice did. In contrast, voice evoked an N2 peak on FC5 and

FC6 of higher amplitude than ‘‘click’’ did (Figures 3B and 3C, see



Figure 1. Visual inspection of the auditory click and voice-evoked responses (AERs) in a 32 post-menstrual weeks (PMW) preterm neonate

(A) EEG with average reference (high pass filter: 0.16 Hz, notch filter: 50 Hz, upward deflection represents negative potential) in a 32 PMW preterm showing (from

left to right) representative examples of AERs including delta brushes (DBs) evoked by auditory stimuli ‘‘click’’ and the spoken word ‘‘baby’’ on the T7, T8, CP5,

CP6, and FC5, and FC6 electrodes as well as spontaneous DBs on the T8, CP6 and FC6 electrodes. Note the right predominance of evoked DBs.

(B) Average auditory event related potentials (ERPs) after the ‘‘click’’ (blue) and voice (orange) stimuli in the same preterm on target electrodes showing the main

evoked DBs responses (CP6, T8, FC6). Two black arrows depict the apparent location of distinct peaks, N1 and N2 contributing to the auditory ERPs. Shaded

area, SEM.

(C) Color maps of spatial distribution of ‘‘click’’ and voice evoked ERPs at different delays after the stimulus onset in the 32 PMW preterm.
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also Video S1). Since stimuli were presented non-randomly, we

performed a statistical comparison of epochs averaged over the

first 5 and the last 5 presentations of each stimulus type in order

to detect a potential presentation order bias. We found no differ-

ence in the AERs between the start and the end of the stimulation

protocol (Figure S2). Considering individual AER averaging,

a subgroup of 9 babies had identifiable ERP after both stimuli

(30–33 PMW: n = 3; 34–38 PMW: n = 6), which were further

used to compare ERP latency and amplitude across stimuli (see
Table S2 and Figure 4A). The latencies of N1 and N2 peaks after

‘‘click’’ and voice were comparable on corresponding electrodes

(N1 on FC5-FC6 (252 ± 27 ms, and 257 ± 53 ms (mean ± SD), N2

on T7-T8 (394 ± 87 ms and 495 ± 184 ms) and N2 on CP5-CP6

(558 ± 125 ms and 563 ± 196 ms) respectively (non-significant).

No age group differences were observed for N1 and N2 peak la-

tencies for ‘‘click’’ nor voice (Figure 4B, see Table S2).

Comparing peak amplitude after both stimuli, the N2 peak on

CP5-6 had higher amplitude after ‘‘click’’ (24 ± 12 mV) than after
iScience 28, 112313, May 16, 2025 3



Figure 2. Click and voice auditory event related potentials (ERPs) in a 32 PMW infant

(A) Surface plot of epoch-averaged AERs (n = 23 for vocal and n = 71 for ‘‘click’’ stimuli), electrodes marked in red (in rectangle) are considered in detail in C.

(B) corresponding 2D maps at 300, 600, 900 and 1200 ms after the stimulus onset.

(C) Zoom on ERPs for target right electrodes (CP6, T8, and FC6). Thick lines depict average and semi-transparent regions standard error of the ERPs.
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voice (16 ± 10 mV; p < 0.05) while the amplitude of N2 on T7-T8

was similar after both stimuli. For ‘‘click’’ and voice, the N2

amplitude was significantly lower on CP5-CP6 at 34–38 PMW

than at 30–33 PMW (p < 0.05 and p < 0.001 respectively). The

age-related difference in N2 amplitude was also observed on

T7-T8 after voice (p < 0.05) (see Table S2; Figure 4B).

Principal component analysis (PCA) of voice and ‘‘click’’ ERPs

at group-level (n = 30) was first performed including 31 elec-

trodes. The first PC of ‘‘click’’ and voice ERPs explained 90%

and 72% of variance respectively and corresponded to a slow

negative delta wave peaking around 500–700 ms (see

Figures S3A and S3B). Highest absolute values of PC1 scores

corresponded to CP6, CP5, and T8 for ‘‘click’’ and the T8,

POz, FC6, and FC5 electrodes for voice respectively (see

Figures S3A and S3B). PC1 corresponded therefore to the N2

peak as disclosed by ERPs analyses, the negative delta compo-

nent of the evoked DBs.

The PCA of epoch-averaged AERs performed on target elec-

trodes as described above and showing the highest ERPs ampli-
4 iScience 28, 112313, May 16, 2025
tude and main power spectrum increase (T7-8, CP5-6, FC5-6)8

showed that PCA did extract N1 and N2 peaks among the first

two principal components (PC2 and PC1respectively). PC1 and

PC2 explained variance ratios of 44% and 16% respectively,

which by themselves could discriminate ERPs to voice and

‘‘click’’ with 80% accuracy (Figures 5A and 5B). The activation

maps of these first two principal components confirmed a clear

difference in their anterior-posterior topography (Figure 5C).

The first component (PC1) coincided with the late N2 peak; it

was dominant on the left pre-central inferior electrode (FC5) after

voice and on themid-temporal and temporal posterior electrodes

(T7, T8, CP5, andCP6) after ‘‘click’’, while the second component

(PC2) with a peak coinciding with the early N1 peak was domi-

nant on FC5 and FC6 after ‘‘click’’ only (Figure 5C).

When assessing PC1 and PC2 differences between the two

previous age groups (30–33 PMW: n = 3; 34–38 PMW: n = 6),

only the late component (PC1) on FC6 after voice revealed a

significantly lower amplitude in older subjects (0.02 ± 0.35)

than younger subjects (1.35 ± 0.21) (p < 0.05).



Figure 3. Click and voice auditory event related potential (ERP) topography (n = 30 subjects)

(A) Grand average ERPs (n = 30 subjects) evoked by ‘‘click’’ and voice auditory stimuli. The red-highlighted portions indicate significant deflections from the

200 ms prestimulus baseline.

(B) Each dot represents single subject ERP amplitude (n = 30 subjects) for the time windows of the N1 (200–400ms) and N2 (400–1200ms) peaks for ‘‘click’’ (blue)

and voice (orange) stimuli at selected electrodes (above) and the corresponding color maps (below). Thick lines depict average and SEM of the group (n = 30

subjects, 30–38 PMW). Asterisks indicate significant differences between stimulus types at the group level (* <0.05, ** <0.01, and *** <0.001, Student’s t test).

(C) Student’s t-statistics of the voice versus ‘‘click’’ analysis, for significant clusters of a cluster-based permutation test with p < 0.05 threshold. Red color depicts

regions where ‘‘click’’ ERPs are more positive than voice ERPs; blue depicts regions where ‘‘click’’ ERPs are more negative than the voice evoked ones. The

figures are drawn for 3 time points of interest: 300 ms, 600 ms and 1000 ms after the stimulus onset.

See also Video S1.

iScience 28, 112313, May 16, 2025 5

iScience
Article

ll
OPEN ACCESS



Figure 4. Auditory event-related potentials (ERPs) evoked by click and vocal stimuli and age related development showed in a subgroup of 9

subjects who had identifiable ERP after both stimuli

(A) ‘‘Click’’ (left) and vocal (right) stimuli group locked averaging (n = 9 subjects). Averaged waveforms are represented on 31 EEG electrodes using a 0.16 Hz high

pass filter and mean reference (upward deflection represents negative potential). On the right averaged waveforms are represented on 2D EEG mapping

(Coherence software), locked to the positions N1 (250ms) and N2 (600ms) as defined by the time cursor (red arrows) and 1600ms corresponding to the peak of a

large positivity at CP5 and CP6 electrodes after ‘‘click’’.

(B) Age related development of ERPs after ‘‘click’’ and vocal stimuli in a group of 30–33 PMW (n = 3) and of 34–38 PMW (n = 6) subjects.

See also Table S2.
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Figure 5. Principal component analysis (PCA) of click and voice ERPs

(A) The first five principal components (PCs) of the ERPs (left) and their variance ratio (right) (n = 30 subjects). The two peaks at 250ms and 600ms are represented

by the first two components PC1 and PC2, respectively. PC1 and PC2 cover 55% of the total variance.

(B) A render of a planar tSNE transform (t1, 2) of PC1 and PC2 for all electrodes in all subjects. Each subject is represented by a pair of connected dots. A blue dot

corresponds to the projection of the ‘‘click’’ ERPs and an orange dot to the projection of the voice evoked ones. The two apparent clusters for voice and ‘‘click’’

ERPs tend to segregate with an accuracy of 0.8 suggesting that PC1 and PC2 are sufficient to discriminate ERPs evoked by both stimuli. The red line represents a

discriminative plane reconstructed with a supporting vector machine classifier.

(C) Group analysis of the PC1 and PC2 activation on selected electrodes (left) and the corresponding PC activation maps (right). The component activations were

standardized channel-wise for each subject. Markers depict group average and whiskers – group standard errors (n = 30 subjects, 30-38G PMW). Asterisks

indicate significant differences in the group (*< 0.05, **< 0.01, and ***< 0.001, Wilcoxon signed-rank test).
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AERs after both stimuli contain delta to gamma band
oscillations
Group-level power spectrum (PS) analyses (n = 30) showed

that voice induced a significant post-stimulus power increase

in the theta to beta bands on the right pre-central inferior (FC6)

and the right mid-temporal (T8) electrode (p < 0.01) and in

high-gamma power on the right pre-central inferior (FC6) elec-

trode (p < 0.01) (Figure 6A, see Table S3). In contrast, ‘‘click’’

induced a significant increase of power in frequency bands

ranging from delta to beta at most electrodes (p < 0.01 and

p < 0.001, one-tailed paired Student’s t-tests) (Figure 6A,

see Table S3). We also observed a click-related increase in

the gamma band (30–80 Hz) power on the frontal mesial (Fz)
and right mid-temporal and temporal posterior (T8 and CP6)

electrodes (p < 0.01), as well as in high-gamma (>80 Hz)

power on the right temporal posterior (CP6) electrode

(p < 0.01) (Figure 6A see Table S3). Comparing the PS in-

crease (D Log PS) (Log transform of power spectrum in-

crease = D Log PS= (Log PS0 2s after stim0) - (Log PS0 2s

before stim0) between both stimuli, we found a significantly

higher D Log PS on most electrodes in the delta to beta bands

after ‘‘click’’ (p < 0.05). However, voice induced higher re-

sponses in gamma and high-gamma power on FC6, F4, CP2

and C3 (p < 0.05) (Figure 6B, see Table S4). Spontaneous

DBs visually identified on the T7-8 and CP5-6 electrodes,

selected in all subjects, showed a significant increase of
iScience 28, 112313, May 16, 2025 7
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power in delta to gamma in the frequency band of 0.5–48 Hz

(not tested for gamma >48 Hz).

Time-frequency (T-F) group level (n = 30) analysis in the

1–45Hz frequency bandwith an equivalent number of epochs af-

ter both stimuli showed significantly positive ERSPs after ‘‘click’’,

corresponding to an increase in oscillation amplitude compared

to the pre-stimulus baseline, at frequencies spanning delta to

gamma bands and on most electrodes (p < 0.05), but with the

widest time-frequency span on FC5-6, T7-8, and CP5-6 (Fig-

ure 7A). In contrast, voice evoked localized and weak theta to

beta band oscillations on the pre-central inferior (FC5-6) and

right mid-temporal (T7-8) electrodes (Figure 7B). Comparing

ERSP maps across stimulus types revealed significantly stron-

ger beta oscillations on both CP6 and CP5 as well as stronger

gamma oscillations on CP6 after ‘‘click’’ compared to voice

(Figure 7C).

Group level (n = 30) T-F analysis covering a larger frequency

band including high-gamma (10–120 Hz) and focused on the

target FC5-6, T7-8, and CP5-6 electrodes, revealed signifi-

cantly positive ERSPs corresponding to an increase in oscilla-

tion amplitude compared to the pre-stimulus baseline after

the ‘‘click’’ at frequencies spanning from alpha up to 120 Hz

(p < 0.05) (Figure 8A, left). Voice also evoked identifiable

ERSPs in the gamma band (Figure 8B, left). T-F maps after

‘‘click’’ showed an inter-trial coherence (ITC) up to 0.25 in the

delta to beta band in two temporal intervals, one centered

around 200–300 ms and one later varying slightly across elec-

trodes (from 500 to 1000 ms on FC5-FC6 and T7-T8 and from

about 750 to 1250 ms on CP5-CP6) coinciding with the time

windows of N1 and N2 ERPs peaks respectively (Figure 8A,

right). ERSPs after voice showed a different pattern of ITC

peaking at three latencies around 200, 500 and 1000 ms on

FC5-FC6 and mainly around 200 ms on T8 and CP6 (Figure 8B,

right).

Visual inspection of individual raw EEGs, spectral power

density, and wavelet analyses (Natus-Coherence review pro-

gram) confirmed the presence of well-individualized oscillatory

response in the gamma bandmainly in the time window between

200 ms and 1.5 s after the stimulus onset (Figures 9A and 9B).

Gamma oscillations in the frequency range of 30–40 Hz were

visually identifiable within AERs after ‘‘click’’ and voice and on

spectral power density analyses of single AERs or after aver-

aging the power spectra on 2 s epochs before and after the

stimulus onset (Figure 9C). In contrast, oscillatory activity in

the high-gamma band (>80 Hz) was not distinguishable from

the background activity which contained frequent environmental

powerline and EMG artifacts.
Figure 6. Frequency power spectrum (PS) analysis of auditory evoke

(Student’s paired t tests) and comparison of PS increase after both sti

(A) The frequency power spectra of mean-referenced signals were computed o

immediately preceding and following auditory stimuli were compared in 6 freque

13.5–29.5 Hz; gamma (30–48.0Hz and 52.0–80.0 Hz) and high-gamma (80.5–98.0

and Table S3). The significant increase of PS on a group-level analysis (n = 30 subj

circle) (one-tailed paired Student’s t test for the difference between pre-and pos

(B) Comparison between frequency PS increase (Log transform of power spectru

auditory evoked responses (AERs) after ‘‘click’’ and voice stimuli (n = 30 subjects)

higherD Log PS after ‘‘click’’ when compared to voice; while colors show significa

orange: p < 0.05, see also Table S4).
The spectral power increase after both stimuli
predominated in the right hemisphere, but shifted
toward the left with age after voice
Evaluating inter-hemispheric AER asymmetries comparingDLog

PS among electrodes with significant Log PS increase after audi-

tory stimulus, we found larger DLog PS on the right side after

voice on the pre-central inferior (FC5-FC6; p < 0.001) and mid-

temporal (T7-T8, p < 0.05) electrodes. After ‘‘click’’ there was

also a right predominance of PS increase on mid-temporal (T7-

T8) and temporal posterior (CP5-CP6) electrodes (p < 0.0001)

(see Table S5). The effect of gestational age (as a continuous var-

iable in PMW) on lateralization, assessed by a slope F-test after

linear regression of the difference between responses (DLog PS)

of each homologous electrode pair versus age, showed that the

right predominance of evoked PS on pre-central inferior

(FC5-FC6) and mid-temporal (T7-T8) and temporal posterior

electrodes (CP5-CP6) pairs after voice shifted to the left with

age (p < 0.05) (See Table S5). Using multivariate analyses of

the PS increase after both stimuli and during spontaneous DBs

on the right temporal (T8 and CP6) electrodes we found that

‘‘click’’ induced 2 widespread dominant clusters, mainly in the

delta to alpha bands on the vertex, central, frontal and temporal

electrodes whereas voice induced localized clusters on the fron-

tal, central and temporal electrodes (Figure S4). Spontaneous T8

DBs disclosed a large and bilateral first cluster on the central-pa-

rietal, occipital and temporal posterior electrodes in the gamma

band (Figure S4). Overall, AERs to voice and ‘‘click’’ and sponta-

neous DBs showed different PS-based clustering and some gain

in topological complexity, i.e., smaller and more numerous clus-

ters when comparing voice to ‘‘click’’ evoked AERs.

Evoked power in the delta to gamma band increased
across gestational age
Analyzing PS increase and including all electrodes as indepen-

dent variables and age as continuous variables (multiple linear

regression model (least squares fitting), we showed an effect

of electrodes on PS after ‘‘click’’ (p < 0.001) and voice stimulus

(p < 0.01) and an effect of age (p < 0.00001) for both stimuli,

whatever the frequency band. After ‘‘click’’, PS increased with

age in all frequency bands including gamma on the right tempo-

ral posterior electrodes (CP6) (p < 0.05) and on the left temporal

posterior basal electrodes (P9) (p < 0.05) (Figure S5, see

Table S6). Responses also increased with age on the right

mid-temporal (T8) (in the theta to beta bands), left mid-temporal

(T7) (in delta to alpha bands), and left temporal posterior (CP5) (in

delta, alpha and beta bands) electrodes (p < 0.05). PS decreased

with age on vertex (CZ) electrode (in theta to beta bands). After
d responses (AERs) after voice and click stimuli (n = 30 subjects)

muli

ver 2-s time intervals using the Fast Fourier Transform algorithm and spectra

ncy bands (delta = 0.5–3.5 Hz; theta = 4.0–7.5 Hz; alpha = 8.0–13.0 Hz; beta =

Hz; 102.0–148.0 Hz and 152.0–198.0 Hz) (for details see STARMethods section

ects) was represented for the values of p < 0.01 (black circle) and p < 0.001 (red

t-stimulus Log PS).

m increase = D Log PS= (Log PS’ 2s after stim’) - (Log PS’ 2s before stim’) of

. Black (p < 0.01) and gray (p < 0.05) circles represent significant difference with

ntly higher D Log PS after voice (one tailed paired Student’s t test; red: p < 0.01;
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voice, PS increased with age in frequency bands ranging from

delta to beta on the right mid-temporal (T8) and in theta and

beta bands on left mid-temporal (T7) electrodes (p < 0.05). On

the left and right pre-central inferior (FC5, FC6) electrodes PS

increased in the alpha and beta bands respectively (p < 0.05)

(Figure S5, see Table S6). It is of note that gamma oscillations

within spontaneous DBs also increased with age on the T8 and

CP6 electrodes (p < 0.001) (not tested for high-gamma).

When considering all electrodes, after voice, the whole model

showed a trend of an increase in gamma power with age

(p < 0.001), whereas responses after ‘‘click’’ decreased with

age in the delta to alpha frequency bands power (p < 0.01).

T-F analysis in the three age groups showed a trend to an in-

crease of evoked spectral power density in the gamma band

with age after ‘‘click’’ while this was not detectable on T-F anal-

ysis for voice (Figures S6 and S7).

DISCUSSION

Here, we revisited AERs in preterm humans, including their late

DB component, analyzing them in frequency bands from delta

to gamma and testing the hypothesis that these AERs share

stimuli-specific profiles. Comparing ERPs after ‘‘click’’ and

voice, we report significant differences mainly in the topography

and amplitude of the evoked DBs. ERSPs also differ after both

stimuli and display maturational changes during the age equiva-

lent to the third gestational trimester: increased delta to beta and

delta to gamma power in themid-temporal and posterior regions

respectively after ‘‘click’’ and in the mid-temporal and pre-cen-

tral inferior regions after voice. AERs to both stimuli predominate

on the right hemisphere but those to vocal stimuli will later shift to

the left. Such stimulus-dependent spatiotemporal propagation

patterns and oscillatory profiles of AERs reflect differential pro-

cessing of auditory signals in specific cortical networks and likely

contribute to the emergence of cognitive auditory abilities in the

human fetus.

Auditory ERPs
Both stimuli result in the characteristic negative biphasic pattern

previously reported for tones and clicks in preterm infants,

whose late peak (N2, up to 700 ms) corresponds to the evoked

DB and which vanishes near full term.8,23,38 But AER averaging

and PCA permit detection of higher N2 amplitude and stronger

N2-related PC1 in temporal posterior for click and in pre-central

inferior for voice. Latencies and amplitudes are in line with previ-

ously described normative studies of auditory ERPs in preterm,

keeping in mind that N2 could not be recorded in these studies

because of the absence of a temporal electrode and high-pass

filtering too restrictive for the delta wave.39 However, we found

a similar latency and developmental profile of the N1 peak on

FC5-FC6 to the so called ‘‘N2p’’ peak at around 250 ms on

C3-C4 using ear ref.8,39 Our auditory ERPs are also comparable
Figure 7. Group-level (n = 30 subjects) time-frequency analysis of aud

‘‘Click’’ (A) voice (B) stimuli, and comparison between both stimulus types (C). C

(p < 0.05 corrected for multiple comparisons across time, frequency and channe

significantly positive event-related spectral perturbation (ERSP), that is, to a sign

baseline. (C) Red corresponds to a significantly positive ‘‘click’’ – voice ERSP dif
regarding amplitude and latency to the preterm visual (VEPs) and

somatosensory evoked potentials (SEPs) already reported by

Hrbek et al. (negative peaks II and IV in VEPs and N2 and N3

in SEPs), with the evoked DBs as their late component.6–8,38,40

A longer latency of AERs components is thought to reflect a

higher stage of stimulus processing, involving associative audi-

tory cortex and cognitive activity, thus higher-level sensory

integration.38,41,42

Preterm cortical AERs underlie EEG oscillations
dependent on the physical characteristics of the
stimulus
We show here in preterm infants that AERs including their late

component of DBs underlie EEG oscillations that differ accord-

ing to the physical characteristics of the stimulus. Oscillations

were spatially widespread for ‘‘click’’ and anteriorly focused for

voice, with stronger right-lateralized responses for both stimuli

but that shift to the left with age for voice, suggesting stimulus-

specific cortical generators and information encoding by these

oscillations. Similar to our findings several functional studies

(f-MEG, ERP, NIRS) showed predominantly right responses

for vocal stimuli starting from the third trimester of pregnancy

(28–35 PMW), thus suggesting that right functional cortical matu-

ration for auditory processing takes place early.33,38,41,43,44 It is

now well established that language networks are left lateralized

in the brain from the very first months of life, with efficient perisyl-

vian speech perception networks similar to those in adults.45 But

there is also growing evidence that these speech networks start

to develop and become operational during the last trimester of

fetal life.46 In resting-state fMRI the perisylvian regions of this pri-

mordial language network appear bilateral before 30 GWA and

subsequently left-lateralized.47 Language brain structures and

their connectivity develop from 20 PMW, these structures

include the sylvian fissure, insula, superior frontal sulcus, inferior

frontal gyrus, superior temporal sulcus and gyrus, superior longi-

tudinal fasciculus and arcuate fasciculus.46 In fMRI studies in

children, passive listening of words activates the primary audi-

tory cortex, superior temporal gyrus bilaterally, and left inferior

frontal gyrus.48 In fMRI studies, speech stimuli elicit significantly

greater activation than both complex and simple non-speech

stimuli in classic receptive language areas (mid-temporal gyri,

left posterior superior temporal gyrus and right inferior frontal gy-

rus).49 In our study ‘‘click’’ evoked DBs were located in mid- and

posterior-temporal regions; the more anterior location of the

voice-evoked DBs in pre-central inferior and their shift from right

to left with age suggest the involvement of language networks in

the generation of these DBs. However, our vocal and ‘‘click’’

stimuli were not normalized for intensity, duration nor acoustic

frequency spectrum; their physical characteristics such as rise

time and spectral content (narrow-band and peaking at 400 Hz

for the vocal stimulus versus broad-band for the non-filtered

‘‘click’’) could potentially account for the differences in amplitude
itory evoked responses (AERs) (in 1–45 Hz)

olors represent t-statistics after application of a significance threshold mask

l dimensions, using the false discovery rate method). A-B Red corresponds to

ificant increase in power relative to the pre-stimulus (from �1500 to 4000 ms)

ference.
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and topography of ERPs, as they lead to the activation of

different tonotopic maps.50 From birth, the generators of the

main peak of auditory ERPs at term (P2) appear to have a well-

defined tonotopic organization, and words evoke larger and

more complex responses than tone bursts.35 It is unclear

whether sound intensity (70 dB SPL for ‘‘click’’ versus 50 dB

SPL for voice) might play a role in our study, but the spectral con-

tent of the stimulus is more likely to account for themore spatially

widespread and stronger spectral power increase after ‘‘click’’

since we previously reported that ‘‘click’’ at low intensity slightly

exceeding the background noise level of the neonatal depart-

ment was still able to evoke more prominent spectral power

increase than the vocal stimulus at 70–75 dB SPL.23 The stimu-

lation protocol began with around 25 vocal, followed by ‘‘click’’

stimuli presented both every 10 s until awakening so, the fluctu-

ation of vigilance (switch from the AS to QS) thus of responsive-

ness, might impact the results.23,35 However, AS typically lasts

15–20 min between 32 and 36 PMW, so it was unlikely that the

babies changed their sleep stage during the first 8 min (time

needed for 50 stimuli).51,52 Indeed, only 4 babies switched

from AS to QS during the first 50 stimuli, others received both

stimuli in AS (24) or in QS (2). To clarify this issue, we statistically

compared the AERs at the beginning and the end of stimulus se-

quences and found no difference, which most likely eliminates a

presentation order effect induced, for example, by a change in

vigilance during the sequence. Habituation could also impact

the AERs, however we used an inter-stimulus interval of 10 s

for both stimuli which prevents habituation, since the fetal audi-

tory memory window is about 800 ms and no short term habitu-

ation was observed in fetuses for inter-stimulus interval >2 s in

auditory or visual modality.53–57 The results of power spectrum

analyses of AERs using 31 electrodes in the current study sup-

port our previous findings on EEG recordings with 9 electrodes

and the same auditory stimuli administered randomly every

20 s during AS and QS sleep, showing that the vocal stimulus

evokes AERs with weaker spectral power than ‘‘click’’.23

In the present study, AERs were studied only in sleep; how-

ever, sleep is the most representative behavioral state in fetuses

which spend up to 90% of the time sleeping (around 60% in pre-

term babies hospitalized in ICU), and this also allows better qual-

ity of recordings.52

Studies of evoked EEG oscillations in infants showed that

auditory ERPs result from the summation of oscillatory compo-

nents in discrete bands (theta to gamma) which vary according

to stimulus characteristics and are involved in auditory discrim-

ination, rapid auditory processing, thus in language develop-

ment.58–60 Here we found in premature that AERs include oscil-

lations in delta to beta bands with an inter-trial coherence (ITC)

value up to 0.25, similar to that of ERPs evoked by pure tones

and words in typically developing children at older ages.42,61–63
Figure 8. Event-related spectral perturbations (ERSP) (in the 10 to 120

inter-trial coherence (ITC) analysis (in 3–40 Hz) (right) (n = 30 subjects)

ERSP in 30 subjects aged 30 to 38 PMW using all available ‘‘click’’ (A) and vo

application of a significance threshold mask (p < 0.05 corrected for multiple c

discovery rate method). Significant ERSP, corresponding to an increase in oscillat

to high-gamma bands at all targeted FC5-6, T7-8, and CP5-6 electrodes are sho

and sensors).
Here the phase synchronized oscillatory component occurred

at the same time window as two well-known markers of cortical

discriminative ability, fetal mismatch negativity (MMN, the wave-

form obtained by subtracting the evoked response to a standard

sound from the response to a deviant one) and late discriminative

negativity (LDN, the endogenous response). Using fetal MEG in

utero between 32 and 35 PMW of age, the latency of response

to a standard tone was 224 ± 43 ms, whereas MMN occurred

at 318 ± 37 ms and LDN at 462 ± 33 ms.53,64 Mento et al.

(2010) observed late negative responses in temporal electrodes

between 350 and 650 ms with higher amplitude on the right side,

thus in favor of an early functional right lateralization of pitch pro-

cessing (detection and discrimination) arising by 30 PMW.38

MMN responses to phonetic and voice changes were also re-

ported from 29 PMW.34 The difference we presently found in

the topography and the lateralization of evoked oscillations after

two physically different auditory stimuli suggests that this oscil-

latory component underlies stimulus-specific processing within

cortical networks as early as at the age equivalent of third

trimester of gestation.

Preterm AERs include gamma oscillations with
increasing power during the equivalent of the third
trimester of gestation
We show here in preterm infants that AERs contain broad band

oscillations including gamma in the frequency range of 30–

40 Hz and that the power of these oscillations increased

during the age equivalent of the third trimester of gestation. Us-

ing time-frequency and power spectrum analyses we also

observed a high-gamma (>80 Hz) power increase after auditory

stimuli but the true oscillatory nature of these changes could

not be confirmed by visual analysis (as recommended for iden-

tification of the genuine gamma oscillations).65 Evoked gamma

oscillations have been observed in response to auditory, visual

and somatosensory stimuli occurring �100 ms after stimulus

onset in humans.66 This activity is relevant for the processing

of specific sensory stimuli and its frequency varies depending

on sensory modality, with auditory stimuli responding between

30 and 40 Hz and visual stimuli at higher frequencies within the

gamma band.66 Gamma oscillations up to 40 Hz were previ-

ously reported during spontaneous EEG activity and auditory

evoked DBs in preterm, visual evoked responses in term neo-

nates, and AERs in toddlers.6,8,58,60,62,67,68 In infants, induced

gamma oscillations have been detected in the anterior cingu-

late cortex during native language contrast discrimination,

and since they can be modulated by active auditory experi-

ence, they were suggested to play a role in discrimination and

language learning.59,60

As suggested by the intracortical and thalamic recordings of

sensory evoked oscillations in the neonatal rat model, the early
Hz frequency band) after ‘‘click’’ and voice (left) and corresponding

ice (B) artifact free epochs with stimuli (n). Colors represent t-statistics after

omparisons across time, frequency and channel dimensions, using the false

ion amplitude compared to the pre-stimulus baseline at frequencies from alpha

wn (p < 0.05, FDR-corrected for multiple comparisons across time, frequency
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component of AERs in preterm infants likely involves thalamic

bursts organized in fast oscillations (including gamma rhythmic

activity)14,15 as well as intra-cortical processing in the primary

auditory cortex and cortico-thalamic feedback (generating

larger scale patterning at alpha-beta frequencies).15,25,69–72

Gamma oscillations as part of the sensory evoked response

were widely studied by invasive procedures in animals and

scalp-recorded potentials in human adults.73–78 It has been

shown in primates that stimulus characteristics such as

contrast modulate gamma oscillations in the 30–80 Hz band

in the visual evoked response in V1 cortex.78 Gamma oscilla-

tions are essential for the precise timing of neuronal-spike

discharges, thus information encoding, transmission and

perception, and are deficient in neurodevelopmental disorders

such as schizophrenia and autism spectrum disorders in adults

and children.63,79–84

In the neocortex, gamma oscillations during sensory pro-

cessing result in the co-activation of reciprocally connected

groups of pyramidal neurons and interneurons.79,81 Stimulus

evoked gamma oscillations are primarily generated in layer 4

and supragranular layers and entrain pyramidal excitatory

neurons and GABAergic interneurons, including fast-spiking

parvalbumin basket cells,81,85 involving both feedforward syn-

chronization by gamma-rhythmic thalamic inputs and intracort-

ical, largely inhibition based gamma synchronization.86–89 In

neonatal rodents, sensory-evoked early gamma oscillations

are generated primarily via feedforward thalamic gamma-exci-

tation with limited participation of cortical interneurons during

the first 2–3 postnatal days (P).14,15 Starting from P4-5,

GABAergic interneurons begin to participate in the patterning

of gamma oscillations and the suppression of the horizontal

spread of alpha-beta oscillations of the spindle-bursts along

with the formation of recurrent excitatory and inhibitory synap-

tic circuits.14,70,90–92 Our results showing the increase of audi-

tory evoked gamma power during the equivalent of the third

trimester of gestational age in humans are also consistent

with a maturation of excitatory and inhibitory cortical circuits

during this synaptic ‘‘spurt’’ period.1,93–95 Indeed, the important

period for GABAergic network development in the human cere-

bral cortex, with increasing of GABAergic receptors and of

interneuron density, occurs during the late third trimester of

pregnancy also with a peak at term.96–98 Interestingly, sponta-

neous and evoked DBs begin to decrease from around 35 PMW

when the GABAergic neuronal density increases.8,23,99,100 The

increasing GABAergic inhibition seems therefore to shape the

cortical sensory-evoked responses to more spatially and

temporally restricted responses.101 Increasing gamma oscilla-
Figure 9. Visual and power spectrum density analyses of gamma osci

Example of EEG recording (A) with average reference in a 32 PMWpreterm showin

‘‘click’’ on the FC5, FC6, T7, T8, CP5, and CP6 electrodes with corresponding wav

upward deflection represents negative potential. Visual identification of gamma o

CP5, and CP6).

(B) EEG is represented after maximal amplification (1 mV/mm) on 1, 5 s timescale

density and wavelet analyses of gamma oscillations are represented below (EEG

(C) Mean power spectrum density analysis of AERs (2 s before and after vocal and

with for gamma a narrow peak between 30 and 40 Hz on the FC6, T8, and CP5

software).
tions likely mark the development of cortical inhibition required

for the precise timing of sensory processing and information

encoding.14,80,101,102

Interspecies comparisons
Current knowledge on the developmental physiology of the

auditory system is largely based on results obtained in altri-

cious animal models, notably rodents. With their ear canal

closed, rats are born deaf (prehearing); they start hearing

high intensity sounds through bone-conduction from P8

(high-threshold hearing) and normal intensity sounds from

P13 (low-threshold hearing).7,25 The onset of low-threshold

hearing is a crucial developmental milestone as it heralds

the opening of the critical period of activity-dependent plas-

ticity in the auditory cortex lasting for about three days and re-

sulting in the refinement of the tonotopic maps.103 A similar

sequence can be observed in other rodents (mouse, gerbil)

and in ferrets.22,104,105 It is of note that the crude tonotopic or-

ganization of the auditory cortex emerges before hearing

onset, as evidenced by the topography of the responses

evoked by inferior colliculus stimulation.25 This is also evi-

denced by mesoscale calcium imaging studies which showed

that the regions in the inferior colliculus and auditory cortex

encoding similar sound frequencies exhibit synchronous

bursts of spontaneous cochlea – driven activity that stops

just at the onset of low-threshold hearing along with the

cessation of spontaneous bursting of spiral ganglion neurons

and ATP release from inner supporting cells.10,12,106,107 Spon-

taneous cochlear activity, which is likely at the origin of spon-

taneous otoacoustic emissions in humans, also likely drives

spontaneous DBs in the auditory cortex of preterm neonates.

The early tonotopic organization of the auditory cortex also

likely accounts for the stimulus-specific topography of AER

that we found in the present study. Moreover, sensory re-

sponses in rats during the low-threshold hearing period are

characterized by intracolumnar activity propagation and intra-

cortical horizontal activity spread from the primary auditory

cortex toward higher level processing cortical regions,25

which is consistent with the propagation profiles of the

AERs we have observed in preterm neonates.

Together, these interspecies comparisons suggest that the

fundamental principles of developing auditory system are

conserved across mammalian evolution, with both spontaneous

(cochlear-driven) and sensory signals cooperating in driving ac-

tivity in the auditory cortex during the corresponding develop-

mental stages of the second postnatal week in rodents and the

third trimester of gestation in humans. Similar principles may
llations

g AERs including delta brushes (DBs) evoked by the auditory stimuli, voice and

elet analysis (high pass filter: 0.53 Hz, low pass filter: 120 Hz; notch filter: 50 Hz,

scillations (framed) on the main electrodes involved in AERs (FC5, FC6, T7, T8,

with 15.9 Hz and 120 Hz high and low pass filter respectively. Power spectrum

review software Natus-Coherence).

‘‘click’’ stimuli) showed a broad band (delta to gamma) increase of oscillations

electrodes for voice and the T8 and CP6 electrodes for ‘‘click’’ (GNU Octave
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also operate across mammals in other sensory systems, such as

the somatosensory and visual modalities.2,6,95,108,109

Conclusion
Together, these results in preterm human newborns show that

during the third trimester of gestation, physically different audi-

tory stimuli evoke AERs (including their late DB component)

which display different spatiotemporal dynamics and oscillatory

activity profiles with different developmental trajectories. This

capacity to process physically different auditory signals into

specific cortical networks suggests that the auditory system

already achieves a remarkable level of maturity within the pre-

term period and probably supports some early emerging cogni-

tive abilities in the human fetus. We also hypothesize that the

DBs, which exhibit stimulus-specific propagation profiles, are

involved in the early formation of high-order auditory cortical

networks.

Limitations of the study
While the present study was initially designed to unravel the

neurophysiological basis for the ability to recognize a human

voice by the preterm infant, and although the results are in keep-

ing with this ability to discriminate verbal and non-verbal auditory

stimuli, several limitationsmust be taken into account. The first is

that the two stimuli were not normalized for intensity, duration, or

acoustic frequency spectrum so that we were not able to

conclude if the difference of the AERs arises from the verbal

component or from other physical characteristics of these stim-

uli. In addition, while we presented an anonymous human voice

to the babies, in future studies it would also be of interest to

investigate whether and how preterm babies are able to discrim-

inate and differently process the voices of mother and father and

third persons. Our comparative analysis of individual ERP’s la-

tencies and amplitudes after both stimuli and its evolution with

gestational age was underpowered since it concerned only 9

subjects. Moreover, our protocol design used non-randomly

presented stimuli, so that the fluctuation of vigilance (switch

from the AS to QS), thus of responsiveness, and the habituation

effect might impact the results. The influence of sex on AERs af-

ter both stimuli was not analyzed in our population; however if

any, the impact on group-level studies was similar since the

sex ratio was of 1:14. There is a legal and ethical prohibition to

record the ethnical race in French law; the data on race and

ethnicity were therefore not registered in our study. Power spec-

trum and time frequency analyses showed increased broadband

high-gamma (>80 Hz) power, however, these findings on high-

gamma were not confirmed by visual analysis of the time-series

data. This could be explained by the low signal-to-noise ratio

(SNR) due to many artifacts from the machinery in the ICU envi-

ronment, physiological artifacts from EMG (facial movements),

and the large powerline and its harmonic artifacts. Increased

broadband high-gamma power could also be misinterpreted

since non-oscillatory features may contribute to the power spec-

tral density, such as increased neuronal firing during DBs in the

absence of any genuine high-gamma oscillations or resulting

from other non-oscillatory components such as sharp transients

(voltage deflections with steep gradients).65 Further study using

better technical conditions at the time of EEG acquisition,
16 iScience 28, 112313, May 16, 2025
notably reduced powerline noise with appropriate electric

shielding and better SNR, should delineate the frequency spec-

trum of AERs in the gamma bandwith better precision. Improved

signal analyses removing EOG and EMG artifacts through ICA

procedures should also improve the delineation of high-gamma

oscillations in the premature infant.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will

be fulfilled by the Lead Contact: Anna Kaminska, MD, Ph-D; E-mail; (anna.

kaminska@aphp.fr).

Materials availability

Written informed consent was obtained from all parents. The procedure was in

accordance with the Ethics Code of the World Medical Association, was

approved by our institutional review board, INSERM (French National Institute

of Medical Research) Ethics Committee (N� 2751), and was registered as a

Clinical Research Study ‘‘Early EEG activities in preterm infant’’ (N� ID-

RCB:2008-A0147-49), (French Research Agency https://anr.fr/Projet-ANR-

09-MNPS-0006).

Data and code availability

Data

EEG epochs including auditory stimuli, generated in this study as well as fre-

quency power spectrum (PS) values of mean-referenced signals computed

over 2-s time intervals before and after the stimulus using the Fast Fourier

Transform are available on request from the lead contact: Anna Kaminska

MD, Ph-D (anna.kaminska@aphp.fr) on https://doi.org/10.57745/XPXYHR

(https://entrepot.recherche.data.gouv.fr/dataset.xhtml?persistentId=doi:10.

57745/XPXYHR).

Code

All original code has been deposited on Mendeley data (https://data.mendeley.

com/) and is publicly available at https://doi.org/10.17632/7S382FS2BG.2 un-

der name Auditory evoked delta brushes involve stimulus-specific cortical net-

works in preterm infants.MATLABcodes used for ERP analysis (Figures 3, 7 and

S2) are pooled in ‘‘Analysis code for publication’’ folder of the Mendeley data

repository with the following names: Fig3_A_BasicProtocols.m (database gen-

eration), Fig3A_B_CAEP_0.m (computation of average evoked potentials)

Fig3C_C1_BBvsCLIC.m (comparison of evoked potentials between vocal and

click stimuli) FigS2_C1b_BBvsCLIC_FirstVsLastStim.m (comparison of evoked

potentials between first and last stimuli) Fig7_C2_BBvsCLIC_TF.m (comparison

of time-frequency maps between vocal and click stimuli) Fig3_process_nt_

smooth.m (EEG data preprocessing). MATLAB code used for Figure S3 is

available under name S3.m.

Other items

This study was a part of a clinical trial registered as a Clinical Research Study

‘‘Early EEG activities in preterm infant’’ (N� ID-RCB: 2008-A0147-49), French

Research Agency https://anr.fr/Projet-ANR-09-MNPS-0006).
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Médisite Foundation (FDF-2018-00092867) and the IdEx Université de Paris
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M., Fellman, V., and Näätänen, R. (2002). The auditory sensory memory

trace decays rapidly in newborns. Scand. J. Psychol. 43, 33–39. https://

doi.org/10.1111/1467-9450.00266.

55. Muenssinger, J., Matuz, T., Schleger, F., Kiefer-Schmidt, I., Goelz, R.,

Wacker-Gussmann, A., Birbaumer, N., and Preissl, H. (2013 a). Auditory

habituation in the fetus and neonate: an fMEG study. Dev. Sci. 16,

287–295. https://doi.org/10.1111/desc.12025.

56. Muenssinger, J., Stingl, K.T., Matuz, T., Binder, G., Ehehalt, S., and Pre-

issl, H. (2013 b). Auditory habituation to simple tones: reduced evidence

for habituation in children compared to adults. Front. Hum. Neurosci. 7,

377. https://doi.org/10.3389/fnhum.2013.00377.

57. Sheridan, C.J., Preissl, H., Siegel, E.R., Murphy, P., Ware, M., Lowery,

C.L., and Eswaran, H. (2008). Neonatal and fetal response decrement

of evoked responses: a MEG study. Clin. Neurophysiol. 119, 796–804.

https://doi.org/10.1016/j.clinph.2007.11.174.

58. Musacchia, G., Ortiz-Mantilla, S., Realpe-Bonilla, T., Roesler, C.P., and

Benasich, A.A. (2015). Infant Auditory Processing and Event-related

Brain Oscillations. J. Vis. Exp. e52420. https://doi.org/10.3791/52420.

59. Musacchia, G., Ortiz-Mantilla, S., Choudhury, N., Realpe-Bonilla, T.,

Roesler, C., and Benasich, A.A. (2017). Active auditory experience in in-

fancy promotes brain plasticity in Theta and Gamma oscillations. Dev.

Cogn. Neurosci. 26, 9–19. https://doi.org/10.1016/j.dcn.2017.04.004.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

EEG files including auditory stimuli,

generated in this study (n=30)

Natus-Coherence EEG software

Deltamed/Natus France.

https://doi.org/10.57745/XPXYHR

(https://entrepot.recherche.data.

gouv.fr/dataset.xhtml?persistentId=

doi:10.57745/XPXYHR)

frequency power spectrum (PS)

values of mean-referenced signals

computed over 2-sec time intervals

before and after the stimulus

(using the Fast Fourier Transform)

(raw values for each stimulus

and mean values)

Natus-Coherence EEG software

Deltamed/Natus France.

https://doi.org/10.57745/XPXYHR

(https://entrepot.recherche.data.gouv.

fr/dataset.xhtml?persistentId=

doi:10.57745/XPXYHR)

Software and algorithms

JMP Statistical Discovery

software v.15-17

SAS Institute Inc.

Natus-Coherence EEG software Deltamed/Natus France. https://natus.com

MATLAB R2014b The MathWorks Inc. https://www.mathworks.com

MATLAB Statistics Toolbox

version: 9.1 (R2014b)

The MathWorks Inc. https://www.mathworks.com

Brainstorm v. 3.230211 (11-Feb-2023) University of Southern California https://neuroimage.usc.edu/brainstorm

EEGlab Matlab toolbox

https://sccn.ucsd.edu/eeglab/

https://eeglab.org/tutorials/Concepts

Guide/statistics_theory.html

https://doi.org/10.1016/j.jneumeth.2003.10.009

Zapline Matlab toolbox

http://audition.ens.fr/adc/NoiseTools/

src/NoiseTools/EXAMPLES/zapline/

https://doi.org/10.1016/

j.neuroimage.2019.116356

Python MNE https://doi.org/10.5281/zenodo.592483

Python Scikitlearn https://jmlr.csail.mit.edu/papers/

v12/pedregosa11a.html

GNU Octave -software John W. Eaton, David Bateman,

Søren Hauberg, Rik Wehbring (2019).

numerical computations.

https://www.gnu.org/software/

octave/doc/v9.3.0/

Codes depository Mandeley data https://doi.org/10.17632/7S382FS2BG.2

Other

Clinical Research Study ‘‘Early EEG

activities in preterm infant’’

INSERM (French National Institute

of Medical Research) Ethics

Committee (N� 2751), N� ID-RCB:
2008-A0147-49

https://anr.fr/Projet-ANR-09-MNPS-0006
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Subjects and EEG recording protocol

Participants and EEG recordings as well as the localization of electrode positions were described previously (figure S1).8 These are

summarized hereafter, along with description of additional stimuli and new analyses.

Subjects
Briefly, all premature newborns referred to the neonatal intensive care units (NICU) of Necker-Enfants Malades (Paris, France) or

Bicêtre Hospitals (Kremlin–Bicêtre, France) from October 2013 to April 2014 and from November 2014 to December 2014, were
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screened for inclusion. Only neonates without neurological risk were included in the study: inclusion criteria were as follows: age over

7 days, normal delivery, birth weight over the 10th percentile, spontaneous ventilation (nasal positive pressure was accepted), normal

clinical examination, normal ultrasound scan performed by a pediatric radiologist (intra-ventricular hemorrhage grade I-II was

accepted), normal otoacoustic emissions, no postnatal steroid treatment and no sedative drug within less than 4 days before the

recording. EEG recordings were performed as part of routine neurological follow-up according to the recommendations for prema-

ture infants, at the patients’ bedside.110 Infants were prospectively followed by a trained neonatologist at 6months, 1 year and 2 years

of age, and were secondarily excluded from the analysis if psychomotor and neurological development was abnormal (1 case). Writ-

ten informed consent was obtained from all parents. The procedure was in accordance with the Ethics Code of the World Medical

Association, was approved by our institutional review board, INSERM (French National Institute of Medical Research) Ethics Com-

mittee (N� 2751), and was registered as a Clinical Research Study ‘‘Early EEG activities in preterm infant’’ (N� ID-RCB:2008-A0147-
49), (French Research Agency https://anr.fr/Projet-ANR-09-MNPS-0006).

Thirty neonates were investigated, including 7 pairs of twins, 16 males, 14 females. Gestational age at birth (weeks of gestation)

was 26-27 (n=1), 29-30 (n=2), 31-32 (n=11), 33-34 (n=14) and 35-36 (n=2) (Table S1). Age at recording was expressed as postmenst-

rual weeks (PMW = gestational age at birth + post-natal weeks). Clinical follow-up, was performed over 2 years, showing normal

development at 2 years for 20 infants, and at one year for 3 infants; 7 infants were lost to follow-up.

EEG recording
Recordingswere prospectively performed at the following PMW: 30-31 (n=2), 32-33 (n=8), 34-35 (n=8), 36-38 (n=12), according to the

10/10 international system and using 32 electrode neonatal caps (Wave Guard EEG neonatal cap, ANT-Neuro, certification CE,

3 sizes) (figure S1). They included cardiogram and respiration recording. Signals were sampled at 1024 Hz, amplified (1000 x),

band-pass filtered at 0.16-334 Hz and digitized, using the Natus-Coherence EEG software (Deltamed/Natus, France).

Auditory stimuli
Auditory stimuli were diotically presented with constant sound volume via headphones. Stimulus consisted of a conventional 100-ms

rectangular unfiltered alternating click at 70 dB sound pressure level (SPL) and a recorded male voice pronouncing the word ‘‘bébé’’

(meaning ‘‘baby’’ in French) recorded in the Waveform Audio File Format, lasting 420 ms, with a peak intensity of around 50 dB SPL,

and a frequency peak at 400 Hz. Since good quality of EEG signal of AERs requires avoidance of movement artifacts and must be

recordedwhen the infant is quiet, stimuli were presented during sleep and calibrated in order to prevent the child fromwaking. Stimuli

were initiated as soon as the infant fell asleep, or when the infant was still sleeping despite the installation of the EEG caps. Stimuli

were presented every 10 seconds (s). Stimulations began with the vocal stimulus, around 25 times, followed by presentations of the

‘‘click’’ stimulus until the baby woke up. The number of recorded auditory stimuli therefore depended on sleep duration. Recordings

lasted no more than one hour. After offline screening of all responses and artifact rejection, the mean number of available stimuli for

each baby was 30±21 (8-76) and 17±8 (7-43) for ‘‘click’’ and vocal stimulus respectively (Table S1).

Vigilance stage
Quiet sleep (QS) was defined by discontinuous, semi-discontinuous or ‘‘tracé alternant’’ EEG according to PMW, regular respiration

and cardiac rhythms, with an absence of phasic movements disclosed by EEG artifacts and/or concomitant video recording. Active

sleep (AS) was characterized by continuous activity, irregular respiration, and phasicmovements.51,100 The number of recorded audi-

tory stimuli therefore depended on sleep duration. In 26 infants both stimuli were presented during the same vigilance stage (AS (24)

and QS (2), while in 4 others auditory stimuli were presented in different vigilance stages (for details see Table S1).

METHOD DETAILS

Visual inspection of EEG

EEG preprocessing

EEG recording was first visually inspected (by AK) using the Natus-Coherence review program (Deltamed/Natus, France) to select

artifact-free (electromyogram of facial and head muscles, movement, sweat, electrode dysfunction, eye movements, respiratory,

interference from 220-volt 50-hertz alternating current (AC)) time intervals of 2 seconds (s) before and 2 s after stimuli. Recording

on the Iz electrode was further removed as it was heavily artifacted leaving 31 electrodes for further analyses.

Detection of auditory-evoked responses

Auditory-evoked responses (AERs) including Delta-brushes (DBs) were visually identified on the raw EEG and marked at the time of

the onset of the stimulus. Spontaneous DBs occurring at the main electrodes involved in AERs (FC6 and FC5 (pre-central inferior), T7

and T8 (mid-temporal) and CP6 and CP5 (temporal posterior) were also visually identified (A.K) across the entire EEG recording

without artifacts and excluding the periods of 2 s before and after each stimulus and marked at the beginning of the negative deflec-

tion of the DBs.8

Neural oscillations in the gamma band

Oscillations in the gamma band (R30 Hz) were visually searched on each individual raw EEG recording on the main electrodes

involved in AERs (FC5, FC6, T7, T8, CP5, and CP6), after maximal amplification (1mV/mm) and on a one second full screen time scale
iScience 28, 112313, May 16, 2025 e2

https://anr.fr/Projet-ANR-09-MNPS-0006


iScience
Article

ll
OPEN ACCESS
with application of 15.9Hz and 120Hz high and low pass filters respectively. Gamma oscillations were considered as true neural os-

cillations if there was a multicycle oscillatory pattern (at least 3 cycles) which clearly stood out from the background activity. Narrow-

band oscillations with discrete frequency peaks were identified using the power spectral density and wavelet analyze.

For the power spectrum density analysis of AERs (2 s before and after vocal and ‘‘click’’ stimuli) the raw data were exported from

the Natus-Coherence software to an ascii file then imported and processed into GNUOctave.111 An averagemontage was applied to

the raw data which have been filtered by a 16Hz high pass filter and a 120Hz low pass filter. For each channels, 2 seconds data seg-

ments were extracted around each markers. The segments were detrended (mean of the segment removed), a Hanning window

applied, the power spectrum of the segment calculated and finally the power spectrums averaged to generate themean power spec-

trum. To facilitate the reading, a centroid was applied to the mean power spectrum (EEG review software Natus-Coherence; GNU

Octave software).65,111

Delta-brush response rate

The DB response rate was calculated for each individual EEG recording, it was defined for both stimuli as the number of visually iden-

tifiable DBs evoked by the stimulus over the total number of the same type of stimuli. DBs were considered identifiable if response

rate was >10% and easy identifiable if response rate was > 30%.8 The response rates of evoked DBs after both stimuli were

compared using a one-tailed paired Student’s t-test.

Auditory event related potentials analyses (ERPs)

Auditory event-related potentials (ERPs) after both stimuli were obtained using individual and group level stimulus locked averaging

of single AERs. Averaging was locked to stimulus onset for both stimuli. Comparative analyses at the individual and group level con-

cerned the morphology of auditory ERPs: identification of peaks, their amplitude, latency and scalp topography.35 ERPs after both

stimuli were also assessed by principal component analysis (PCA) at group level. Brainstorm toolbox112 along with home-made rou-

tines were used to determine ERPs by averaging AERs. Signals were down sampled to 256 Hz. The only digital filter applied to EEG

data was the powerline filter (50 Hz and harmonics) by convolving the signal with a 20-ms boxcar window. To minimize signal distor-

tion and as recommended for waveform analysis of ERPs, we used the minimal high pass filter of 0.16 Hz of our EEG device and an

average reference, in order to avoid a systematic bias that could be induced by non-neutral referencing to the mastoid or ver-

tex.113–115 Signals were then screened visually and electrodes or segments showing artifacts were rejected from further analyses.

Potentials were re-referenced to the average of all clean electrodes. Artifact-free epochs starting at -2 s and ending at +4 s relative

to sound onsets were averaged separately for each individual subject and each stimulus type. The post-stimulus (0 to +4 s) potential

at each time point was then compared against a baseline taken as the average potential over the 2 s preceding stimulus onset, sepa-

rately for the two stimulus types, using statistical tests. A two-tailed, parametric Student’s t-test was performed to compare the post-

stimulus (0 to +4 s) potential at each time point against a baseline taken as the average potential over the 2 s preceding stimulus

onset, separately for the two stimulus types. The threshold for significancewas taken as a = 0:05, corrected formultiple comparisons

with the false discovery rate (FDR) method in the sensor and time domains.

Comparison of ERPs after both stimuli

For a fair comparison of auditory ERPs across stimulus types at the group level, an equal number of epochs were selected from each

stimulus type, per subject, to re-compute individual averages. As all vocal stimuli were presented first, followed by ‘‘click’’ stimuli,

epoch selection was performed as follows: if the number of available clean epochs for voice was larger than for ‘‘click’’ stimulus,

the first vocal epochs were discarded; in the opposite case, the last ‘‘click’’ epochs were discarded. This rule ensured that all epochs

were recorded at a similar time of the session and that the vigilance state of the subject was similar for both stimulus types. Balanced

voice and ‘‘click’’ ERPs were compared at group level using a cluster-based permutation test over the 0-4 s post-stimulus period,116

with a= 0:05 as threshold for cluster significance. Cluster-based permutation tests solve the multi-comparison problem while ac-

counting for the spatial and temporal correlations that exist among EEG time-series, so the significance threshold was not further

corrected. To check whether any significant difference could be explained by an effect of the order of stimulus presentation, we per-

formed a similar statistical comparison of the ERPs obtained after averaging of the first 5 versus the last 5 presentations, for each

stimulus. Comparative analyses of peak latencies and amplitudes of voice and ‘‘click’’ evoked ERPs were performed in subjects

who showed identifiable ERPs after both stimuli. ERP amplitudes and peak latencies were measured using the Natus-Coherence

review program (Deltamed/Natus, France). To this end, ERPs were re-computed in Coherence using similar methods as in Brain-

storm (see above). Latency was measured from the stimulus onset to the wave peak. Latency and amplitude were expressed as

mean and standard deviation and compared across stimulus types using a one-tailed paired Student’s t-test. We also measured

the amplitude of N1 (200-400ms) and N2 (400-1200 ms) ERP peaks in all infants (n=30) for both stimuli, computed the corresponding

spatial maps and tested for significant differences between groups using a one-tailed paired Student’s t-test.

Principal component analyses of ERPs

The principal component analysis (PCA) on both vocal and ‘‘click’’ ERPs was first performed after averaging of all available vocal and

‘‘click’’ stimuli from all infants. Preprocessing was performed with 30 Hz low pass filtering in addition to the 0.16Hz high pass filter of

the EEG recording device. Amean reference excluding electrodes showing artifacts was used. PCAwas computed on 31 channels in

order to obtain PCs, their explained variance and the PCA scores as the projection of each channel in the principal component

space.117 To further compare PCs after both stimuli, we performed a PCA of epoch-averaged AERs to voice and ‘‘click’’ on the target

electrodes showing the main ERPs after both stimuli. Three right and left mid-temporal, temporal posterior and pre-central inferior
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(T7-8, CP5-6, and FC5-6) were used for the PC decomposition, but all electrodes were used for the visualization and analysis of com-

ponent’s topography. Processing was done with python using theMNE118 and scikit-learn packages.119 To assess the discriminative

power of principal components, we used t-stochastic neighborhood embedding120 over the principal component activations for each

channel using the first two components (PC1 and PC2).

Frequency power spectrum (PS) analyses

PS variations after both stimuli

The frequency power spectrum (PS) of mean-referenced signals were computed over 2-sec time intervals using the Fast Fourier

Transform (FFT) algorithm. The Log-transform of PS (Log PS) immediately preceding and following auditory stimuli were compared

in 6 frequency bands usually used in EEG analyses, already used in preterm infants in clinical practice, and in event-related spectral

perturbations (ERSPs) analyses in infants: delta=0.5-3.5Hz; theta=4-7.5Hz; alpha=8-13Hz; beta=13.5-29.5 Hz; gamma= 30-80 Hz

and high-gamma > 80 Hz (limited to 198 Hz in our study).79–81,121 To avoid artifacts from the powerline noise (50+/-0.5 Hz) and its

harmonics (including their 1% of fluctuations) we removed 4 Hz from the FFT exports centered on 50, 100, 150 and 200 Hz. Gamma

frequencies were therefore divided into gamma (30-48Hz and 52-80 Hz) and high-gamma (80.5-98 Hz;102-148 Hz and 152-

198 Hz).59,79,80,100,121

Population statistical analysis of responses was performed separately for voice and ‘‘click’’, using a one-tailed paired Student’s

t-test for the difference between pre-and post-stimulus Log PS, considering the averaged Log PS for each individual. Additionally,

the group Log PS increase (Log transform of power spectrum increase (D Log PS= Log PS’ 2sec after stim’) - (Log PS’ 2sec before

stim’) after voice and ‘‘click’’ was compared by Welch’s t-test assuming unequal variances. In the same way, the frequency power

was compared in 5 frequency bands (delta to gamma) before and after the beginning of spontaneous DBs detected on electrodes of

interest involved in AERs (FC5, FC6, T7, T8, CP5 and CP6).8 All statistical comparisons on Log PSwere performed for each electrode

and for each frequency band separately. For the comparison of AERs after voice and ‘‘click’’, all stimuli were also included, without

averaging of DLog PS. Left and right homologous electrodes were compared for their relative effects (where at least one was found

significant) using one tailed paired t-tests.

The spontaneous DBs were similarly analyzed. The default threshold for statistical significance was set to p < 0.05. However, in

those analyses where the responses were not averaged prior to the test, we applied the adjustment of significance level to

p < 0.01 to fairly limit the occurrence of responses which increases with the gain in statistical power due to repetition of auditory

stimuli.

To assess topographic correlations between PS variations after voice and ‘‘click’’ aswell as after spontaneous temporal DBs,DLog

PS was analyzed by frequency band, on each electrode in all infants, using a multivariate method of variable clustering based on the

correlations between the 31 electrodes and using the Cluster Variables algorithm developed by SAS Institute Inc.117 This approach is

similar to a PCA as each variable cluster is represented by its first principal component (PC1), i.e., the linear component explaining the

majority of the variance in this cluster’s data. We identified the cluster members to identify groups of electrodes with similar varia-

tions, i.e. well represented by PC1. The number of clusters remained open, up to the limit to fulfill inclusion of all electrodes, a number

varying with the spectral band and the stimulus type. Finally, the clusters were color-coded and 2D-mapped with respect to the rela-

tive position of the member electrodes, for visualization.

Simple and multiple linear regression analysis

After averaging individual responses (DLog PS) over epochs (post versus pre-stimulus), additional group-level statistical analyses of

PS variations were performed using simple (F-test) and multiple linear regression model (least squares fitting) by including all elec-

trodes, hemispheric location, gestational age (as a continuous variable in PMW), separately by frequency band and stimulus type.

The effect of gestational age (as a continuous variable in PMW) on lateralization was assessed by a slope F-test after simple linear

regression of the difference between responses (DLog PS) of each homologous electrode pair versus age. Data were further analyzed

for interaction, using a model including the cross effects between electrodes as a factor and other variables of interest as above.

These statistical procedures were performed using the JMP v.15-17 software.122

Time–frequency analyses

In delta to gamma frequency bands

The time-frequency (T-F) maps after vocal and ‘‘click’’ stimuli were made using Brainstorm.103 To this end, T-F maps between -2

and +6 s relative to stimulus onset and between 1 and 45 Hz (1-Hz spacing) were re-computed with the latter toolbox, using a

complex Morlet wavelet transform and the toolbox’s default Gaussian kernel. The wavelet transform was applied after pre-pro-

cessing as described in paragraph auditory event related potentials analyses. As heartbeats produced visible artifacts on time-

frequency maps, preprocessed signals were further cleared of cardiac artifacts before time-frequency analysis. Heartbeats

were detected and aligned using the electrocardiogram channel and the main cardiac artifact component was projected out of

the EEG signals using Signal Space Projection.123 Segments of 500 ms at the start and end of the resulting time-frequency

maps were cut out to discard edge effects. Time-frequency magnitude maps were averaged across epochs for each individual

subject and separately for voice and ‘‘click’’ conditions, using an equal number of epochs for both using the same selection

method as for ERPs, (see methods section: comparison of ERPs after both stimuli). Event-Related Spectral Perturbations

(ERSPs) were computed for each point of these average maps as the magnitude change, expressed as a percentage of the
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average magnitude in a baseline taken between -1500 ms and -500 ms before stimulus onset. Further, ERSPs from voice and

‘‘click’’ conditions were directly compared using a two-tailed paired Student’s t-test.

In alpha to high-gamma frequency bands

After removing the 50 Hz power line noise, commonly originating from electrical interference in the environment, using the Zapline

tool,124 time–frequency (T-F) analyses in the two EEG datasets from voice and ‘‘click’’ were computed with the EEGLAB toolbox125

on the 6 target electrodes showing the strongest responses as disclosed by PS and ERPs, analyses using all available artifact free

epochs. We preserved the sampling frequency of EEG acquisition, i.e., 1024 Hz. We used the markers ‘‘click’’ and voice to extract

EEG epochs (from -2 to 2 s before and after the stimuli). The baseline-normalized spectrogram of the ERSPswas computed through a

sinusoidal wavelet transform (Discrete Short Time Fourier Transform).115 To determine the characteristics of the wavelet offering the

best compromise between frequency and time resolution for studying the frequencies between 10 and 120 Hz, we varied the min-

imum number of cycles of the lowest frequency (from 2 to 11) and those of the highest frequencies (reaching from 10 to 90% of the

number of cycles in the equivalent FFT window) of the Hanning-tapered window and we chose the best compromise visually. The

baseline-normalized spectrogram of AERs was computed with wavelet cycles increasing linearly from 7 (at 10 Hz) to 50 (at

120 Hz). The time period between -1500 ms and -500 ms before stimulus onset was used as the baseline with a single-trial-based

AERs baseline correction methods to reduce sensitivity to noisy trials. Finally, we masked the time-frequency figures to only display

points with significance threshold set at a= 0:05 using the statistical method of basic permutation after correcting for multiple com-

parisons (FDRmethod). To study the reproducibility of the event-related power between 3 and 40 Hz, with respect to stimulus onset,

we studied the degree of phase-synchronization at each time-frequency point using the inter-trial phase coherence (ITC). As with any

coherence measure, this feature, at a given time-frequency point, ranges from 0 (perfect phase asynchrony of oscillations within the

different trials) to 1 (perfect phase synchrony).

Across the age groups

Maturational changes of neural oscillations in the delta to high gamma frequency band (3-120 Hz) were also assessed on target

electrodes (FC5, FC6, T7, T8, CP5, and CP6) according to 3 age-groups: 30-32 PMW+6 days (group 1, n=5), 33-34 PMW+6 days

(group 2, n=7) and 35-38 PMW + 6 days (group 3, n=18).

QUANTIFICATION AND STATISTICAL ANALYSES

The response rates of evoked DBs after both stimuli were compared using one-tailed paired Student’s t-test (Table S1).

Significant deviations of ERP from pre-stimulus baseline (Figure 3A) were assessed by means of a parametric Student’s t-test per-

formed in Brainstorm, with threshold for significance set to a= 0:05 and corrected for multiple comparisons with the false discovery

rate (FDR) method in both the sensor and time domains.

Comparisons of ERPs between stimuli (Figures 3C and S2) were performed using a cluster-based permutation test in Brainstorm,

with a= 0:05 as threshold for cluster significance. Cluster-based permutation tests solve the multi-comparison problem while ac-

counting for the spatial and temporal correlations that exist among EEG time-series, so the significance threshold was not further

corrected.

For the individual and group-level averaging of auditory event related responses (AERs) and of event related potentials (ERP) am-

plitudes and peak latencies measures we used the Natus-Coherence review program (Deltamed/Natus, France). Latency and ampli-

tude were expressed as mean and standard deviation and compared across stimulus types using a one-tailed paired Student’s

t-test. ERPs peaks amplitudes and latencies were tested for significant differences between groups using a one-tailed paired Stu-

dent’s t-test (Figure 4).

For the analyses of the frequency power spectrum (PS) variations after the auditory stimuli, mean-referenced signals were

computed using the Fast Fourier Transform (FFT) algorithm and frequency PS values of 2-sec time intervals before and after the stim-

uli were exported using the Natus-Coherence EEG review software (Deltamed/Natus, France.

For comparisons before-after stimuli of Log-transform of power spectrum (Log PS) and of event-related potential (ERP) latency and

amplitude, we used one-tailed paired Student’s t test for analysis (Figures 6A and 6B; Tables S2 and S3).

For comparisons between independent voice and ‘‘click’’ stimuli responses (DLog PS), we used 2-tailed Welch’s t test assuming

unequal variances for analysis (Figure 6C).

For the determination of topographic correlations between PS variations (DLog PS) after auditive stimuli as well as after sponta-

neous temporal DBs, we used the multivariate clustering method with the ‘‘Cluster Variables’’ algorithm developed by SAS Institute

Inc117 for analysis (Figure S4).

For PS variations (DLog PS) after auditive stimuli left and right homologous electrodeswere compared for their relative effects using

one tailed paired t-tests (Table S5).

For evaluation of leverage effect of gestational age on lateralization of responses (DLog PS) we used a slope F-test after linear

regression for analysis (Table S5).

For multiple linear regression analysis of responses, we used an ANOVA model of least squares fitting, and the cross effects be-

tween electrodes as a factor and other variables were also included into the model for analysis of interactions (Figure S5 and

Table S6).
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Differences were considered significant basically at p < 0.05, or at p < 0.01 in case of adjustment. JMP Statistical Discovery soft-

ware v.15-17 was used for these statistical analyses (SAS Institute Inc.).

Computation of the PCA, t-stochastic neighborhood embedding and group analysis of PC1 and PC2 of the electrodes of interest-

were done using Python MNE and scikit-learn packages. All statistical details for group comparison of component activation can be

found in figure legend (Figure 5).

For computation and visualization of PCA on all electrodes for Figure S3 aMATLAB script was written usingMATLAB PCA from the

Statistics Toolbox version: 9.1 (R2014b), (Natick, Massachusetts: The MathWorks Inc.).

The comparison between stimuli of ERSP T-F maps spanning delta-to-gamma frequency bands (Figure 7) was performed using a

two-tailed paired Student’s test with significance threshold set at a= 0:05 and corrected for multiple comparisons with the FDR

method in the sensor, time and frequency domains.

For the statistical analyses of Time–frequency analyses from alpha to high-gamma frequencies, we masked the time-frequency

figures to only display points with significance threshold set at a= 0:05 using the statistical method of basic permutation after cor-

recting for multiple comparisons (FDR method) provided by EEGLAB toolbox (for more details about statistical tests see https://

eeglab.org/tutorials/ConceptsGuide/statistics_theory.html) (Figures 8, S6, and S7).

For the power spectrum density analysis of AERs (2 s before and after vocal and ‘‘click’’ stimuli) the raw data were exported from

the Natus-Coherence software to an ascii file then imported and processed into GNU Octave111 (Figure 9C).
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