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Abstract

In utero brain development underpins brain health across the lifespan but is vulnerable to physiological and
pharmacological perturbation. Here, we show that antiepileptic medication during pregnancy impacts on cortical activity
during neonatal sleep, a potent indicator of newborn brain health. These effects are evident in frequency-specific
functional brain networks and carry prognostic information for later neurodevelopment. Notably, such effects differ
between different antiepileptic drugs that suggest neurodevelopmental adversity from exposure to antiepileptic drugs and
not maternal epilepsy per se. This work provides translatable bedside metrics of brain health that are sensitive to the
effects of antiepileptic drugs on postnatal neurodevelopment and carry direct prognostic value.
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Introduction

The growth of brain networks in utero sets the foundation
for lifelong neurocognitive performance (Kostovi¢ et al. 2019;
Thomason 2020). Fetal brain development is sensitive to a wide
range of adversities in the in utero environment, including
maternal illness and its pharmacological treatment (Thomason
2020). This is particularly true of epilepsy which is common
among women of child-bearing age (Meador et al. 2013).
Therefore, understanding mechanisms and impact of early
adversities on the emergence of functional brain networks is
a key priority in neonatal medicine. Developing bedside tests
of postnatal brain health is, likewise, a priority to enable early
detection and targeted intervention.

The development of fetal brain networks is critically
dependent on endogenous neural activity (Kirischuk et al. 2017;
Molnar et al. 2020), which supports neuronal survival, shapes
the formation of macroscopic networks (Hanganu-Opatz et al.
2021) and influences the functional dynamics they support
(Benders et al. 2015; Luhmann et al. 2016). These patterns
of neural activity can be affected by external factors and
physiological challenges (Kirischuk et al. 2017; Mizuno et al.
2021), including the in utero exposure to drugs (Videman et al.
2016b; Videman et al. 2017). Specifically, antiepileptic drugs
(AED) administered maternally carry an established risk of
disrupting early neurodevelopment (Meador et al. 2009; Kellogg
and Meador 2017; Veroniki et al. 2017). The therapeutic actions
of these drugs inhibit brain networks via modulation of ion
channel activity or synaptic transmitter release (Macdonald
and Kelly 1995; Mantegazza et al. 2010). Ion channel functions
are essential for the long-range synchronization between
neural populations (Destexhe and Sejnowski 2003; Rama et al.
2015; Dewell and Gabbiani 2019), hence fetal exposure to
AED may jeopardize fetal brain activity and consequently
neurodevelopment.

Although preclinical studies identify channelopathies (Smith
and Walsh 2020) and other mechanisms (Kirischuk et al. 2017;
Bikbaev et al. 2020), the exact pathophysiological effects of AEDs
in humans are not understood (Smith and Walsh 2020). Recent
studies in humans have suggested that channelopathies during
gestation are different from those occurring postnatally (Smith
and Walsh 2020). The analysis of functional network activity in
neonates after in utero AED exposure offers a unique oppor-
tunity window into brain health and thus a route to explore
such mechanisms. In particular, cortical activity dynamics dur-
ing sleep is a sensitive indicator of early neurodevelopmental
perturbations such as those arising from in utero AED exposure
(Videman et al. 2016b; Tokariev et al. 2019a; Tokariev et al. 2019b).
Infants spend most of their time asleep, switching between
active sleep (AS) and quiet sleep (QS), and sleep-related cortical
activity shapes brain development and influences developmen-
tal outcomes (Dooley et al. 2019; Tokariev et al. 2019a; Blumberg
et al. 2020a; Molnar et al. 2020; Hanganu-Opatz et al. 2021).

Prior findings on large-scale amplitude correlations have
demonstrated robust whole-cortex network reconfigurations
between sleep states in healthy infants (Tokariev et al. 2019a).
Here, we extend our previous work by assessing sleep-related
dynamics in phase-phase coupling (PPC) networks, which
reflects neuronal communication at higher temporal precision
compared with amplitude correlations (Engel et al. 2013;
Tokariev et al. 2019b; Siems and Siegel 2020). Due to the higher
temporal resolution and presumably tighter relationship to
neuronal firing patterns, PPC may be more sensitive than
amplitude-amplitude correlations (AAC) in assessing effects

of environmental adversities such as drug exposures on early
neuronal development.

We hypothesized that AEDs would alter the neurodevel-
opment of in utero cortical networks in manner that was
frequency-specific and unique to AED class. To test this
hypothesis, we evaluated the putative effect of in utero AED
exposure on large-scale, sleep-related cortical dynamics across
a range of different carrier frequencies. This was achieved by
applying advanced methods for extracting functional brain
networks from sleep-related scalp electroencephalography (EEG)
across broad frequency ranges (Tokariev et al. 2019a; Tokariev
et al. 2019b). We also evaluated if changes in AED-driven cortical
network dynamics were related to their underlying histology
and pre-empted later neurocognitive outcomes.

Materials and Methods
General Overview of the Study Design

We compared scalp EEG recordings in sleeping newborn infants
exposed to AED in utero to infants with no medical history and
without drug exposure (healthy controls, HC). After EEG data
reconstruction into cortical space signals, frequency-specific
cortical networks were computed by estimating PPC. Statistical
methods adapted for networks were then employed to identify
the main effects of sleep states and group assignment, their
interactions and their associations with later neurocognitive
performance. Finally, we assessed the putative link between
networks affected by in utero AED exposures and the infant’s
brain cytoarchitecture (Fig. 1).

Subjects and Background Information

Infants in both groups were born full-term: AED at 40.1+1.4
weeks and HC at 40.3+ 1.1 weeks (mean + standard deviation;
SD) with no significant difference in gestational age (P=0.68,
Wilcoxon rank-sum test). AED cohort included infants exposed
to monotherapy (one AED type; N=35) and polytherapy (POLY,
exposed to more than one AED; N=11). In turn, monotherapy
subgroup included infants exposed to different drug types: car-
bamazepine (CBZ, N=9), oxcarbazepine (OXC, N =8), levetirac-
etam (LEV, N=7), lamotrigine (LTG, N=6), valproic acid (VPA,
N=4), and topiramate (TPM, N=1).

Data on recruitment, drug exposure, epilepsy diagnoses, and
seizure status of the mothers were obtained prospectively dur-
ing outpatient visits (every trimester and postnatally). There
were no significant differences between AED and HC in the
duration of the pregnancy, the history of maternal folic acid
supplementation, cigarette smoking, alcohol consumption, age,
and parity.

The ethics committee of the Helsinki University Hospital
(Finland) approved the study. Written informed consent was
obtained from all the mothers. Background information, results
of neurological examinations of the infants, and neurocognitive
evaluation of the mothers have been described in detail in a
previous study (Videman et al. 2016b).

EEG Recordings

Scalp EEG was measured at conceptional age of 42.1+ 0.9 weeks
in AED and 42.2+0.9 weeks in HC groups (or 2.0+1.0 and
2.0+ 1.1 weeks from birth, respectively; mean =+ SD for all) with
no significant difference (P=0.51, Wilcoxon rank-sum test).
The EEG recording was performed during daytime sleep with
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Figure 1. Analytical pipeline. (A) Scalp EEG was recorded during sleep at term-equivalent age from 2 groups of infants: infants exposed to in utero treatment with
antiepileptic drugs (AED, N=46), and HC (N=61). Epochs of active sleep (AS) and quiet sleep (QS) were source transformed into 58 cortical parcels using a realistic
infant head model. Functional connectivity was estimated using pairwise phase-phase correlation (PPC) between all cortical parcels. (B) Network-based statistics
were applied to cortical functional connectivity matrices to isolate networks showing main effects of sleep phase and group, as well as sleep-by-group interactions.
The difference in connectivity between sleep states yielded a measure of network dynamics (A connectivity = AS — QS). This measure was used to study associations
with clinical outcomes. Cytoarchitectonic profiles of AED-induced networks were contrasted to the whole brain to assess whether drug effects overlap with cortical
histological properties. Nissl stain image of infant cortex is modified from the (Judas et al. 2011). Source of the photograph in A is BABA Center; source of the photograph

in B is University of Helsinki, Linda Tammisto.

a NicOne EEG amplifier (Cardinal Healthcare/Natus, USA), using
initial sampling frequency (Fs) of 250 Hz or 500 Hz. The neonatal
Waveguard caps had 20-32 sintered Ag/AgCl electrodes (ANT-
Neuro, Germany) placed according to the 10-20 international
system. For further analysis, the same 19 channels were selected
from all subjects: Fp1, Fp2, F7, F3, Fz, F4, F8, T7, C3, Cz, C4, T8, P7,
P3, Pz, P4, P8, O1, and O2.

EEG epochs for the network analyses were selected from both
neonatal sleep (vigilance) states, AS and QS. They were identi-
fied visually using the standard combination of electrophysio-
logical and behavioral measures (André et al. 2010), including
polygraphic channels (submental electromyogram, electrocar-
diogram, electrooculogram, and respiration sensor). EEG signal
during AS is known to exhibit continuous fluctuations, while
polygraphic channels show irregular respiration and occasional
eye movements. Conversely, EEG signal during QS is character-
istically discontinuous, while respiration is markedly regular.

EEG Preprocessing

For the quantitative analysis, 3 min of artifact-free EEG (see
also Supplementary Material) for both AS and QS in each infant
were selected. These epochs were accumulated by considering
6 equidistant 30-second-long windows across the whole record-
ing. This signal length was chosen as a compromise between
maximal subject inclusion versus reliable estimation of network
connectivity. Subjects lacking sufficient epoch lengths or with
technically low data quality were excluded. This led to final sam-
ple sizes N=46 subjects in AED and N=61 subjects in HC. The
original cohorts included N =52 (AED) and N =68 (HC) subjects.

Selected epochs were prefiltered within frequency band 0.4~
45 Hz, down-sampled to Fs=100 Hz, and converted to average
montage. Next, based on our previous works (Videman et al.
2016b; Tokariev et al. 2019a), these data were filtered into 4
frequency bands of interest: 0.4-1.5 Hz (low delta), 1.5-4 Hz (high
delta), 4-8 Hz (theta), and 8-13 Hz (alpha). All bandpass filtering
was implemented by means of low-pass and high-pass filter
pairs with corresponding cut-off frequencies. Butterworth type
filters with stop-band attenuation of 20 dB were designed using
Matlab function designfilt. Filtering of EEG epochs was done in
forward-backward directions to compensate for phase delays
caused by infinite impulse response filters.

Reconstruction of Cortical Signals

Preprocessed EEG sleep epochs were further used to compute
cortical signals. To do so, a three-shell infant head model
was employed wherein scalp, skull and intracranial volume
boundaries (2562 vertices per surface) were generated from
manually segmented magnetic resonance images (MRI) of an
infant at term age. Based on previous studies (Despotovic et al.
2013; Odabaee et al. 2014; Tokariev et al. 2016a), conductivities
of these compartments were set to 0.43 S/m, 0.2 S/m, and
1.79 S/m respectively. Source space had 8014 orthogonal to
surface dipoles located on rescaled and smoothed (to match
anatomically plausible brain geometry at this age) cortical
template. In the model, EEG sensors were placed according
to the experimental setup. First, scalp EEG was converted
into source signals using the symmetric boundary element
method (Gramfort et al. 2010) for forward modeling and dynamic
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statistical parametric mapping (Dale et al. 2000) for inverse
modeling in Brainstorm software (Tadel et al. 2011). Further, all
sources were collapsed into 58 cortical regions according to the
parcellation scheme (Fig. 1A) developed to analyze functional
brain connectivity in infants (Tokariev et al. 2019b). All the
parcels were labeled into 4 groups depending on their location:
frontal, central, temporal, and occipital. Such division mainly
corresponds to their overlap with the brain anatomical lobes
with the only difference that central parcels comprised parietal
areas and few frontal areas that are proximal to the central
sulcus. Finally, neural activity of each area was computed as an
average of underlying source signals weighted according to their
ability to represent cortical activity in the model (Tokariev et al.
2019b).

In order to optimize spatial accuracy in source reconstruc-
tion, the electrode placements were standardized by using a
combination of EEG cap and its placing according to well estab-
lished anatomical landmarks (ears, nasion, inion). Recent work
using infant MRI-based simulations has shown, however, that
using anatomical landmarks may result in some localization
error (up to 20 mm) with respect to cortical space (Kabdebon
et al. 2014). To mitigate this problem, we used fairly large cortical
source aggregates (average parcel diameter 25 mm). Analyses
were performed at both parcel level and an even coarser regional
level. In addition, our work presents findings in widespread
networks rather than in individual parcels. We assume therefore
that the findings are not significantly confounded by the limits
of accuracy in electrode positioning.

The Computing of Functional Connectivity

Functional connectivity (interactions) between pairs of cortical
regions was computed by assessing phase synchrony in the
corresponding cortical signals (Fig. 1A). For this purpose, a debi-
ased weighted phase lag index (wWPLI; Vinck et al. 2011) was
used as this measure is relatively robust to volume conduction
effects (Palva et al. 2018). Connectivity matrices (comprise all
possible pairwise interactions) were computed for each sub-
ject, sleep state, and frequency band. These empirical matri-
ces were corrected based on results of computer simulations
aimed to exclude “noisy” connections (Tokariev et al. 2019b). In
brief, for each possible connection, 500 iterations generating per-
fectly synchronous signals for corresponding pairs of underlying
parcels (so that wPLI=1) and unsynchronised signals for all the
rest were ran. Next, sensor-space data were computed using a
forward solution and then cortical signals were reconstructed
back. Mean wPLI for the “connection of interest” across 500 iter-
ations was taken as a measure of its fidelity and all other values
were accumulated into a pool of surrogates representing “noise”.
Finally, each edge-specific fidelity value was tested against the
99th percentile of surrogates from all iterations. This led to a
binary mask (with 1 for wPLI above the threshold and 0 for the
opposite case) that was applied for empirical connectivity matri-
ces. This procedure excluded from further analysis the same 525
edges from each matrix that cannot be reliably estimated with
a particular 19-channel sensor set.

Cortical Network Analysis

Cortical regions were considered as nodes and strength of phase
synchronization (wPLI values) between regions as edges of func-
tional networks (Fig. 1B). Network-based statistics (NBS; Zalesky
et al. 2010) was used to isolate cortical networks showing main

effects of sleep (AS vs. QS) and group (AED vs. HC), as well as
sleep-by-group interaction. For the AED subgroups, only sleep-
by-group interactions were computed. Analyses were performed
for each frequency band of interest. A t-threshold was set to
2.5 and applied to each edge of interest (above). A permutation-
based correction for family-wise error (FWE) rate (5000 permuta-
tions, alpha probability <0.05) was ascribed to cortical networks
with edge values above the initial threshold. The effect size for
all interaction networks was estimated using Cohen’s d (average
t-statistics divided by the square root of the degrees of freedom).

Clinical Neurocognitive Assessments

Newborn Neurological Performance

Infants were assessed at term-equivalent age of 42.1 + 0.8 weeks
using the Hammersmith Neonatal Neurological Examination
(HNNE; Dubowitz et al. 1999). Initially, HNNE includes series
of semiquantitative tests that characterize the following neu-
rological domains: reflexes, movements, posture tonus, tone
patterns, abnormal signs, orientation and behavior. The dimen-
sionality of HNNE scores was reduced by applying principal
component analysis (PCA) as described before (Tokariev et al.
2019b). The first two components (hereafter called C1 and C2)
combined visual alertness, head raising in prone, and extensor
tone. Comparison to later neurodevelopmental outcomes has
shown earlier that C1 associates with later motor development,
whereas C2 is linked to later cognitive and social development
(Tokariev et al. 2019b).

Neurocognitive Development at 2 years
Cognitive development was evaluated at the age of 24.3+0.3
months by a psychologist using neurodevelopmental assess-
ment according to Bayley Scales of Infant and Toddler Devel-
opment (BSID-III; Bayley 2006). The measures used in our
study are compound scores from a larger set of individual test
items, representing four major domains: cognitive, receptive
communication, expressive communication, and fine motor
were employed. These scores are the finest resolution that is
commonly approved in international practices when assessing
their relationships to other measures, such as the EEG-derived
networks in our study (Del Rosario et al. 2021).

Both neurological and neurocognitive assessments in two
groups were done at the same research laboratory (BABA Center,
Helsinki).

Analysis of Network-to-Outcome Relation

Networks showing a significant sleep-by-group interaction were
tested for their relationship to clinical outcomes in the infants
exposed to AED (Fig. 1B). Individual sleep-specific (AS and QS)
connectivity matrices were masked with a binary template
resulting from the NBS analysis. Next, the group differences
in mean connectivity strengths between sleep states were
computed as A=AS—QS. These delta values were correlated
(two-tailed Spearman’s test) to two sets of clinical scores. First,
neurological performance at the time of EEG (group SD was
+2 days from the recordings) was assessed by using the C1
and C2 scores (data available for N=46 infants). Second, the
relationship with neurocognitive outcomes measured at 2 years
of age was tested. These outcomes reflect important aspects
of neurocognitive performance (cognitive, receptive language,
expressive language, and fine motor scores; data available
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for N=44 subjects). Resulting P-values for each frequency-
specific AED network (Fig. 3A) were grouped according to the
assessment type (2 tests vs. neurological scores, and 4 tests vs.
neurocognitive scores) and corrected using Benjamini-Hochberg
false discovery rate (FDR) procedure.

Cytoarchitectonic Infant Brain Atlas

The infant’s cytoarchitectonic brain atlas was constructed
using a digital version of original Von Economo-Koskinas atlas
(Scholtens et al. 2018), further subdividing regions FA, PB, and
PC into receptive fields for specific body parts (leg, trunk, hand,
and head). Corresponding cytoarchitectonic features of infant
cortical regions at the age of one month (most proximal time
point to the analysis groups) were collected from the works
of Conel (Conel 1941; Shankle et al. 2000). For our analyses
(Fig. 5), layer-specific neural densities were used as this feature
was described for all cortical regions at this age, allowing for a
whole-cortex mapping.

Linking Alerted Connectivity to Cytoarchitectonic
Features

The cytoarchitectonic atlas was projected onto the source
space used for the connectivity analysis. Each source was
associated with six values, corresponding to the estimated
neuronal densities of six cortical layers. These data were used
to compute density distributions across the whole cortex within
each layer (Fig.1B). Next, cytoarchitectonic cortical profiles
were derived for networks that showed a significant sleep-by-
group interaction (monotherapy AED subgroups vs. HC, Fig. 4A).
The network’s neural density distributions (within each layer)
were compared with the whole-cortex distributions using a
two-sample Kolmogorov-Smirnov test (Matlab function kstest2,
with alpha level set to 0.05). The resultant Kolmogorov-Smirnov
statistic (D, which shows the maximal distance between the
cumulative distribution functions) was further tested against
N=1000 surrogate D-values computed between the whole
cortex and the cytoarchitectonic profiles of randomly selected
networks of the same size as AED-induced one. Probability
values for each test were ascribed based on probability
distributions of the surrogate D-values. Finally, all P-values (5
monotherapy networks x 6 layers = 30 tests) were corrected with
Benjamini-Hochberg FDR procedure.

Analysis Software

Clinical EEG review and epoch selection was performed using
the software NicoletOne EEG reader (Cardinal Healthcare, Natus,
USA). Cortical sources from EEG data were computed using
Brainstorm software (https://neuroimage.usc.edu/brainstorm).
Custom Matlab scripts implementing source-level connectiv-
ity is available at https://github.com/babyEEG/AED-exposed-i
nfants. For network analysis, NBS toolbox (https://www.nitrc.o
rg/projects/nbs) was employed. For statistical analysis standard
Matlab functions (version R2016b) and JASP software (https://
jasp-stats.org) were used. Network visualizations were done in
BrainNet Viewer (Xia et al. 2013) (https://www.nitrc.org/projects/
bnv).

Data Availability

With this work, we provide Matlab code for source-level con-
nectivity analysis and frequency-specific connectivity matrices

used in this study. Original clinical EEG data and neurocognitive
performance assessments can be available after making data
sharing agreement with Helsinki University Hospital.

Results
Effect of Sleep States on Cortical Dynamics

The main effect of sleep (AS vs. QS) revealed robust functional
network differences. There was a marked reorganization of
cortical networks along the posterior-anterior cortical axis, with
frequency-specific variations in network topology (Fig. 2A). The
most salient sleep stage difference occurred in the high delta
(1.5-4 Hz) frequency range: AS was linked to stronger connec-
tivity in long-range connections (red, Fig. 2A) whereas QS was
associated with higher connectivity in short-range frontocentral
connections (blue, Fig. 2A; Prywg < 0.0001 for both; paired two-
tailed t-tests). The QS networks at neighboring low delta (0.4-
1.5 Hz) and theta (4-8 Hz) frequencies had comparable topology
(blue in Supplementary Fig. S1, both Prwg < 0.0001), suggesting
a broadband effect of QS on cortical connectivity (Tokariev
et al. 2019a). In contrast, the AS network in the theta band
(red in Supplementary Fig. S1, Prwg <0.0001) involved higher
connectivity between central and occipital cortices than QS.
Sleep-induced connectivity changes in the alpha band (8-13 Hz)
involved relatively few connections (Supplementary Fig. S1,
PrwE < 0.048 for both AS > QS and AS < QS).

Exposure to In Utero AED Reduced Connectivity
in Networks Supporting Sleep

Comparing cortical networks activity between infant groups
(AED vs. HC) showed a significant reduction in functional
connectivity strength in the AED infants across both sleep
states. This comprised a diffuse network in the high-delta
frequency range (Fig. 2B, Prwg =0.01, unpaired two-tailed t-tests).
The attenuated connectivity encompassed almost one-third of
all possible cortical connections. Two occipital connections in
the alpha frequency range showed increased connectivity in
the AED group (Supplementary Fig. S2; Prwg=0.01, unpaired
two-tailed t-tests). Other frequency bands did not show any
significant differences between the two groups.

AED Exposure Affects the Dynamics of Cortical Sleep
Networks

A sleep-by-group interaction was observed in two cortical net-
works, one in the high delta (1.5-4 Hz) and the other in the theta
(4-8 Hz) frequency range (Fig. 3A; Prwg =0.013 and Prwg =0.008,
respectively). The networks in each of these frequency bands
possess distinct topological differences. Changes in mid- and
long-range connections dominated the network effects in the
high-delta frequency (left on Fig. 3A). Conversely, in the theta
frequency, the network effects occurred in short-range connec-
tions linking frontal to central cortices and long-range con-
nections linking these brain regions to occipital cortices (right
on Fig. 3A). Crucially, AED exposure “reversed” the direction of
the changes in network strengths between sleep states (Fig. 3B).
For example, in the AED group, high-delta and -theta networks
increased from AS to QS, whereas the opposite change occurred
in the control infants (Fig. 3B).

We also asked if these “general” AED-related sleep-by-
group interactions might be driven by specific medications.
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Figure 2. Effects of sleep state and AED exposure on cortical networks at high-delta frequency (1.5-4 Hz). (A) The effect of sleep (AS vs. QS) highlights 2 spatially
distinct cortical networks (Prwe < 0.0001). A dominant occipital-central network (red) supports active sleep (AS) whereas a frontocentral network (blue) is expressed in
quiet sleep (QS). Probability (P) distribution plots of Euclidean distances between parcel centroids indicate that AS networks are dominated by long-range projections.
In contrast, QS networks involve a larger number of short-range connections. Bar plots show the portion of these connections in each cortical area relative to the
whole network (height) and their filling reflects involvement in the given sleep-related networks. (B) The main effect of group (AED vs. control) revealed a widespread
reduction in connectivity strength in the AED infants (Prwe < 0.01). The detected network shows no clear preference for connection lengths (distribution of connection
distances) or cortical areas. Cortical regions are marked with different colors: occipital (black), temporal (green), central (purple), and frontal (orange).

To test this hypothesis, we compared changes in connectivity
strength within the two networks of interest between five major
AED subgroups: carbamazepine (CBZ), oxcarbazepine (OXC),
levetiracetam (LEV), lamotrigine (LTG), and polytherapy (POLY).
Although acknowledging the relatively small sample in each
subgroup, these analyses did not support the hypothesis that
the “general” effects of AED are driven by a specific drug type
(P=0.3 for the high delta and P=0.7 for the theta network;
Supplementary Fig. S3).

AED-Induced Changes in Cortical Functional
Connectivity Relate to Behavioral Outcomes

We next assessed the behavioral relevance of the effects of AED
on sleep-related networks. Specifically, we tested for putative
associations between connectivity changes and neurological
performance (2 measures) near the time of EEG recording, as well
as the neurocognitive outcomes (4 measures) assessed at 2 years
of age (Methods). We found a significant correlation between
changes within high-delta network and fine motor behavior
at 2 years (Fig. 3C; Spearman’s rho=0.42, P=0.005, Prpg =0.02).
Moreover, the C2 neurological performance score, at the time of

EEG recording, was negatively correlated to the theta network
dynamics (Fig. 3C; Spearman’s rho=—0.36, P=0.015; Prpg =0.03).
Other scores did not show significant correlations to these net-
works (Supplementary Table S1), suggesting a selective effect of
AED on cortico-behavioral associations.

Drug-Specific Effects Show Different Spatial Patterning
that Links to Future Neurodevelopment

AEDs target different molecular mechanisms (Smith and
Walsh 2020) and may thus cause distinct developmental
channelopathies, leading to spatially distinct changes in sleep-
related networks. We next tested this hypothesis by assessing if
the topology of sleep-state networks varies between AEDs.
AED-specific effects were confined to lower (<8 Hz) fre-
quencies (Fig. 4A), with distinct sleep-state changes across main
monotherapy subgroups (Fig. 4B). In the CBZ subgroup, two cor-
tical networks showed opposite changes in connectivity as a
function of sleep states compared with HC (Fig. 4A, blue): a
topologically widespread network in the low-delta frequency
band (Prwg =0.025) and a predominantly right lateral network
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these 2 networks, AED and HC groups showed opposite mean connectivity strength in AS and QS. The thin gray lines show individual changes in connectivity strength
whereas the thick lines show the group medians. (C) Spearman’s correlations between changes in connectivity strength as a function of sleep states (A =AS—QS)
within the 2 “interaction” networks (panel A) and behavioral outcomes at the level of the whole AED group. Individual changes in sleep-induced connectivity in the
high-delta frequency correlates with fine motor performance at 2 years. Changes in the theta frequency network negatively correlate with the compound neurological

performance score C2 at term age.

in the theta range (Prwg =0.002). In the OXC subgroup, a sleep-
by-group interaction was comprised by a mainly left-sided net-
work in the theta range (Fig. 4A, orange; Prywg =0.016). The LTG
subgroup showed a widespread network effect in the high-
delta range (Fig. 4A, green; Prwg =0.003). In the LEV subgroup, a
sleep-by-group interaction was confined to the occipital cortex
(Fig. 4A, aquamarine; Prywg =0.033, low-delta frequency range).
The small group size of the VPA infants (N=4) precluded a
meaningful assessment of the sleep-by-group interaction. There
was no significant effect (Prwg=0.07) in the infant subgroup
exposed to multiple AEDs (POLY). Notably, only very few edges
(red in Fig. 4A) were shared by more than one AED types. Taken
together, these findings indicate that exposures to specific AEDs
lead to distinct spatiotemporal network effects.

To explore clinical significance of these effects, we computed
correlations between sleep-induced connectivity changes
and clinical neurodevelopmental scores. Consistent with
previously known neurodevelopmental effects (Kellogg and
Meador 2017; Veroniki et al. 2017), the AED-affected functional
cortical networks were linked to newborn neurological perfor-

mance and later language-related neurocognitive performance
(Supplementary Fig. S4).

The Topology of AED-Affected Networks Map onto
Infants Cortical Cytoarchitectonic Profiles

We further assessed possible cellular correlates for the observed
drug-specific effects on functional cortical networks. We ana-
lyzed the spatial distribution of “drug-specific” networks effects
(Fig. 4A) with respect to the estimated neuronal density in each
cortical layer, obtained from the infant Conel cytoarchitectonic
atlas (Conel 1941). The distributions of neuronal densities within
cortical regions composing each functional network were com-
pared with the average neuronal densities across all cortical
regions. Cortical regions in the LEV-affected network (aquama-
rine on Fig. 5A) had a relatively lower neuronal density in layer
I and a higher density in layer III (left on the Fig. 5B; Prpg =0.015,
for both). In contrast, regions in the OXC network (orange on
Fig. 5A) showed a high neural density in layer I (right on the
Flg 5B; PFDR = 002)
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Discussion

Here we show that in utero exposure to pharmacological treat-
ment with AEDs influences the functional organization of large-
scale cortical networks in the neonate. These neurophysiolog-
ical effects impact brain networks activity during sleep, are

specific to the type of AED, reflect cortical cytoarchitectonic
profiles, and carry prognostic information. Our findings pro-
vide the first detailed link between in utero AED exposure,
topographic changes in cortical sleep networks and childhood
neurocognitive performance (Kirischuk et al. 2017; Chini et al.
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2020). In doing so, this work advances our fundamental under-
standing of the mechanisms of adverse AED exposure in utero.
In addition, the cortical networks—derived from bedside EEG—
provide novel biomarkers for further clinical and translational
discovery.

Our present results complement our prior work comparing
global connectivity levels of PPC sleep networks (Tokariev et al.
2016b; Tokariev et al. 2019b). Here, we extend previous findings
by characterizing the detailed network topology at the level of
cortical sources. This discloses spatially delimited group differ-
ences in the frequency-specific networks that could not be seen
in prior global-level analysis of scalp EEG signals. The present
PPC network effects appear to be at lower frequencies than
what detected for source-level AAC networks (Tokariev et al.
2019a). The PPC type connectivity requires far higher precision in
neuronal communication synchrony compared with AAC (Engel
et al. 2013; Tokariev et al. 2016b), which is robust already at a
very early developmental stage (Koolen et al. 2016). Hence, the
structural networks supporting higher frequency PPC may be
still relatively more immature at this age (Kostovic¢ et al. 2019;
Kostovi¢ et al. 2021). The difference in network effects between
sleep states needs to be sought from their assumed develop-
mental functions. Although little is directly shown in the human
infants, the recent animal experiments suggest that AS is crucial
for activity-dependent network organization of, e.g., body maps
(Blumberg et al. 2020b; Del Rio-Bermudez et al. 2020). Prior ani-
mal work has also shown that long-range PPC connectivity in AS
is frequency-specific (Del Rio-Bermudez and Blumberg 2018; Del
Rio-Bermudez et al. 2020). During QS, instead, brain is occupied
by training the precise short-range connectivity (Brockmann et
al. 2011; An et al. 2014). Future experimental studies are needed
to examine the mechanistic underpinnings of the frequency
ranges indicated in our present work.

The state-dependent reorganization of functional connectiv-
ity reflects brain network flexibility (Zalesky et al. 2014; Tokariev
et al. 2019a), which enables diverse functions (Zalesky et al. 2014;
Bassett et al. 2015; Hearne et al. 2017; Stevner et al. 2019). We
observed that in utero exposure to AED results in a marked
change in how cortical states reconfigure between AS and QS.
Previous research has suggested that in utero exposure to AED
has long-lasting neurobehavioral effects (Meador et al. 2009;
Meador et al. 2013; Inoyama and Meador 2015; Videman et al.
2016a; Kellogg and Meador 2017). Our work identifies a spe-
cific mediator, namely a link between frontally connected func-
tional networks in the delta-theta frequency range and neu-
rodevelopment (Fig. 3C). In line with previous work (Tokariev
et al. 2019a), the current results suggest that the magnitude of
network change (i.e., the amount of functional discrimination
between sleep states) may link to clinical performance. Together,
our results suggest that the directions of brain-behavior corre-
lations are not only frequency-specific, but they may link to the
developmental roles of the sleep states: The AS supports motor-
sensory development (Del Rio-Bermudez and Blumberg 2018;
Sokoloff et al. 2021), whereas QS is thought it consolidate higher
order cognitive functions (Graven and Browne 2008; Friedrich
et al. 2020). Thus, the networks with stronger connectivity in
AS related positively correlated to motor performance, whereas
the networks with stronger connectivity in QS are negatively
correlated to cognitive performance. These considerations sup-
port the idea that early development of motor and cognitive
functions is supported by distinct subnetworks in the infant
brain.

The present results show associations between network
effects and compounded neurodevelopmental test scores at
term age and at 2 years of age. These scales are used in individual
clinical assessment, as well as in clinical research (Del Rosario
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et al. 2021). The scores of these scales provide relevant early
outcomes within the limits of neurobehavioral performance
available at the given ages. However, these scores cannot be
used to predict detailed, long-term neurocognitive development
(Bode et al. 2014; Mansson et al. 2019). Future prospective studies
with longer term follow-up times are needed to establish the
predictive value of early changes in networks activity on brain
functions.

Future preclinical work could build on the present findings
by assessing the neural mechanisms underpinning the observed
effects. A candidate mechanism leading to the observed macro-
scopic network effects is the modulation of fetal spontaneous
neural activity (Luhmann et al. 2016; Molnar et al. 2020;
Hanganu-Opatz et al. 2021). AED administered to the mother
crosses the placenta and the blood-brain barrier (Videman et al.
2016b), which may result in reducing fetal neuronal activity and
large-scale synchrony via changes in ion channels’ function
(Macdonald and Kelly 1995; Mantegazza et al. 2010; Aberg
et al. 2013; McCorry and Bromley 2015) and/or neurotransmitter
release (De Smedt et al. 2007; Shaw et al. 2020). Accordingly,
the modulation of fetal neuronal activity by pharmacological
(Aberg et al. 2013; Creeley 2016; Lotfullina and Khazipov 2018;
Benninger et al. 2020; Chini et al. 2020; Mizuno et al. 2021),
or pathological (Kirischuk et al. 2017; Cheyne et al. 2019)
means has been linked to neuronal cell death and a host of
physiological changes during early brain development (Aberg
et al. 2013; Brackenbury et al. 2013; Granato and Dering 2018;
Chini et al. 2020; Shaw et al. 2020). Therefore, experimental
evidence supports two possible roles for developmental AED
effects: a direct toxic effect of AED on cortical neurons or a
secondary effect arising from an attenuated neuronal activity
during in utero development. Our past (Videman et al. 2016b)
and current results favors the latter mechanism. However,
prospective animal research with comparable EEG metrics is
needed to fully disclose cellular mechanisms.

The observed drug-specific effects on cortical networks
supporting AS and QS cannot be directly informed by adult
AED-related pharmacodynamic data (De Smedt et al. 2007).
However, recent preclinical studies have suggested substantial
changes in molecular and cellular mechanisms following the
exposure to distinct AEDs. For example, alterations in the ion
channels’ expression and neurotransmitter systems’ activity
have been detected throughout rodents’ neurodevelopment
(Klingler et al. 2021). Interestingly, this developmentally chang-
ing neuroanatomical and physiological landscape supports
the emergence of distinct disease phenotypes, including
developmental channelopathies (Smith and Walsh 2020).
Accordingly, differences in sleep-related connectivity patterns
between AEDs are likely caused by the complex time-varying
interplay between neurophysiological mechanisms supporting
fetal neurodevelopmental and maternal drug treatment during
pregnancy.

Our mapping of infant’s cytoarchitectonic profiles (Conel
1941) suggests a link between cellular mechanisms and AED-
specific changes in cortical networks activity as a function of
AS and QS. These findings add a neonatal perspective to our
fledgling understanding of the relationship between genetic,
molecular, and cellular brain architectures and measures of
neural activity, and functional connectivity (Zhang et al. 2017,
Demirtas et al. 2019; Fulcher et al. 2019; Gomez et al. 2019;
Paquola et al. 2019; Shine et al. 2019; Paquola et al. 2020; Beul
et al. 2021). In the adult human brain, the distribution of cell
types across the neocortex aligns with cortical microcircuitry

and large-scale cortical networks activity measured by invasive
electrical recording and functional MRI (Paquola et al. 2020).
Physiological challenges, such as prematurity (Van der Veeken
etal. 2020), maternal anesthesia (Van der Veeken et al. 2019), and
preconception stress (Jenkins et al. 2018) can cause a reduction
in neuronal density. Our findings suggest a targeted effect of
AED on the neural substrate supporting the emergence of state-
specific cortical networks. In addition to the association with
infant cerebral cytoarchitecture (Shankle et al. 2000; Kostovic¢
et al. 2019), the topology of the “LEV” and “OXC” networks
overlap with the cellular architecture of neural circuits in the
adult brain (Paquola et al. 2019), including the principal axes of
neurotransmitter receptor densities (Goulas et al. 2021). Further
work characterizing the fetal structural and functional orga-
nizational principles of the brain (Hanganu-Opatz et al. 2021,
Klingler et al. 2021) is needed to better understand the nature
of the observed AED-specific effects. This work also provides a
framework for detecting adverse effects of other psychotropic
medications commonly used during pregnancy, as well as iden-
tifying fundamental mechanisms of the healthy development of
functional brain networks in the newborn.

Supplementary Material

Supplementary material can be found at Cerebral Cortex online.
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