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Temporal theta activity in coalescence with slow-wave (TTA-SW) is one of the first neurobiomarkers of the neurodevelopment
of perisylvian networks in the electroencephalography (EEG). Dynamic changes in the microstructure and activity within neural
networks are reflected in the EEG. Slow oscillation slope can reflect synaptic strength, and cross-frequency coupling (CFC), associated
with several putative functions in adults, can reflect neural communication. Here, we investigated the evolution of CFC, in terms of SW
theta phase-amplitude coupling (PAC), during the course of very early development between 25 and 32 weeks of gestational age in 23
premature neonates. We used high-resolution EEG and dipole models as spatial filters to extract the source waveforms corresponding
to TTA-SW. We also carried out nonlinear phase-dependent correlation measurements to examine whether the characteristics of
the SW slopes are associated with TTA-SW coupling. We show that neurodevelopment leads to temporal accumulation of the SW
theta PAC toward the trough of SW. Steepness of the negative going slope of SW determined the degree of this coupling. Systematic
modulation of SW-TTA CFC during development is a signature of the complex development of local cortico-cortical perisylvian
networks and distant thalamo-cortical neural circuits driving this nested activity over the perisylvian networks.
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Introduction The ongoing developmental neural mechanisms in

The layout of neuronal circuits responsible for processing
sensory information is first established through molecu-
lar factors that guide axons to their target areas (Sanes
and Yamagata 2009). The synaptic connections are then
refined by spontaneous (Xu et al. 2011; Winnubst et al.
2015; Babola et al. 2018) and/or sensory-driven neural
activity (Minlebaev et al. 2007; Colonnese et al. 2010;
Colonnese and Khazipov 2010; Wess et al. 2017), prepar-
ing the developing neural networks for the processing of
complex sensory information in a unique learning inter-
action with the environment (Mahmoudzadeh et al. 2013;
Gervain 2018). Simultaneous dynamic integration and
segregation of neural information at different timescales
is a pivotal component of brain information coding. The
characteristics of this multitimescale interaction of early
oscillatory activities can be hallmarks of the dynamics of
the underlying neural circuits, the disruption of which is
dramatic for neurodevelopmental processes.

the third trimester of gestation (i.e. synaptogenesis,
differentiation, migration, gyrification, and myeliniza-
tion) lead to electroencephalogaphy (EEG) characteristics
that change week by week (Dreyfus-Brisac et al. 1955;
Dreyfus-Brisac 1962; Vecchierini et al. 2003; André et al.
2010). This period is also marked by the appearance of
several transient waveforms with distinct spatiotem-
poral and spectral characteristics (Pavlidis et al. 2017;
Bourel-Ponchel et al. 2021; Wallois et al. 2021). Some of
these waveforms that are studied as biomarkers of nor-
mal neurodevelopment in clinic, display hierarchically
nested oscillatory activities, consisting of a slow wave
(SW) within which more rapid activities are nested; these
include the theta temporal activities that coalesce with a
SW (TTA-SW), localized and diffused delta brushes, and
diffused slow activity transients (Vanhatalo et al. 2005;
Kaminska et al. 2017;Routier et al. 2017 ; Moghimi et al.
2020).
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TTA-SW can be recorded as early as 24 weeks of gesta-
tional age (wGA), with a peak of occurrence at approx-
imately 27-28 wGA, and later disappearance at 33-34
wGA (Wallois et al. 2020). This is a transitional period
during which thalamic afferents that were waiting in the
subplate are relocated to layer IV (Kostovi¢ and Judas
2010; Dubois et al. 2015), providing the cortical plate with
the first inputs from the outside world. Before 28 wGA,
the probability of occurrence of TTA-SW is not modified
by auditory stimuli (Routier et al. 2017; Moghimi et al.
2020). The source of TTA-SW is located in the area of the
planum temporal (Routier et al. 2017). The occurrence of
TTA-SW increases the connectivity over the perisylvian
network (Adebimpe et al. 2019). Overall, these features
suggest that such nonsensory driven activity may partic-
ipate in the functional wiring of the perisylvian auditory
network. Analyzing TTA-SW provides a unique oppor-
tunity to investigate the early functional development
of the perisylvian area, which is known to be involved
in auditory processing, language, and communication
(Friederici 2002).

In preterm neonates (24-27 wGA), we have demon-
strated a precise temporal relationship, in terms of cross-
frequency coupling (CFC), between slow delta waves and
temporal theta activity such that the amplitude of TTA
is orchestrated by the phase of the SW (phase-amplitude
coupling, PAC) (Moghimi et al. 2020). CFC is a character-
istic of intrinsic spontaneous oscillatory activity, which
is believed to enhance combinatorial opportunities for
encoding (Fell and Axmacher 2011; Rasch and Born 2013;
Dehnavi et al. 2021) and synaptic plasticity (Buzsaki and
Draguhn 2004; Bergmann and Born 2018; Salimpour and
Anderson 2019; Peyrache and Seibt 2020).

Postmortem histological data show that the third
trimester of gestation is marked by the rapid and
dynamic evolution of thalamo-cortical and cortico-
cortical neural circuits, presence of transient circuitries
and maturation of permanent circuitries constructing
the local and global brain networks (Kostovic et al. 2021).
Neuronal migration, as well as synaptogenesis, occurs
during the last trimester of gestation (Kostovi¢ et al.
2018). The number of synapses in the subplate is high
and its size continues to increase until 33 wGA. The first
synapses appear in the cortical plate at approximately 26
wGA. At approximately 28 wGA, the thalamic afferents
are relocated to the cortical plate (Dubois et al. 2015;
Kostovi¢ et al. 2021). This allows phoneme and voice
discrimination from 28 wGA onward (Mahmoudzadeh
et al. 2013). This assumes that the previous steps
(subtended by genetic fingerprints and/or spontaneous
electrical activities) have functionally and structurally
prepared the cortical auditory network in the perisylvian
area, independently of exogenous sensory information.

Here, we searched for the signatures of neurode-
velopment in the characteristics of this very early
neurobiomarker, TTA-SW, which may shed light on the
dynamics of the underlying neural circuits during this
transitional period at the beginning of the third trimester
of gestation. We hypothesized that the pattern of the PAC
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of the nested oscillations within TTA-SW is determined
by the developing thalamo-cortical and cortico-cortical
neural networks and therefore might evolve during
the course of the third trimester of gestation, likely
providing a signature for the normal development
of neural circuits. We evaluated this hypothesis by
capturing the dynamics underlying the evolution of PAC
between SW and TTA between 25 and 32 wGA (the time
window in which TTA-SW can be detected from EEG
signals). The characteristics of the PAC were analyzed
separately over the left and right cortices, since the TTA-
SW events are usually localized either to the left or to
the right hemisphere, and in addition, previous studies
have described an early structural asymmetry over the
perisylvian areas (Dubois et al. 2007; Leroy et al. 2011). We
used high-resolution EEG and dipole models as spatial
filters to extract the source waveforms at the left and
right temporal cortices (the neural source of TTA-SW)
in preterm neonates. Finally, we used nonlinear phase-
dependent correlation measures to examine whether
the characteristics of the SW slopes are associated with
TTA-SW coupling.

Materials and methods
Subjects

This study included 26 premature newborns, that were
not include in our previous low-resolution EEG study
(Moghimi et al. 2020) (Supplementary Table S1, gesta-
tional age: 25-32 wGA) in the neonatal intensive care
unit of Amiens University Hospital (Amiens, France). All
infants had appropriate birth weight, size, and head cir-
cumference for their term age (10th centile, Fenton and
Kim 2013), an APGAR score>5 at 5 min, and normal
auditory and clinical neurological assessments. None
were considered to be at risk of brain damage. In par-
ticular, the results of a neurological examination at the
time of the recordings had to correspond to those of the
corrected gestational age, with no history of abnormal
movements. The gestational age (estimated from the
date of the mother’s last period and ultrasound mea-
surements during pregnancy) corresponded to the degree
of brain maturation (evaluated by EEG). The standard
EEG had to be normal. The EEG evaluation in the follow
up at the time they left the NICU had to be normal
according to the EEG monitory guideline of the French
Society of Clinical Neuroscience for the very young pre-
mature. The other noninclusion criteria were a corrected
age other than 25-32 wGA, the presence of neurological
damage (such as intraventricular hemorrhage grades II,
I, and IV or parenchymal malformation), intrauterine
growth retardation, sepsis, and suspected necrotizing
enterocolitis. The exclusion criterion were an abnormal
interpretation of the high-resolution EEG, and the short
duration of remaining data after preprocessing. The sub-
jects were then divided into three groups (25-27 wGA:
n=9, 28-29 wGA: n=6, and 30-32 wGA: n=11) according
to their age at the time of recording. One or both par-
ents were informed about the study and provided their
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written informed consent for the study and the use of
photographic materials. The local ethics committee (CPP
Ouest I) approved the study (ID-RCB: 2021-A02556-35).

EEG recordings

The HR-EEG was recorded in an incubator, while the
premature neonates were asleep, using 64 Ag/AgCl
surface electrodes and a sampling rate of 2000 Hz,
amplified by a SynAmps RT 64-channel EEG/EP system
(Compumedics Neuroscan) with a bandwidth from DC
to 400 Hz. Impedances were kept below 5 k2. Because of
rapid brain growth at this age, 3 caps were used to cover
the normal range of head circumferences during this
period. The electrocardiogram, deltoid electromyogram,
and oxygen saturation level were also monitored. The
EEG session was video-recorded.

EEG preprocessing

The EEG recordings were analyzed with MATLAB soft-
ware (The MathWorks, Inc., Natick, MA) using FieldTrip
(Oostenveld et al. 2011), EEGLAB (Delorme and Makeig
2004), and custom MATLAB functions and codes. First,
for each subject, noisy channels were selected through
visual inspection, and interpolated using the neighbor-
ing electrodes. Electrocardiography, ocular, and muscle
artifacts were removed by independent component anal-
ysis using the EEGLAB toolbox. The EEG signals were
then preprocessed using an automated artifact rejection
algorithm. The samples were z-scored for each partici-
pant and electrode location using the mean + SD of the
absolute amplitude after applying a 0.1-20 Hz 2-pass
finite impulse response bandpass filter (order: 3 cycles
of the low-frequency cut-off). A sample was recognized
as an artifact if the z-score exceeded a value of 6. The
3-s segments preceding and following the artifact were
marked and discarded from further analysis.

Modeling dipole waveforms of the temporal
cortex

We employed a dipole source model (using FieldTrip)
as a spatial filter to extract the EEG signals generated
from left and right temporal cortices. This was performed
using our neonatal finite element head model (detailed
characteristics can be found in (Azizollahi et al. 2020)),
which consists of 6 compartments: white and gray mat-
ter, cerebrospinal fluid, the fontanels, skull, and scalp.
We were primarily interested in the activity over the
planum tempori, based on our previous study, which
located the source of TTA-SW over this area (Routier
et al. 2017). Therefore, we analyzed the EEG signals in
source space, rather than from surface electrodes (Fig. 1),
by extracting the oscillatory signals generated from the
left and right temporal cortices while attenuating signals
generated from other brain regions. The dipole approach
is a linear weighting of all surface electrodes that empha-
sizes the neural activity over the region of interest. The
location of cortical sources, namely the left and right
planum tempori, were specified by two experts (FW. and

L.R.) using an magnetic resonance imaging (MRI) of a
preterm neonate of 32 wGA (Ghadimi et al. 2016). Using
the dipole model, the preprocessed 64-channel EEG was
projected into source-space EEG for further analyses.

Detection of SW and TTA events

SWs and TTA were detected separately for each subject
over the left and right source signals using the algorithms
developed in our previous publication (Moghimi et al.
2020). The detection techniques were adapted from those
previously used to detect sleep oscillations (namely slow
oscillations [SOs] and spindles; Staresina et al. 2015;
Mak-McCully et al. 2017; Gonzalez et al. 2018) and then
adjusted to match the characteristics of the SWs and TTA
observed here. Automated TTA-SW detection was veri-
fied by the manual detection of events among randomly
sampled raw data by experienced clinical neurophysi-
ologists (FW. and L.R.). A sample event is presented in
Figure 2.

For SW detection, data were first filtered between 0.1
and 2.5 Hz using a 2-pass finite impulse response band-
pass filter (order: 3 cycles of the low-frequency cut-off).
Next, all successive positive to negative zero-crossings
in the filtered signal were identified. The event duration
was defined as the time between the 2 zero-crossings.
Events that met the SW duration criteria (a minimum of
1sand a maximum of 2.8 s on each half-wave before and
after the negative to positive zero-crossing, 0.1-2.5 Hz)
were considered for the next step. The event amplitude
was defined as the trough-to-peak amplitude. Events
that also met the SW amplitude criterion (>80th per-
centile of the candidate SW amplitudes), the SW peak
amplitude criterion (>75th percentile of the candidate
SW peak amplitudes), and the SW trough amplitude
criterion (>75th percentile of the candidate SW trough
amplitudes) were considered to be SWs. For all events,
artifact-free epochs (—6 to +6 s, time-locked to the SW
trough in the filtered signal) were extracted from the raw
signal.

For TTA detection, the data were first filtered between
4 and 7.5 Hz using a 2-pass finite impulse response band-
pass filter (order: 3 cycles of the low-frequency cut-off).
Next, the RMS of the filtered signal was computed using a
moving average window of 500 ms, and a TTA amplitude
threshold corresponding to the 95th percentile of the
RMS values was applied. A TTA event was detected if the
signal exceeded this threshold for more than 0.5 s but
less than 1.6 s. Artifact-free epochs (-6 to 6 s) centered on
the TA trough in the filtered signal were extracted from
the unfiltered signal for further analysis.

An event was marked as TTA-SW if the largest trough
of the TTA occurred between the first positive to negative
zero-crossing and peak amplitude of the SW event.

Time-frequency analysis

We performed time-frequency representation (TFR)
analysis to test the nesting hypothesis of SW and
TTA by searching for power modulation during such
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Fig. 1. High-resolution EEG recording, source localization, and event detection. (A) High resolution EEG recording of a preterm neonate at 28 wGA. (B)
Electrode localization with the premature head model showing the skull, scalp, and fontanels. (C) Distribution of a sample TTA-SW event over the
electrodes. (D) Localization of the left and right temporal poles over an MRI of a preterm neonate, in addition to a source waveform for the event shown

in (C) over the left temporal pole.

events. This was carried out over both the left and right
temporal cortices and for each age group separately.
The TFRs were computed per SW event (using the
FieldTrip toolbox) for frequencies between 0.5 and 20 Hz,
in steps of 0.05 Hz, using a sliding Hanning tapered
window with a frequency-dependent length comprising
a full number of cycles (always at least two). For

group-level statistics, 2-tailed paired-sample t tests were
used to check for significant perievent power changes
relative to the pre-event baseline (—2.5 to —1.2 s). The
cluster-based permutation procedure implemented in
the FieldTrip toolbox was used to correct for multiple
comparisons (SW-triggered: —1.5 to +1.5 s x 0.5-20 Hz)
(Oostenveld et al. 2011). The initial threshold for cluster
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Fig. 2. Sample TTA-SW event recorded at 28 wGA (left), along with its topographical distribution (right). The topography corresponds to the largest

trough of TTA.

definition was set to P <0.01. Finally, the final signifi-
cance threshold for summed t values within clusters
was set to P < 0.05.

Phase-amplitude coupling analysis

The preferred phase of coupling (phase-amplitude cou-
pling, PAC) between the phase of low-frequency (SW,
modulating) and the amplitude of high-frequency (TTA,
modulated) oscillations was extracted by separately fil-
tering the source EEG signals in the frequency range
corresponding to SW (0.5-2.5 Hz, 2-pass FIR bandpass
filter, order=3 cycles of the low cut-off frequency) and
TTA (4-7.5 Hz, 2-pass FIR bandpass filter, order =3 cycles
of the low cut-off frequency). To avoid edge effects, we
conducted 6-s zero-padding to each side of the +2 s long
signal, with zero set to the trough of the SWs before
filtering. Phase values were calculated for all samples
of each extracted SW and the corresponding TA ampli-
tude variations using Hilbert transform. TA power time
series were created using TFR bins averaged across the
respective frequencies (4-7.5 Hz) and up sampled to the
sampling frequency of 512 Hz. The synchronization index
(SI) was then computed between the 2 phase-value time
series for each event epoch and channel. SIis a complex
number, the radius of which indicates the strength of
locking between SW and TA power fluctuations and the
angle represents the “preferred phase” of synchroniza-
tion (Staresina et al. 2015; Gonzalez et al. 2018), in other
words, the phase of SW at which the power of TA is
maximal across time.

1 N
_ Jle1®O—pu®|
Sl = N El e

where N is the number of samples, ¢,(t) is the phase
value of the fluctuations in TA power time series at

sample t, and ¢(t) is the phase value of SW time series
at sample t (Cohen 2008). The synchronization index was
calculated over the interval — 1 to +1 s around the SW
trough. Complex averaging was then performed, first for
events for each subject individually and then for the
subject belonging to the same age group.

SW slope calculation

The SW slope was calculated from EEG source signals
filtered in the frequency range of 0.2-3.5 Hz. SW
slopes during negative-going and positive-going wave
transitions (Fig. 3B, right, and Supplementary Fig. S1)
were determined as the ratio between the absolute value
of the SW trough, corresponding to the peak of the
negative SW half-wave, and the time interval from the
previous and to the next zero crossing (Riedner et al.
2007; Dehnavi et al. 2021).

Statistical analysis

MATLAB (R2017b) was used for all statistical analyses.
Unbalanced mixed model analyses of variance (ANOVA)
with a within-subject factor hemisphere and a between
subject factor age were performed to study the changes
in TTA-SW density and SW slope. This was followed
by 1-way ANOVA over each hemisphere separately
to address the impact of age on density and slope
changes.

All Sl-related analyses were conducted using MAT-
LAB CircStat toolbox (Berens 2009). We used the basic
Rayleigh test to verify the circular nonuniformity of SI
direction (at the individual level). The subjects for whom
the null hypothesis could not be rejected were removed
from further analyses. We used the Watson-Williams test
(circular ANOVA equivalent) to study the modulation of
SI direction by age. However, as there are no repeated
measures or mixed-model statistical tests for circular
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Fig. 3. (A) TTA-SW density decreased with age, as verified by a significant main effect of age (F=21.41, P < 0.001). The difference in density was significant
between the left and right cortices (F=191.83, P < 0.001). A follow-up 1-way ANOVA with factor age revealed a significant effect of age over the left
temporal cortex (F=11.95, P < 0.001), and a nonsignificant effect of age over the right temporal cortex (F=2.96, P= 0.075). (B) The definition of the
negative-going slope (NGS) and the positive-going slope (PGS) used for statistical analysis are shown on an exemplary SW event (right). The NGS of
the SW increased significantly with age (F= 6.78, P < 0.05). There was a significant difference between the NGS slope values corresponding to the 2
hemispheres (F=10.17, P < 0.01). A follow-up 1-way ANOVA with factor age revealed a significant effect of age over the left temporal cortex (F= 3.69,
P < 0.05), and a nonsignificant effect of age over the right temporal cortex (F=2.77, P=0.09).

data, we performed the Watson-Williams test separately
for the left and right hemispheres, with age as the factor
of interest. The circular-linear correlation was calculated
to investigate the correlation between the SW slope and
the preferred phase of coupling.

Results

We sought to demonstrate the evolution of cross-
frequency interactions between neural oscillations as
a signature of neurodevelopmental dynamics in the
temporal cortex. We analyzed HR EEGs of preterm
neonates (of 41.46+13.45 min) in the source space
between 25 and 32 wGA divided into 3 age groups:
25-27 wGA (26.33+0.71, n=9), 28-29 wGA (28.4+0.55,
n=>5), and 30-32 wGA (30.22+0.67,n=9); 2 subjects from
the third age group and 1 from the second age group
were discarded because the duration of the remaining
data after preprocessing was short (2 subjects) and, in
addition, the null hypothesis concerning the uniform

distribution of phases could not be rejected. We targeted
the TTA and SW events over the bilateral temporal poles
and tested whether the systematic modulation of the
amplitude of theta oscillations by SW (i.e. the preferred
phase of SW-TTA coupling) demonstrates a specific trend
during development.

Signatures of TTA-SW during development

Our automated event detection algorithm yielded an
average of 190.60+65.63 SWs and 119.65+32.23 TTAs
per infant over the left temporal cortex and an average
of 194.26 +64.18 SWs and 122.69 +35.81 TTAs per infant
over the right temporal cortex. The mean event densities
were 4.58 +0.31 per min for SWs and 2.95 +0.31 per min
for TTAs over the left temporal cortex and 4.62 +0.30 per
min for SWs and 2.97 +£0.33 per min for TTAs over the
right temporal cortex. The conventional measures of the
events per age group are given in Table 1.

The density of the TTA-SW events decreased with age
over both hemispheres, as shown by a significant main
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Table 1. Conventional measures of the events per age group.
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Infantn®  Duration (min) SW density (per min) TTA density (per min) TTA-SW density (per min)
Left hemisphere  Right hemisphere Left hemisphere  Right hemisphere Left hemisphere  Right hemisphere
1 17.55 4.78 4.78 3.07 3.19 1.76 1.42
2 33.97 4.68 4.65 3.14 3.06 2.61 2.64
3 47.86 5.03 4.80 3.15 3.15 1.81 1.85
4 44.38 4.95 4.93 3.06 3.04 1.77 191
5 56.70 4.14 4.16 2.39 2.39 2.15 2.09
6 54.35 4.26 4.39 2.26 2.22 1.83 1.85
7 60 5.13 4.86 2.95 2.88 2.21 1.88
8 40.44 4.17 4.20 3.06 2.59 2.22 1.31
9 51.12 5.12 5.10 2.79 2.65 1.76 1.64
10 31.10 4.75 4.79 3.05 3.18 1.28 1.47
11 70.59 4.57 4.57 2.37 2.50 1.99 1.95
12 44.11 4.91 5.08 2.83 2.68 1.40 1.79
13 38.36 4.37 4.26 291 3.20 2.05 0.98
14 32.75 4.54 4.94 2.96 3.26 1.06 1.74
15 32.29 4.39 4.83 3.22 3.46 1.30 191
16 40.54 4.56 4.09 3.08 3.18 1.52 1.18
17 46.82 4.59 4.46 2.81 2.90 1.08 1.06
18 29.25 4.44 4.37 3.11 3.21 1.09 1.19
19 60.95 4.59 4.74 2.88 2.88 1.14 1.05
20 39.75 4.17 4.25 2.64 2.86 0.62 1.15
21 14.76 4.40 4.60 3.31 291 1.42 1.08
22 25.88 4.17 4.75 3.55 3.47 1.12 2.08
23 40.14 4.43 4.63 3.23 3.31 1.76 1.79

effect of age in an unbalanced mixed model ANOVA
with the within-subject factor hemisphere and the
between subject factor age (F=21.41, P <0.001) (Fig. 3A).
The effect of hemisphere (F= 191.83, P <0.001) and the
interaction between the 2 factors (F=15.46, P <0.001)
were significant, demonstrating a stronger reduction in
the density of events over the left temporal cortex than
over the right temporal cortex. A follow-up 1-way ANOVA
with the factor age showed a significant effect of age
over the left temporal cortex (F=11.95, P<0.001), and
a nonsignificant effect of age over the right temporal
cortex (F=2.96, P=0.075).

The negative-going SW slope increased from 25 to
32 wGA (Fig. 3B), leading to a significant main effect of
age (F=6.78, P <0.05). The interaction agex hemisphere
(F=6.49, P<0.05) and the main effect of hemisphere
(F= 10.17, P<0.01) were also significant, due to larger
slopes over the right temporal cortex than over the left
temporal cortex. A follow-up 1-way ANOVA with the
factor age revealed a significant effect of age over the
left (F=3.69, P <0.05), and a nonsignificant effect of age
over the right temporal cortex (F=2.77,P=0.09) temporal
cortex. We did not find any significant effect for the
positive-going slope of the SW for either hemisphere.

Temporal cortex maturation affects SW-TTA
coupling

We first assessed in which phase of the SW TTA prefer-
ably occurs and then how development affects the pre-
ferred phase of coupling. First, perievent TFR time-locked
to the SW trough (Fig. 4A and Supplementary Fig. S2A)

showed systematic power modulation of theta oscilla-
tions by SWs for all 3 age groups; the theta oscillations
peaked around the SW trough: proceeding the SW trough
(zoomed in from —0.4 to 0.4 s and on 3-20 Hz to highlight
the nesting of TTA power in the SW trough). After thresh-
olding, a significant cluster emerged around the SW
trough for all 3 age groups (P <0.01, corrected), relative
to the pre-event baseline interval of —2.5 to —1.2 s,
replicating our previous results in preterm neonates
of 24-27 wGA (Moghimi et al. 2020). After showing
that TTAs are locked to the SW trough, we addressed
the impact of neurodevelopment on the modulation of
the preferred phase of coupling. To this end, we first
examined the general structure of the detected TTAs.
The source waveforms over the temporal cortices were
filtered (0.1-20 Hz) and averaged time-locked to the
largest trough of all the detected TTAs. This analysis
showed clear oscillations within the theta range riding
on SWs, particularly nested around the SW trough (with
its largest trough located after the SW trough, Fig. 4A
and Supplementary Fig. S2A). The distance between the
2 troughs became smaller with neurodevelopment.

The PAC analysis (assessing the preferred modulation
phase of TTA power by the SW) highlighted the temporal
accumulation of the coupling toward the SW trough with
age. Specifically, the average preferred phase of coupling
changed from —130.92° for 25-27 wGA to —139.60° for
28-29 wGA and then to —146.79° for 30-32 wGA over
the left temporal cortex, and changed from —130.24°
for 25-27 wGA to —136.94° for 28-29 wGA, and then
to —141.77° for 30-32 wGA over the right temporal
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Fig. 4. Analysis of the evolution of SW TTA CFC during the course of development over the left temporal cortex. All results are presented for the 3
age groups: 25-27 wGA, 28-30 wGA, and 30-32 wGA. (A) Grand average of SW trough-locked TFR (zero at SW trough). The bottom panel shows the TFR
zoomed in from —0.4 to 0.4 s to highlight the nesting of TTA power in the SW trough. On the right, the grand average 0.1-20 Hz EEG trace across neonates,
aligned to the largest TTA trough (trough, time 0, zoomed over —0.15 to 0.15 s). (B) Normalized histogram of the preferred modulation phase of SW to
TTA pooled over all newborns for each age group (left). The average phase is indicated by a bold line. The unit circle of preferred phases of SW to TTA
modulation in each newborn for each age group (right). The Rayleigh test for nonuniformity was significant (P < 0.001) for all subjects. The preferred
phases of SW to TTA modulation clustered at —130.92° for 25-27 wGA, at —139.6° for 28-29wGA, and at —146.79° for 30-32 wGA. (C) The effect of age
on the preferred phase of coupling verified as significant (F=7.45, P < 0.01). A positive circular-linear correlation was observed between the negative
going slope of SW and SW-TTA coupling phase (circular-linear correlation, r= 0.53, P < 0.05). Each circle presents an individual with age being coded

with color.

cortex, descending back over the positive-going slope
of the SW and approaching the SW trough (Fig.4B
and Supplementary Fig. S2B). The impact of age on the
preferred phase of coupling was significant over both
the left (F= 7.45, P<0.01) and right (F= 5.48, P <0.05)
temporal cortices as revealed by the Watson-Williams
test. The Rayleigh test for nonuniformity was significant
(P <0.001) for all subjects. In addition, pooling all the
subjects from the different age groups together resulted

in a robust positive correlation between the negative-
going slope of the SW and SW-TTA coupling phase over
the left hemisphere (circular-linear correlation, r= 0.53,
P < 0.05; Fig.4C), indicating that larger slope of SW
leads to localization of theta oscillations toward the
trough of SW. The same relationship was observed over
the right temporal cortex; however, it did not verify as
significant (circular-linear correlation, r= 0.49, P= 0.06;
Supplementary Fig. S2C). The change in the strength
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of coupling (defined as 1 — circular variance) was not
significant over the right hemisphere (F= 0.46, P= 0.64),
whereas it decreased over the left hemisphere with age
(F=5.30, P < 0.05).

Discussion

The developmental period of 25-32 wGA corresponds to
extremely preterm to very preterm. The organization
of the circuitry goes through rapid changes during
this period and thalamo-cortical and cortico-cortical
neural circuits mature to shift the preterm brain from
a sensory-expectant to a sensory-driven state (Kostovic
2020). The appearance of TTA-SW is highly focalized
to a small number of electrodes over the temporal and
temporoparietal cortex, and despite the evolution of its
characteristics (i.e. density and morphological character-
istics) with gestational age, the source of this activity
is always located adjacent to auditory and temporal
junction areas. Here, we show that neurodevelopment
leads to temporal accumulation of coupling toward the
trough of SW, associated with an increase in the negative-
going slope of SW. This modulation can be related to
the development of thalamo-cortical pathways targeting
the auditory cortex between 25 and 32 wGA, as well as
the maturation of local cortico-cortical and subplate-
cortical circuits over the auditory cortex. Modeling
studies showed that the slope of SOs in EEG signals
was positively correlated to the synaptic strength, and
network synchronization in thalamo-cortical circuits
(Esser et al. 2007), or that variations in synaptic strength
of excitatory connections in a hippocampo-cortical net-
work led to variations in the phase of coupling between
nested oscillations (Azimi et al. 2021). Although these
studies do not address the impact of neurodevelopment,
we might assume that maturing circuitries can lead to
similar impacts on the EEG manifestations. Given the
rapidly ongoing neurodevelopmental phenomena (e.g.
synaptogenesis and long/short distance connectivity) in
the last trimester of gestation, the increase in synaptic
strength and, as a result, improved synchronization of
neuronal activity could explain the observed rise of the
SW slope. SW likely reflects the activity of generators
that provide a window of opportunity (due to greater
excitability among postsynaptic neurons, which in
turn synchronizes the synaptic input, Bergmann and
Born 2018) for the emergence of synchronized theta
oscillations, initiating in the descending part of the SW.
In the framework of this hypothesis, the shift of the
coupling phase toward the SW trough, accompanied by
the increase in SW slope, reflects earlier synchronization
of theta oscillations by the underlying maturing (and
hence better synchronized) neural circuits. Collectively,
our findings suggest that the modulation of the temporal
SW and TTA coordination might index the development
of local cortico-cortical and distant thalamo-cortical
neural circuits over the temporal cortex. We have

previously suggested that appearance of this highly
focalized and nonsensory-driven nested oscillation,
before the relocation of thalamic afferents to the cortical
plate, may indicate a role in the setup of the protomaps
(Rakic 1988) over the auditory cortex. In this scenario,
this index, defined as the evolution of PAC, can portrait
the maturation of the circuits driving this phenomenon.

TTA-SW first appears before 26 wGA, at a time dur-
ing which most of the synapses are concentrated in
the subplate rather than in the cortical plate (Kostovi¢
et al. 2018). During this period, the reciprocal interac-
tions between the subplate and cortical plate results
in transient circuitries in which the subplate plays the
role of an intermediary for thalamo-cortical and cortico-
thalamic information processing. Progressively, the con-
cert of interacting neural oscillations (both transient and
permanent) becomes more complex, leading to hierar-
chical nesting of different oscillatory activities. Simi-
lar to other spontaneous neurobiomarkers of develop-
ment, such as the delta brush in premature neonates
(Kaminska et al. 2017) and spindle bursts in rodents (Luh-
mann and Khazipov 2018), TTA-SW cannot be detected
after a certain stage of early neurodevelopment. How-
ever, while present, its nesting characteristics are modu-
lated by the developing neural concert of the underlying
networks in communication. In the rat barrel cortex,
local smooth delta waves start to demonstrate nested
high-frequency oscillations 2 days after birth (Khazipov
and Milh 2018). The origin of these slow oscillations
and that of the nested high-frequency oscillations are
in the thalamus. In parallel, it has been suggested that
thalamic input to the pyramidal cells in layer VI, as well
as the subplate, may contribute to delta waves in human
preterm neonates (Kostovi¢ and Judas 2010). However,
during this period of development, both the transient
subplate circuitry and the permanent thalamo-cortical
circuitry undergo rapid evolution (Kostovi¢ 2020). There-
fore, a stronger conclusion concerning the role of devel-
oping local subplate/cortical networks or the long dis-
tance thalamo-cortical networks in the modulation of
the temporal coordination of nested oscillations requires
further studies in animal models.

We have performed the analyses separately over the
two hemisphere (considering a factor of hemisphere in
the analyses), to see if at this very early stage of devel-
opment, the spontaneous nested oscillations over the
temporal cortices favor an asymmetry between the 2
cortices. This strategy was chosen based on the evidence
suggesting a different early developmental time-course
for the left and right perisylvian cortical areas (Dubois
et al. 2007; Leroy et al. 2011), along with an early asym-
metry in the neural response to auditory stimulation as
early as 28 wGA (Mahmoudzadeh et al. 2013). Although,
in this study we found hemispheric differences in differ-
ent parameters of interest including the slope, as well as
the significant correlation between the phase of coupling
and the SW slope, we cannot draw a conclusion favoring



an asymmetry in the developmental time course of TTA-
SW characteristics. In order to be prudent, this issue has
to be studied in a larger cohort.

Experimental results suggest impairment of tempo-
ral coordination between spontaneous oscillations dur-
ing sleep (notably SO and spindles) due to aging (Hel-
frich et al. 2018), manifesting as a shift in the phase of
SO-spindle coupling. In contrast, improved SO-spindle
temporal coordination with brain maturation has been
reported in terms of an increase in coupling strength
(and not a variation in the phase of coupling) from child-
hood to adolescence (Hahn et al. 2020). In the current
study, the strength of coupling decreased over the left
temporal cortex and did not show a significant trend
over the right temporal cortex. However, TTA-SW is a
transient neurobiomarker and its density decreases with
neurodevelopment (more pronounced over the left than
right temporal cortex). The definition of the value of
coupling strength depends on the circular deviation of
the phase of coupling between individual events. As a
result, a reduction in the density of events with age can
have an impact on the calculated values for coupling
strength. Therefore, changes in the strength of coupling
have to be interpreted with caution.

TTA-SW constitutes one of the initial neurobiomarkers
observed in premature neonates. Its localization over the
temporal cortex suggests its possible role in the early
development of perisylvian auditory networks. System-
atic modulation of SW-TTA CFC in the course of devel-
opment can be considered as a signature of the complex
development of the underlying network. The monitoring
of such dynamics in the coupling between TTA and SW
may be helpful for the initial EEG follow-up of normal
development in this at-risk population, the extremely
preterm neonates. Future longitudinal studies may also
consider a possible early predictive value, in which the
absence of maturational dynamics in the coupling could
indicate a poor prognosis for the development of perisyl-
vian auditory functions.
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