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   Science is organized knowledge.  

Wisdom is organized life. 
 

(Immanuel Kant) 
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Background: In utero exposure to antiepileptic drugs (AEDs) or to serotonin 
reuptake inhibitors (SRIs) is associated with structural and functional 
teratogenesis. The aim of this thesis was to investigate whether prenatal SRI 
or AED exposure changes newborn brain activity. In addition, we wanted to 
evaluate the effects of prenatal AED exposure on visual attention and emotion-
related attention in infancy and to characterize functional connectivity in 
healthy term newborns.  
 

Material and Methods: A prospective cohort of infants with in utero AED 
exposure (n=56) and similar cohort with in utero SRI exposure (n=22) were 
compared to infants without drug exposure (n=67). Background information, 
exposure data, pregnancy outcome, neuropsychological evaluation of the 
mothers (AED), mood and anxiety of mothers (SRI), and neurological status 
of the infants were assessed at neonatal age and at 7 months-of-age. 
Electroencephalography (EEG) was used to evaluate newborn cortical 
function and an eye-tracking-based test to assess the infants’ visual attention 
and orienting to faces. 
 

Results: Neurological assessment showed subtle abnormalities in both the 
AED- and the SRI-exposed newborns. Early language abilities were impaired 
at 7 month-of-age in infants with in utero carbamazepine, oxcarbazepine, and 
valproate exposure. The general speed of visuospatial orienting or attentional 
bias for faces did not differ between AED-exposed and control infants.  
 

Computational EEG analyses demonstrated several differences between 
the exposed and control newborns. AED-exposed newborns had lower 
amplitudes at multiple frequencies, higher interhemispheric synchrony in 
frontal versus posterior parts of the brain, more even distribution of 
interhemispheric interval durations, and fewer frontal alpha bouts of typical 
duration. In the SRI-exposed newborns, interhemispheric connectivity was 
reduced, cross-frequency integration was lower, and frontal activity at low-
frequency oscillations was reduced. These effects were unrelated to maternal 
depression or anxiety. In unexposed newborns, functional connectivity was 
shown to vary significantly between vigilance states and to mature rapidly 
after normal birth.   
 

Conclusions: The results suggest that prenatal AED and SRI treatment may 
change newborn brain function and affect early neonatal neurologic status. In 
addition, AED exposure may impair verbal abilities in a way that can be 
detected already in infancy. Early development of visual attention as well as 
orienting and face perception were spared after in utero AED exposure. 
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Results in the newborn connectivity study support the view that emerging 
functional connectivity exhibits fundamental differences between sleep states 
during the neonatal period. The findings suggest that interference in the 
development of an activity-dependent network may be a possible mechanism 
to explain the link from prenatal AED and SRI exposure to later adverse 
functional effects.  
 
Keywords: Pregnancy, Epilepsy, Depression, EEG, AED, SRI, Eye-tracking, 
Newborn, Connectivity 
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Tausta: Sikiöaikainen altistuminen antiepileptiselle lääkitykselle (AED) ja 
serotoniinin takaisinotonestäjälääkitykselle (SRI) aiheuttaa rakenteellisia ja 
toiminnallisia kehityshäiriöitä. Tämän väitöskirjatyön tavoitteena oli tutkia, 
aiheuttaako sikiöaikainen altistuminen näille lääkkeille muutoksia 
vastasyntyneiden aivojen toiminnassa. Lisäksi halusimme arvioida AED 
altistuksen vaikutuksia visuaalisen tarkkaavuuden suuntaamiseen 
imeväisiässä ja arvioida aivojen eri osien välistä yhteistoimintaa 
(konnektiivisuutta) terveillä vastasyntyneillä.  
 

Menetelmät: Tutkimukseemme osallistui 56 sikiöaikana AED- ja 22 SRI-
lääkkeille altistunutta imeväistä sekä 67 verrokkia. Keräsimme 
prospektiivisesti tausta-, altistumis-, synnytys- ja vastasyntyneisyyskauden 
sairauskertomustiedot. Lisäksi äideille tehtiin neuropsykologinen (AED) ja 
psykiatrinen (SRI) tutkimus. Lastenneurologi tutki lapset sekä 
vastasyntyneenä että 7 kk iässä käyttäen strukturoituja menetelmiä. 
Vastasyntyneen aivojen toimintaa arvioitiin elektroenkefalografian (EEG) 
avulla ja imeväisikäisen visuospatiaalista tarkkaavuutta ja tarkkaavuuden 
suuntaamista eri tunnetiloja ilmentäviin kasvoihin mitattiin 
silmänliikekameratekniikkaan perustuvalla menetelmällä.  
 

Tulokset: Neurologisessa arviossa todettiin vähäisiä eroja AED ja SRI 
lääkkeille altistuneissa vastasyntyneissä verrattuna verrokkilapsiin. 
Varhaisten kielellisten taitojen todettiin olevan heikommat 
karbamatsepiinille, okskarbatsepiinille ja valproaatille sikiöaikana 
altistuneilla lapsilla 7 kk iässä. Visuospatiaalisen tarkkaavuuden 
suuuntaamisnopeudessa ei todettu eroa AED altistuneiden ja verrokkilasten 
välillä.  
 

Tietokonepohjaiset EEG analyysit toivat esille useita muutoksia 
altistuneiden ja altistumattomien vastasyntyneiden aivosähkötoiminnassa. 
AED lääkkeille altistuneiden vastasyntyneiden sähköisen toiminnan 
voimakkuus oli matalampaa useilla taajuuksilla, aivopuoliskojen välinen 
synkronia oli korostuneempaa etuosissa kuin takaosissa, purskeiden välinen 
aika ei eronnut aivojen etu-ja takaosien välillä ja etuosissa oli vähemmän 
tyypillisen pituisia alphataajuisia jaksoja. SRI-lääkkeille altistuneiden 
vastasyntyneiden eri aivoalueiden yhteistoiminta ja aivokuoren paikallinen 
synkronoituminen oli heikompaa.  Lisäksi aivojen etuosien aktiivisuus 
matalilla taajuuksilla oli alhaisempaa kuin verrokkilapsilla eivätkä nämä 
muutokset liittyneet äitien masennukseen tai ahdistuneisuuteen. 
Verrokkilapsilla tutkittuna aivojen eri osien välinen yhteistoiminta erosi 
merkittävästi eri vireystilojen välillä ja kypsyi nopeasti ajan myötä.  
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Päätelmät: Tulosten perusteella on pääteltävissä, että sikiöaikainen 

altistuminen epilepsia- tai SRI-lääkitykselle näkyy vastasyntyneen aivojen 
toiminnassa ja kliinisessä neurologisessa arviossa. Lisäksi AED lääkitys 
saattaa heikentää kielellisiä taitoja imeväisiässä tavalla, joka on todettavissa jo 
7 kk iässä. Toisaalta AED-lääkitys ei näytä vaikuttavan heikentävästi 
varhaiseen visuospatiaaliseen tarkkaavuuteen tai kasvojen 
tunnistamiskykyyn. Aivojen konnektiivisuuden muutokset vastasyntyneen 
ensiviikkoina vahvistavat ajatusta siitä, että vireystila ja aivojen kypsyminen 
vaikuttavat merkittävästi varhaiseen konnektiviteettiin.  Löydösten 
perusteella voidaan ajatella, että aivojen varhaisen verkostoitumisen 
häiriintyminen saattaisi olla yksi mekanismi, jolla AED ja SRI lääkealtistuksen 
myöhemmin esille tulevat haittavaikutukset syntyvät.  
 
Avainsanat: Raskaus, epilepsia, masennus, EEG, AED, SRI, 
silmänliikekamera, vastasyntynyt, konnektiviteetti  
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This thesis is based on the following publications, which are referred to in 
roman numerals in the text:  

 
I. Videman M, Tokariev A, Stjerna S, Roivainen R, Gaily E, Vanhatalo S. Effects 
of prenatal antiepileptic drug exposure on newborn brain activity. Epilepsia. 
2016 Feb;57(2):252-63. 
 
II. Videman M, Stjerna S, Roivainen R, Nybo T, Vanhatalo S, Gaily E, 
Leppänen JM. Evidence for spared visual attention in 7-month-old infants 
with prenatal exposure to antiepileptic drugs. Epilepsy & Behavior. 2016 Oct 
11 [Epub ahead of print]  
 
III. Videman M, Tokariev A, Saikkonen H, Stjerna S, Heiskala H, Mantere O, 
Vanhatalo S. Newborn Brain Function is Affected by Fetal Exposure to 
Maternal Serotonin Reuptake Inhibitors. Cerebral Cortex. 2016 June 8 [Epub 
ahead of print]  
 
IV. Tokariev A, Videman M, Palva JM, Vanhatalo S. Functional Brain 
Connectivity Develops Rapidly Around Term Age and Changes Between 
Vigilance States in the Human Newborn. Cerebral Cortex. 2015. Sep 23 [Epub 
ahead of print]  
 
The publications are referred to in the text by their roman numerals. 

 
Study I: The author conducted all the clinical examinations of the newborns, 
reviewed the visually and rated EEG data, analyzed visual EEG and clinical 
data, and wrote the manuscript together with AT and SV.  

 
Study II: The author conducted all the clinical and developmental assessments 
of the 7 month old infants, analysed clinical, developmental and eye-tracker 
data, and wrote the manuscript together with JL and EG. 

 
Study III: The author conducted all the clinical examinations of the newborns, 
visual reviewings and ratings of EEG data, performed all data analyses, and 
wrote the manuscript with OM and SV. 
 
Study IV: The author did the visual review of the EEG data, extracted and rated 
the vigilance state epochs, and contributed to the manuscript.  
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AAC  Amplitude-amplitude correlations  
AED  Antiepileptic drug 
aEEG  Amplitude-integrated electroencephalogram  
AMPA  Alpha-amino-3-hydroxy-5-methylisoxazole-4-proprionic acid 
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ASD  Autism spectrum disorder 
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QS  Quiet sleep 
SAT  Spontaneous activity transients 
SD  Standard deviation 
SERT  Serotonin transporter 
SRI  Serotonin reuptake inhibitor 
SSRI  Selective serotonin reuptake inhibitor 
SV2A  Synaptic vesicle protein 
TMS  Transcranial magnetic stimulation 
TPM  Topiramate 
TT  Temporal theta 
VPA  Valproic acid 
 
Metrics 
ms  Millisecond 
Hz Herz 
°  Unit of angle 
 



 

15 

One of the miracles in life is the birth of a human being. How precisely and 
accurately a newborn is built, from beautiful tiny fingers and toes to already 
highly functional senses, can only be admired (Partanen et al., 2013; Clark-
Gambelunghe and Clark, 2015). Even more, the amazing development 
continues postnatally as we see the infant’s abilities expand during the first 
years of life. The development of human central nervous system (CNS), in 
particular, requires a substantial time period to mature, due to its anatomically 
and morphologically sophisticated structure, but even more so because of its 
highly complex functionality (Gogtay et al., 2004). The development of higher 
neurocognitive functions is particularly dependent on interaction, i.e. 
connectivity between different regions of the CNS.  
 

The complexity and long duration of CNS development makes it highly 
vulnerable to adverse environmental effects. Numerous genetic, epigenetic 
and environmental factors control CNS development, some of them being 
favorable and others unfavorable (Andersen, 2003; Graignic-Philippe et al., 
2014).  
 

One of the factors that may affect fetal brain development, and thus 
influence the subsequent steps in neurodevelopment, is the exposure of a fetus 
in utero to maternal medications. Two chronic diseases that require regular 
medication during pregnancy are epilepsy and depression (Bennett et al., 
2004; Viinikainen et al., 2006). In Europe, approximately 6 million people 
have a diagnosis of epilepsy (Baulac et al., 2015), and the life-time prevalence 
of major depressive episodes is 13-16% (Volkert et al., 2013). Both of these 
conditions are treated with medications that cross the placenta (Rampono et 
al., 2009; Harden, 2014) and the blood-brain barrier (Halliday et al., 2012; 
Booth and Kim, 2014).  

 
There is an accumulating body of knowledge on the obstetric and both 

structural and cognitive teratogenic effects of antiepileptic (Borthen, 2015; 
Inoyama and Meador, 2015; Tomson et al., 2015c) and antidepressant drugs 
(Hanley and Oberlander, 2014; Hanley et al., 2015; Kepser and Homberg, 
2015; Man et al., 2015). Due to confounding pre- and postnatal circumstances, 
it is often difficult, if not impossible, to distinguish the impacts of individual 
factors. Evaluation immediately after, or very soon after, prenatal exposure 
reduces the impact of postnatal factors, though fails to eliminate this problem 
altogether. 
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As neonatal EEG reflects both prenatal and postnatal experiences, it can be 
used as one possible technique to reveal the underlying mechanisms of the 
adverse developmental consequences of prenatal drug exposures and, 
furthermore, act as a potential biomarker of later cognitive development. 
Novel quantifiable computational methods of EEG analyses have been 
developed during recent years (Tokariev et al., 2012; Räsänen et al., 2013; 
Tokariev et al., 2016; Vanhatalo et al., 2005b). These advancements have 
made the highly detailed EEG assessment of functional cortical activity 
possible, including analyses of functional connectivity (Minlebaev et al., 2007; 
Tokariev et al., 2012; Colonnese and Khazipov, 2010; Engel et al., 2013).  
 

The aim of this thesis was to evaluate whether prenatal antidepressive or 
antiepileptic drug exposure changes newborn brain activity. As such, this 
study sought to elucidate the possible underlying mechanisms for the adverse 
neurocognitive and behavioral consequences of these drugs. The effects of 
prenatal AED exposure on visual attention and emotion-related attention in 
infancy were evaluated. In addition, functional connectivity changes between 
vigilance states and maturation during the early weeks of postnatal life were 
investigated. Altogether, the creation of non-invasive and objective 
quantitative methods was sought to detect cognitive developmental deviations 
already in infancy. 
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In humans, the development of the CNS begins during the first gestational 
weeks and, predominantly, terminates in young adulthood. Development of 
the CNS can be considered from two perspectives: structural and functional.  

 
Structural development.  The major morphological features of CNS 

development comprise a multiplex cascade from neurulation, i.e. 
transformation of the neural plate to neural tube, to configuration of greatly 
convoluted cerebral and cerebellar hemispheres, brainstem, spinal cord, and 
peripheral nervous system. In tandem, from the gestational age (GA) of 12 
weeks onward, major histological changes take place in the form of radial 
migration of immature neurons, followed by organizational differentiation 
and myelination from the GA of 24 weeks onward. These phenomena occur 
mostly simultaneously. The first trimester of pregnancy is characterized by the  
formation of the main structures, the second and the third trimesters by the 
expansion of the weight and surface area of the hemispheres due to rapid 
increase in the length and complexity of dendrites and axons, synaptogenesis 
and apoptosis, i.e. programmed cell death (Aicardi, 2009).  

 
Functional development. In terms of function, CNS development can be 

roughly divided into cortical specialization and connectivity maturation. Our 
knowledge was based earlier on animal studies and post mortem 
investigations. The methodological advances like the development of magnetic 
resonance imaging (MRI), electroencephalogram (EEG), 
magnetoencephalogram (MEG), and functional MRI (fMRI) have enhanced 
our ability to image human fetal brain, and at the same time they have 
expanded our understanding of normal and abnormal brain development 
(Studholme, 2015). Furthermore, these advances have made it possible to 
relate the maturation of cerebral structures to neurodevelopment and 
behavior (Dubois et al., 2014).  

 
Later neurocognitive development depends greatly on how well different 

parts of the central nervous system co-operate and connect with each other. 
This co-operation takes place in different levels: between adjacent neurons via 
synapses, locally between nearby-located neurons, and between neurons or 
groups of neurons situated further apart creating functional neural circuits.  
The strength of synaptic signals is constantly modified by sensory input and 
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experience. This adaptation process is called synaptic plasticity, which is 
believed to modulate higher-order brain tasks, like social cognition, emotional 
learning, and memory (Lesch and Waider, 2012). Neurotransmitters are 
essential endogenous messengers that facilitate signal transmission from one 
neuron to another across synapses. The capacity to synthesize and degrade 
neurotransmitters emerge already early in embryogenesis even before 
synapses are formed (Thompson et al., 2009). Both histological (Kostovic and 
Jovanov-Milosevic, 2006; Kostovic and Judas, 2010) and functional MRI 
studies (Smyser et al., 2010) have shown evidence of fetal brain-wide 
networks, including subplate and thalamocortical connectivity during late 
prenatal life.  

 
Prior studies have shown that by term age, all major fiber systems are in 

place (Qiu et al., 2015). During infancy, dendritic arborization, 
synaptogenesis, myelinization, apoptosis, and neurotransmitter development 
continue intensely (Scher et al., 2005; Gilmore et al., 2007; Provenzale et al., 
2007). Fetal and infant brain has enormous capacity for functional adaptivity 
that is widely sensory driven (Anderson and Thomason, 2013). It seems that 
during early postnatal life, locally-dense communication dominates over long-
distance connections, within and across the two cerebral hemispheres (Qiu et 
al., 2015). Furthermore, regional cerebral brain changes are asynchronous, i.e. 
sensory-motor regions develop early with rapid pace, whereas associative 
regions develop later and slowly over decades (Dubois et al., 2014).  

 
The consequences of adverse events during fetal development depend on the 
event itself and on the time of occurrence. In general, it is regarded that 
malformations arise during the first trimester, and neurocognitive or 
behavioral problems, so-called functional teratogenesis, are due to adverse 
influences during the later parts of pregnancy.  
 

Neurodevelopmental changes are associated with various environmental 
factors like maternal stress, prenatal infections, inflammation,  or prenatal 
drug exposures, assuming that these factors operate during the developmental 
windows of susceptibility (Adams Waldorf and McAdams, 2013; Zhao et al., 
2013; Grandjean and Landrigan, 2014; Bale, 2015; Hagberg et al., 2015). 
Development is further confounded by epigenetic modification, i.e. altered 
gene expression by environmental influences without involving a change in 
DNA sequence (Bale, 2015). Furthermore, neuropsychiatric disorders with 
cognitive, emotional, and behavioral deficits are recognized to at least partly 
arise from developmental origins very early in prenatal life (Beardslee et al., 
2011; Bale, 2015).  
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Overall, CNS development, including the prenatal time period, represents 
the highest level of plasticity, representing both opportunity and vulnerability 
(Gao et al., 2016). Research on the developing human brain during the 
remarkably plastic time of fetal development has major significance for both 
preclinical and clinical practice (Anderson and Thomason, 2013). 
Abnormalities originating in this period will affect consequent neural network 
patterns and growth (Tau and Peterson, 2010). Therefore, it is crucial to 
acquire better understanding of this sensitive period of fetal brain 
development and the embedded risks, to allow either avoidance of these 
adverse factors as well as possible, or at least to facilitate early interventions.  

 
One of the prenatal hazards is fetal exposure to maternal medication. Two 

widely used groups of these medications include antiepileptic drugs and anti-
depressants (Bennett et al., 2004; Viinikainen et al., 2006). Both of these 
groups of medications have pharmacological qualities that allow adverse CNS 
effects:  they cross both the placenta (Harden et al., 2009; Rampono et al., 
2009) and the blood-brain barrier (Halliday et al., 2012; Booth and Kim, 
2014). 

 

The efficacy of antiepileptic drugs (AEDs) is, to some degree, specific for 
epilepsy types and syndromes. Thus, the selection of medication is not random 
and should be based on the diagnosis of epilepsy syndrome (or type) and 
etiology. Until 1993, the choice of AEDs was limited to seven or eight major 
substances. Since then, 16 new AEDs have been approved for use in epilepsy 
(Abou-Khalil, 2016).  
 

The mechanisms of action of the AEDs are diverse. The main mechanisms 
of action are explained in the recent paper from Abou-Khalil (Abou-Khalil, 
2016): sodium channel blocking which reduces  high frequency neuronal firing 
(e.g. PHT, CBZ, OXC, LTG and LAC), gamma-aminobutyric acid (GABA)-A 
receptor binding which  prolongs or increases the opening of chloride channels 
(PB, BNZ), calcium channel binding (GBP, PGB, ESM), synaptic vesicle 
protein SV2A binding which decreases neurotransmitter release 
(levetiracetam), GABA transaminase inhibition (vigabatrin),  and AMPA 
(alpha-amino-3-hydroxy-5-methylisoxazole-4-proprionic acid) receptor 
antagonism (perampanel). Some AEDs have multiple mechanisms of action, 
like valproic acid, topiramate, felbamate, and zonisamide. Furthermore, 
lamotrigine and rufinamide, although providing sodium channel blocking as 
the main mechanism of action, are likely to have other antiepileptic 
mechanisms as well (Abou-Khalil, 2016). 
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Approximately 0.5% of pregnant women have epilepsy (Viinikainen et al., 
2007). Pregnancy is associated with a number of physiological, endocrine, and 
psychological changes, which may lower seizure threshold (Patel and Pennell, 
2016). Most women with epilepsy need antiepileptic drug (AED) treatment 
during pregnancy as seizures can harm both the mother and the fetus.  
 

Harmful effects of maternal seizures have been demonstrated both in 
animal (Cossa et al., 2016) and in human (Chen et al., 2009; Edey et al., 2014; 
Sveberg et al., 2015) studies. Cossa and co-workers (Cossa et al., 2016) 
investigated the impact of seizures during pregnancy in rodents with epilepsy 
but without AED medication. The authors suggested that the adverse 
consequences of seizures may be associated with ischemia and/or maternal 
stress and they may cause fetal suffering, intrauterine growth delay, altered 
protein synthesis, changes in the expression of apoptotic proteins and long-
term disturbances in brain function. Maternal and fetal hypoxia and acidosis 
(Yerby, 2000) as well as alterations in electrolytes, blood pressure, heart rate, 
and oxygenation (Hiilesmaa et al., 1985; Sveberg et al., 2015) have been 
observed  in human studies after generalized tonic-clonic seizures. Occurrence 
of more than one generalized tonic-clonic seizure during pregnancy has been 
associated with a five-times higher risk of preterm labor and reduced birth 
weight in boys (Rauchenzauner et al., 2011).  

 
The results have been inconsistent regarding whether maternal seizures 

affect neurocognitive functioning of offspring (Inoyama and Meador, 2015). 
In some studies (Adab et al., 2004; Vinten et al., 2005), the occurrence of five 
or more maternal tonic-clonic seizures during pregnancy has been associated 
with lower verbal IQ in the offspring. In contrast, other studies (Shallcross et 
al., 2014; Shallcross et al., 2011) have described no association of maternal 
seizures with lower verbal IQ of the exposed children at 2 years-of-age. 
Instead, seizures were associated with lower abilities in language 
comprehension, gross motor skills, personal and social skills, hand and eye 
coordination, and performance skills at the age of 3 to 4.5 years-of-age of the 
offspring. The same children were later re-examined: Prenatal seizure load 
was no longer associated with measured cognitive abilities of the AED-exposed 
children or with need for additional educational support at 6 years-of-age 
(Baker et al., 2015).   
 

The most commonly used AEDs cross the placenta in clinically relevant 
amounts (Harden et al., 2009). The AEDs prescribed to women of 
childbearing age have changed over the last two decades: the prescriptions of 
carbamazepine, phenytoin, and valproate for pregnant women have decreased 
while the prescriptions of lamotrigine, topiramate, and levetiracetam have 
increased (Ackers et al., 2009; Vajda et al., 2010). The most often used 



 

21 

medications among pregnant women in the UK in 2005, and in Australia in 
2007, were lamotrigine, carbamazepine, and valproate (Ackers et al., 2009; 
Vajda et al., 2010) although the use of valproate has probably decreased since 
due to recommendations described in the following chapters. The changing 
practices make it difficult to obtain up-to-date data on the presently used 
AEDs because long follow-up times are needed for documenting functional 
teratogenicity. 
 

 
Diagnosis of epilepsy and exposure to AEDs during pregnancy have been 
associated with an increased risk for adverse obstetric outcome, like 
premature induction of labor, caesarean section, increase in hypertensive 
disorders, and post-partum hemorrhage (Borthen, 2015; MacDonald et al., 
2015; Viale et al., 2015). Adverse perinatal outcomes such as low birth weight, 
smallness for gestational age, low Apgar scores, small head circumference, 
respiratory problems, and admission to neonatal care, have been documented 
in several other studies as well (Pennell et al., 2012; Artama et al., 2013; Kilic 
et al., 2014; Patel and Pennell, 2016). 

 
 Vilae and co-workers (Viale et al., 2015) took into account the impact of 

AED on the obstetric outcome in their meta-analysis and compared women 
with epilepsy with AED medication to women with epilepsy but no AED 
medication. The AED-exposed group had increased risk for post-partum 
hemorrhage, induction of labor, fetal growth restriction, and admission to a 
neonatal intensive care unit. No increased risk was noted for fetal or neonatal 
mortality.  

 
To evaluate the impact of epilepsy on perinatal outcome, Artama et al. 

(Artama et al., 2013) analyzed 4867 infants, including live births and 
stillbirths, and compared women with epilepsy and AED medication to women 
with epilepsy without medication and to women without epilepsy. Women 
with epilepsy on AED had an increased risk for treatment in a neonatal care 
unit, for preterm labor, and for low birth weight when compared to women 
with epilepsy not taking AED (Artama et al., 2013; Farmen et al., 2015). 
Furthermore, it seems that there may be an increased risk for maternal 
complications with the use of lamotrigine and carbamazepine (Borthen, 2015). 
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The first information on the teratogenicity of drugs arose in the 1960s and the 
research in the field has since spread to comprise AEDs as well as other drugs. 
At first, the main interest in AEDs was major congenital malformations 
(MCM), but in the 1990s the neurocognitive and behavioural consequences 
were drawn into the focus of investigations as well (Inoyama and Meador, 
2015). As the discontinuation of the use of antiepileptic drugs during 
pregnancy is not advisable, AEDs have been investigated intensely.  
 

The effects of maternal epilepsy type or etiology as a confounding factor 
are difficult to determine as they often go hand in hand with the choice of 
medication. Few studies have researched the relationship between maternal 
epilepsy type and outcome of the offspring. Holmes et al. (2000) revealed this 
issue by comparing cognitive abilities of children with or without maternal 
epilepsy and excluding those children who had prenatal AED exposure or 
experienced maternal tonic-clonic seizures prenatally. According to this study, 
cognitive outcome was not affected by maternal epilepsy per se. Three studies 
found no associations between maternal epilepsy type and cognitive (Gaily et 
al., 2004; Meador et al., 2013) or neurodevelopmental (Bromley et al., 2013) 
outcomes in the offspring. On the other hand, social and linguistic scores of 
the offspring did differ depending on maternal epilepsy type in one study 
(Hirano et al., 2004). When only children born to mothers with idiopathic 
generalized epilepsy were evaluated (Baker et al., 2015), the children with VPA 
exposure in this group had significantly lower mean IQ than control children 
or children with exposure to some other AED. 

 
Blinded randomized controlled trials used to separate the effects of 

confounding factors from AED treatment in humans are not feasible for ethical 
reasons, and thus human studies on the subject are observational-register-, 
hospital-, or population-based studies (McCorry and Bromley 2015). The main 
prospective AED pregnancy registries are the North American Antiepileptic 
Drug Pregnancy Registry (NAAPR), the UK Epilepsy and Pregnancy Register, 
and International Registry of Antiepileptic Drugs and Pregnancy (EURAP). In 
addition to human studies, experimental animal studies have accumulated 
valuable information on the effects of prenatal AED exposure, and to some 
extent on the mechanisms by which these effects are mediated.  

 
A single dose of AED during vulnerable phases of brain development can cause 
neuronal injury in nearly every forebrain region in rats (Bittigau et al., 2002). 
One of the most frequently proposed mechanisms of adverse effects at the 
cellular level is drug-induced apoptotic neurodegeneration (Bittigau et al., 
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2002; Bittigau et al., 2003; Ikonomidou, 2010; Inoyama and Meador, 2015), 
resulting in both structural changes, such as malformations, as well as 
functional changes, like neurocognitive or behavioral problems. In animal 
studies, these changes have been associated with prenatal phenobarbital, 
phenytoin, valproic acid, and carbamazepine exposures (Ikonomidou, 2010; 
Inoyama and Meador, 2015; McCorry and Bromley, 2015), whereas 
levetiracetam, even in high doses, did not produce cell death (Kim et al., 2007). 
Structural changes in animal brains have been demonstrated e.g. in mice 
treated with phenytoin at the equivalent age of human third trimester: the 
cerebellum of these mice weighed significantly less than the cerebellum of 
untreated mice, and the treated mice had impaired spatial learning (Ogura et 
al., 2002). Mice exposed to carbamazepine in utero had fewer neurons in the 
hippocampus and in the cortex (Aberg et al., 2013).  

 
In addition to structural changes, a recent study (Forcelli et al., 2012) has 

demonstrated that AEDs may delay or prevent the development of both 
excitatory and inhibitory synapse function. This functional toxicity presented 
as synaptic deficits and abnormal synaptic function in rats after a single dose 
of phenytoin, phenobarbital, and lamotrigine, but not of levetiracetam, on 
postnatal day 7. With lamotrigine, this delay in synaptic maturation was seen 
with a lower dose than required for the induction of neuronal apoptotic cell 
death and it improved over time (Forcelli et al., 2012). These functional 
alterations play a key role in organization of neuronal networks (Ikonomidou, 
2010; Verrotti et al., 2015). In utero VPA exposure in animals has been shown 
to influence the electric brain activity of the offspring as VPA decreased 
midrange frequencies in all vigilance states (Cusmano and Mong, 2014). 
Furthermore, several animal studies have implied that prenatal VPA exposure 
increases autism-like behaviors (Roullet et al., 2013; Sabers et al., 2014). 

 
Malformations. Major congenital malformations (MCM) are defined as 
“structural abnormalities of surgical, medical, functional, or cosmetic 
importance which occur during organogenesis in the first trimester”  (Tomson 
and Battino, 2012).  
 

In general, it has been shown that the risk for major MCM is two to three- 
fold in children with fetal AED exposure (Tomson et al., 2015c; Verrotti et al., 
2015). MCM rate has been reported as 6.1% in AED-exposed children, in 
contrast with 2.8% in the unexposed children with maternal epilepsy, and 
2.2% in children without maternal epilepsy or AED exposure (Tomson and 
Battino, 2009). The risks of specific AEDs regarding structural teratogenesis 
depends not only on quality of medication, but also on dosages, exposure on 
either mono- or polytherapy, timing of the exposure, and possible MCM in 
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previous pregnancies (Vajda et al., 2013; Gerard and Meador, 2016). It is 
possible that newer antiepileptic drugs bear a lower risk of MCM (Verrotti et 
al., 2015).  

 
The most typical MCM encountered with prenatal AED exposure are 

cardiac malformations associated with carbamazepine, lamotrigine, 
barbiturate, and phenytoin exposure, neural tube defects associated with 
carbamazepine and valproate exposure, hypospadias associated with 
valproate exposure, and oral clefts associated with lamotrigine and topiramate 
exposure (Tomson et al., 2015c; Verrotti et al., 2015).  

 
Special attention should be paid to valproate, as it has been associated with 

the highest prevalence of MCMs ranging mainly from 4.7% to 10.0% (Tomson 
et al., 2015b). At the same time, it is commonly used as an effective regimen 
for generalized epilepsies like juvenile myoclonic epilepsy. Prenatal valproate 
exposure carries a 5- to 11-fold risk for major malformations (Tomson et al., 
2015c; Gerard and Meador, 2016). In case-control studies based on EUROCAT 
data, evaluating the risk of prenatal valproate exposure on the incidence of 
MCMs, showed the odds ratio for spina bifida to be 12.7, for atrial septal defect 
2.5, for cleft palate 5.2, for hypospadia 4.8, for polydactyly 2.2, and for 
craniosynostosis 6.8 (Tomson et al., 2015c). The risk for MCMs with VPA as 
well as for LTG and CBZ seem to be dose dependent (Hernandez-Diaz et al., 
2012; Vajda et al., 2013; Campbell et al., 2014). Higher risk for MCM up to 
24.2% has been associated with valproate doses higher than 1500 mg/day 
(Tomson et al., 2015c).  

 
Tomson et al (Tomson et al., 2015c) conclude that according to register 

studies, MCM rates of carbamazepine, lamotrigine, and phenobarbital are 
lower than those of valproate, and phenobarbital is higher than that of 
lamotrigine or carbamazepine. Levetiracetam is suggested to have similar 
rates as lamotrigine and carbamazepine but the number of exposures is still 
somewhat limited. For other AEDs, the number of reported exposures is even 
more limited and the conclusions of the risk for malformations cannot be 
made, though it seems that topiramate may have a higher rate of MCMs than 
LTG or CBZ (Patel and Pennell, 2016). Polytherapy is considered to have a 
higher risk for MCM though it seems that the main factor to increase the risk 
is whether the combination includes VPA (Tomson et al., 2015a). 

 
Neurocognition. In addition to structural malformations, AEDs are known 

to bear functional teratogenicity as well. As with MCMs, the severity and 
quality of the consequences depend on several variables, including drug-, 
individual-, and environment-related factors. In addition, the variety of 
neuropsychological tests used, varying ages of the offspring at testing, 
demographic differences, lack of control of confounding factors such as 
maternal IQ and education, or etiology of maternal epilepsy make the 
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interpretation and comparisons of different studies difficult (Inoyama and 
Meador, 2015).  

  
In the Neurodevelopmental Effects of Antiepileptic Drugs (NEAD) study, a 

prospective observational multicenter study of cognitive development, 224 
children with prenatal exposure to VPA, LTG, CBZ, or PHT monotherapy were 
followed up to 6 years-of-age (Meador et al., 2013). After controlling multiple 
potentially confounding variables, it was found that, irrespective of the dosage, 
the mean IQ score of the VPA-exposed children was lower (mean IQ score = 
97) than the IQ of the children exposed to the other AEDs (mean IQ scores 
ranging from 105 to 108). When the dosage of VPA was higher than 1000 mg/ 
day, the negative impact was seen not just on verbal ability, but also on 
nonverbal ability, executive function and memory (Meador et al., 2013). These 
results were in line with the cognitive evaluations conducted with these 
children at 3 and 4.5 years-of-age (Meador et al., 2009; Meador et al., 2012). 
Similarly, earlier studies with a different demographic background have 
demonstrated a lower verbal IQ in VPA-exposed children compared to 
children with CBZ exposure (Gaily et al., 2004; Inoyama and Meador, 2015). 

 
Similar conclusions were drawn from another register study (Baker et al., 

2015) when interpreting the results of initially 243 AED-exposed and 287 
unexposed children. IQ scores of these children were evaluated at 6 years-of-
age and VPA, CBZ, LTG, and control groups were compared taking into 
account maternal epilepsy type, socioeconomic status, maternal IQ, maternal 
age, gestational age of child at birth, sex, and exposure to seizures, tobacco, or 
alcohol. Children with prenatal exposure to high-dose VPA (800 mg per day 
or more) had lower overall IQ than other children, poorer nonverbal and 
spatial abilities than CBZ- and LTG-exposed children, and poorer verbal 
abilities than LTG-exposed children. However, children exposed to less than 
800 mg per day of VPA were associated with poorer nonverbal abilities 
compared to CBZ-exposed children, but were equal to other treatment groups 
in all other categories of neurocognition. In the polytherapy group, children 
with VPA had 6.4 points reduction in IQ compared to control children, but if 
there was no VPA included in the maternal medication, there was no 
difference. It is noteworthy that mothers and drug-exposed children IQ 
correlations presented in all other treatment subgroups, except in the VPA 
group. Maternal IQ, gestational age, and socioeconomic status were noted to 
influence IQ scores in the offspring.  

 
In the the same study (Baker et al., 2015), children exposed prenatally to 

CBZ had lower verbal abilities than control children but otherwise the 
exposure did not seem to affect the neurocognition of these children and no 
dose dependence was observed in the CBZ group.   
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However, no correlation between prenatal AED dosage and child’s 
cognitive outcome has been described in some studies (Inoyama and Meador, 
2015). For example no dose dependence was observed for carbamazepine 
(Gaily et al., 2004; Meador et al., 2013), lamotrigine (Meador et al., 2013), 
levetiracetam (Shallcross et al., 2014), or phenytoin (Meador et al., 2013). 
Furthermore, mothers with more severe epilepsy and heavier seizure burden 
are more likely to require higher dosages of AEDs making it even harder to 
distinguish the effect of medication and the effect of underlying epilepsy.  

 
The practices of AED medications have changed during the last decades 

while the knowledge on long-term effects of in utero exposure to newer drugs 
lags behind, at least until the exposed children reach an appropriate age for 
neurocognitive evaluation. Levetiracetam is nowadays used in approximately 
13% of pregnancies (Vajda et al., 2010) but few studies report on the effects on  
offspring cognition. So far it seems that LEV has no major disadvantages 
compared to LTG or CBZ, and LEV appears to be safer than valproate 
(Shallcross et al., 2011; Shallcross et al., 2014; McCorry and Bromley, 2015). 
Preliminary findings indicate that fetal topiramate exposure could have 
adverse effects on neurocognition (Rihtman et al., 2012). The number of in 
utero-exposed children has been too small to make any conclusions for other 
newer AEDs.  

 
It has been noticed that children of mothers with periconceptional folic acid 

supplement had a higher mean IQ (108) at 6 years-of-age compared with the 
children of mothers without folic acid supplement (IQ 101) (Meador et al., 
2013). In contrast, Baker et al. (Baker et al., 2015) found no difference in mean 
IQ between the two population types. Folic acid supplement is recommended 
with a daily dose of minimum 0.4 mg prior to conception and during 
pregnancy, as it may decrease the risk of MCMs in the offspring of women with 
epilepsy (Harden et al., 2009). 

 
Behavioral consequences. VPA has been associated with a higher risk for 

neurodevelopmental disorders like autism spectrum disorders (ASD) 
compared to unexposed children or children exposed to other AEDs (Rasalam 
et al., 2005; Bromley et al., 2013; Christensen et al., 2013; Wood et al., 2015). 
Diagnostic criteria for ASD were met in up to 12 % of the offspring with in 
utero VPA monotherapy exposure while in the unexposed children the rate 
was 1.8% (Bromley et al., 2013). Deshmukh et al. (Deshmukh et al., 2016) have 
shown a relationship between maternal VPA dose and behavioral outcome. In 
the same study, children with prenatal VPA exposure had higher risk for 
adaptive behavioral problems in the areas of socialization, communication, 
and motor skills. 

 
As the most prominent negative effects are seen with in utero valproate 

exposure, i.e. an increased risk for malformations, developmental and 
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behavioral problems, specific actions have already taken place. In 2014, the 
Coordination Group for Mutual Recognition and Decentralised Procedures-
Human (CMDh) of the European Medicines Agency (EMA) published a 
warning on the use of valproate in women and girls highlighting the risk of 
malformations and developmental problems in infants exposed to valproate. 
Soon after this, the joint Task Force of the Commission of European Affairs of 
the International League Against Epilepsy (CEA-ILAE) and the European 
Academy of Neurology (EAN) formed a document titled “Valproate in the 
treatment of epilepsy in girls and women of childbearing potential”.  
 

 

 
Serotonin, 5-hydroxytryptamine 5-HT, is a widely distributed 
neurotransmitter in the central nervous system. Serotonin signaling pathways 
are involved in various regulatory brain functions including cognitive, mood 
and affective functions. Serotonin has a modulatory role in autonomic, motor, 
sexual, appetite, aggression, and sleep functions, and it  modulates several 
immunological events like chemotaxis, leukocyte activation, proliferation, 
cytokine secretion, immune responsiveness, and apoptosis (Millan et al., 
2008; Lesch and Waider, 2012; Arreola et al., 2015; Olivier et al., 2015). The 
dysfunction of serotonin transmission is associated with the pathogenesis of 
e.g. depression, anxiety, schizophrenia, and chronic pain, and many of the 
medications developed for treatment of these diseases employ the serotonin 
system (Anderson, 2004; Olivier et al., 2015). Depression is associated with 
reduced levels of serotonin, dopamine, and norepinephrine, and increased 
levels of cortisol (Diego et al., 2004; Moret and Briley, 2011).  
 

Serotonergic neurons act via releasing serotonin into the synaptic cleft 
where serotonin is bound to pre- or postsynaptic serotonin receptors. The 
serotonin system constitutes of at least 14 different 5-HT receptor classes 
(Millan et al., 2008). Serotonin receptors are present e.g. in frontal cortex, 
hippocampus, amygdala, striatum, hypothalamus, and dorsal horn of the 
spinal cord, and can be expressed in both excitatory and inhibitory neurons 
(Olivier et al., 2015). To terminate the action of serotonin in the synaptic cleft, 
serotonin is reuptaken by the serotonin transporter (SERT) molecule or by 
surrounding glial cells (Youdim et al., 2006; Olivier et al., 2015). The 
inhibition of the reuptake by binding to serotonin transporter molecule leads 
to antidepressant activity of the serotonin reuptake inhibitors (SRIs) though it 
seems not to be the only antidepressive mechanism of these drugs (Anderson, 
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2004; Olivier et al., 2015). The chemical structures, pharmacokinetics, 
metabolism, and interactions of SRIs vary (Preskorn, 2004; Harrington et al., 
2013).  
 

The early developmental changes in the expression of SERT gene are 
known to differ between frontal and deeper brain regions (Homberg et al., 
2010; Kiryanova et al., 2013). These SERT expressions are genetically 
determined, although they can also be affected by various hormonal factors 
and factors exerting epigenetic effects, such as maternal psychiatric status or 
fetal drug exposure (Oberlander et al., 2009; Homberg et al., 2010; Kiryanova 
et al., 2013). In addition, SERT gene polymorphisms, contributed by two 
length alleles, influence the biological activity of the SERT (Murphy and Lesch, 
2008). The low-functioning variant has shown to be particularly vulnerable to 
stressful life events, in other words the influence of genetic factors on 
behaviour seems to be dependent on the environmental context (Nordquist 
and Oreland, 2010). 

 
Major depression disorder (MDD) is a major health problem affecting over 
350 million people all over the world (Perez-Caballero et al., 2014). Depression 
and anxiety are common among pregnant women as well: Prevalence of 
depression during pregnancy is estimated to be 7-18 % (Bennett et al., 2004) 
and anxiety disorders approximately 8 % (Ross and McLean, 2006).  

 
Human studies have implied that untreated maternal depressive, anxiety, 

and stress symptoms during pregnancy may have adverse short- and long-
term effects on both the fetus and the mother  (Graignic-Philippe et al., 2014; 
Gentile, 2015c). Depression is associated to hyperactivity of the fetus and 
irregular fetal heart rate, and newborns can have increased cortisol and 
norepinephrine levels, decreased dopamine levels, reduced vagal tone, altered 
EEG patterns, and stress- or depressive-like behaviors (Gentile, 2015c). These 
symptoms have been related to obstetrical problems like a higher risk of 
preterm delivery, low birth weight, offspring with hypothalamic-pituitary-
adrenal (HPA) axis abnormalities, and neonatal and later behavioral problems 
(Field, 2011; Bourke et al., 2014; Hanley et al., 2015; Jarde et al., 2016). The 
serotonergic system closely interconnects with HPA-axis functions, and 
maternal depression is associated with increased levels of cortisol at birth 
(Diego et al., 2004; Field et al., 2010; Field, 2011; Hermansen and Melinder, 
2015). The HPA axis is an important part of the stress response system and 
high cortisol levels in infancy have been associated with lower scores in 
neurocognitive examinations, attentional problems, and reduced executive 
function at school age (Hermansen and Melinder, 2015). Furthermore, 
children born from pregnancies of depressive, untreated, mothers are 
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considered to have more internalizing behavior and psychiatric disorders such 
as depression, anxiety, irritability, and withdrawal (Misri et al., 2006; Tronick 
and Reck, 2009; Bourke et al., 2014; Gentile, 2015b; Malm et al., 2016).  

 
The first SRIs were used clinically in the 1980s (Perez-Caballero et al., 2014). 
Since then, the use of serotonin reuptake inhibitors has increased rapidly in 
various fields of psychiatry, but particularly in the treatment of depression. 
Nowadays, SRIs are the most commonly used antidepressants, both among 
people in general and among pregnant women (Perez-Caballero et al., 2014; 
Olivier et al., 2015). In the United States, SRI use has increased among 
pregnant women from 1.5% in 1996 to more than 5% since 2005 (Dawson et 
al., 2012; Perez-Caballero et al., 2014; Charlton et al., 2015).  
 

Currently, pharmacological treatment of severe maternal depressive and 
anxiety symptoms is recommended in order to reduce their impact on the 
mother and offspring (Ray and Stowe, 2014; Gentile, 2015a). In addition, 
though SRIs can be detected in breastmilk (Weissman et al., 2004; Bourke et 
al., 2014), their serum concentrations, e.g. fluoxetine, citalopram, and 
venlafaxine, are usually less than 10% of the concentrations observed in the 
serum of the mother (Weissman et al., 2004). 

 
Numerous animal studies have shown serotonin to have a major role in plastic 
development of the fetal brain (Borue et al., 2007). Serotonin modulates a 
wide range of developmental processes, both in the structural formation and 
the functional activity during brain development. 

 
Changes in fetal serotonin levels have been shown to influence the 

development of the somatosensory cortex, thalamocortical tracts, visual 
system, and hippocampus (Nordquist and Oreland, 2010; Bourke et al., 2014; 
Kepser and Homberg, 2015; Suri et al., 2015; Glover and Clinton, 2016). 
Furthermore, serotonin has been demonstrated to modulate neural cell 
proliferation, migration, and proliferation, axonal guidance, synaptogenesis, 
and efficiency of transsynaptic signaling (Borue et al., 2007; Homberg et al., 
2010; Lesch and Waider, 2012; Kiryanova et al., 2013).  
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Environmental factors can alter serotonergic modulation during 
development (Erzurumlu and Gaspar, 2012; Lesch and Waider, 2012). One of 
these environmental factors is SRI medication, as SRIs cross the placenta and 
are able to alter the reuptake of fetal serotonin (Hendrick et al., 2003; 
Anderson, 2004; Rampono et al., 2009). SRIs disrupt apoptosis and formation 
of the cortical subplates in the developing brain (Persico et al., 2001; Persico 
et al., 2003; Xu et al., 2004; Liao and Lee, 2011; Simpson et al., 2011; Suri et 
al., 2015). These alterations are similar to those seen in human 
neuropsychiatric disorders (Nordquist and Oreland, 2010). By disrupting 
cortical histology, SRIs reduce functional network connectivity of the 
developing brain and they play an important role in network formation 
(Simpson et al., 2011; Miceli et al., 2013). High levels of serotonin due to 
prenatal SRI exposure during the sensitive perinatal period may cause 
permanent anatomical and functional changes (Bourke et al., 2013; Bourke et 
al., 2014; Suri et al., 2015). These changes can lead to emotion-related and 
behavioral consequences in adult animals including increased aggressive 
behavior, autistic and anxiety-like behavior, aggression, and impairments in 
social behavior (Borue et al., 2007; Kepser and Homberg, 2015; Glover and 
Clinton, 2016). 

 
In the review of Harrington et al. (2013) the authors suggest that SRIs could 

be protective in the regulation of the maternal serotonin system. The 
protective effects have been hypothesized to be due reversal of the effects of 
maternal stress (Rayen et al., 2011) or due to increased maternal peripheral 
serotonin levels induced by SRIs (Harrington et al., 2013). SRIs may also affect 
plasticity directly through alterations of SERT function (Hermansen and 
Melinder, 2015).  

 
Serotonin is already detectable in the brain of a human embryo at the age of 5 
weeks (Anderson, 2004). Functional magnetic resonance imaging studies 
have shown that the brain regions involved in emotion processing and 
behavior in humans are functionally and anatomically affected by a genetic 
variation of serotonin transporter genes, and the development of these neural 
circuits appears to be influenced by fetal serotonin levels (Nordquist and 
Oreland, 2010). Both maternal serotonin levels and the genotype of the child’s 
serotonin transporter protein influence serotonin signaling during fetal 
development, implying that the development of two children with similar 
exposure to SRIs may differ substantially (Oberlander, 2012; Hermansen and 
Melinder, 2015). Furthermore, the s-allele is suggested to be associated with 
increased social, emotional, and behavioral reactivity, and increased 
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sensitivity to social support (Lesch, 2007; Sonuga-Barke et al., 2009; 
Zimmermann et al., 2009; Mueller et al., 2010; Pluess et al., 2011).  This 
complex network of environmental influences, possibly altered 
neurotransmission, and underlying genetics makes the assessment of causal 
connections extremely challenging (Hermansen and Melinder, 2015).  
 

Malformations. The association between prenatal SRI exposure and 
congenital malformations is not quite clear. Mainly the SRI exposure has been 
associated with only a slightly increased risk for malformations or no 
increased risk at all (Malm et al., 2011; Bourke et al., 2014; Reefhuis et al., 
2015; Wemakor et al., 2015). However, if the medication is very commonly 
used, even a slightly increased risk substantially raises the number of children 
with malformations. The strongest association has been observed between 
prenatal paroxetine and congenital malformations. In this case, the risk for 
congenital heart defect is approximately 1.5-fold compared to the offspring of 
women receiving no SRI medication (Hanley and Oberlander, 2014; Reefhuis 
et al., 2015). Maternal paroxetine use has also been associated with 
anencephaly, gastroschisis, and omphalocele (Reefhuis et al., 2015).  
 

Obstetric risks and perinatal outcome. Since the 1980s, prenatal SRI 
exposure had been associated with adverse neonatal symptoms called 
postnatal adaptation syndrome. The syndrome includes symptoms of 
respiratory distress, feeding difficulties, jitteriness, temperature instability, 
sleep problems, tremors, restlessness, and even convulsions, rigidity, and 
hypoglycaemia (Bourke et al., 2014; Hanley and Oberlander, 2014). The higher 
risk for these symptoms remains even after controlling maternal mood 
(Rampono et al., 2009). In a retropective cohort study from Sweden (Forsberg 
et al., 2014), 22% of the neonates with prenatal SRI exposure during the third 
trimester were observed to have mild symptoms, and 3% had severe 
symptoms. In a review from Hanley and Oberlander (2014), the authors note 
that the risk of an adaptation sydrome can be influenced by genetic variability 
of the serotonin transporter molecule. In addition, newborns exposed to SRIs 
are likely to have lower birth weight and pulmonary hypertension (Kepser and 
Homberg, 2015). It has been suggested that the postnatal adaptation 
syndrome is not limited to the first days of life but continues through the first 
postnatal month (Salisbury et al., 2016). 
 

One important variable when assessing the influence of the SRIs is the 
timing of the exposure. The risk of admission to the neonatal intensive unit, 
and the risk of lower Apgar scores are higher for the newborns with a third 
trimester exposure compared to the newborns with exposure during the first 
trimester (Malm et al., 2005; Smith et al., 2013).  Furthermore, Malm et al. 
(2015)  compared the offspring of mothers prescribed SSRI medication during 
pregnancy to the offspring of those mothers exposed to no medications but 
with psychiatric disorders. In this register study, the risk for late preterm or 
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very preterm birth and cesarean section was lower in the offspring of the SSRI 
treated mothers. On the other hand, the risk for neonatal complications like 
low Apgar score and need for monitoring in a neonatal care unit was higher 
(OR 1.68 and 1.24, respectively) in the exposed newborns. When the study 
group compared the offspring of both treated and untreated mothers with 
psychiatric problems, to offspring without prenatal exposure to SSRI and no 
maternal psychiatric disorders, the risk for both adverse pregnancy outcome 
and need for neonatal-care-unit monitoring were elevated. The authors 
suggested that SSRI use during pregnancy could have a protective role for 
perinatal outcome of the newborns of depressive mothers. 
 

Long-term developmental consequences. Few studies assess long-term 
developmental consequences of the prenatal SRI exposure, but the effects of 
the exposure may outlast the neonatal period (Bourke et al., 2014; Kepser and 
Homberg, 2015). The results are somewhat controversial, but already as 
toddlers, exposed children seem to have slightly delayed psychomotor 
development compared to unexposed children despite taking maternal mood 
into account (Casper et al., 2003; Casper et al., 2011). Furthermore, other 
studies on later development have indicated cognitive difficulties and 
behavioral problems (Hermansen and Melinder, 2015).  

 
Autism spectrum disorders are associated with changes in the serotonergic 

system (Croen et al., 2011; Kepser and Homberg, 2015). Humans have a period 
of high capacity for serotonin synthesis in the brain during childhood, but this 
process is disrupted in autistic children (Chugani et al., 1999). Children with 
prenatal SRI exposure differ from unexposed children at 11 to 40 months-of-
age with respect to social and adaptive behavior, even when pre- and postnatal 
maternal depressive mood is controlled (Casper et al., 2011; Hanley et al., 
2013). Furthermore, there was no significant difference in social and adaptive 
behavior between the children exposed and unexposed to pre- or postnatal 
maternal depression (Hanley et al., 2013). In a Danish register study, autism 
spectrum disorders were detected in 1.5% of the children exposed to maternal 
SSRI during pregnancy compared to 0.7% in the control group (Gidaya et al., 
2014). The effect was higher in the group with longer exposure. Likewise Croen 
et al. (2011) found that SSRI exposure was associated with a 2-fold risk of 
autism spectrum disorders, whereas there was no increase in risk for the 
offspring of the mothers with a history of mental health treatment other than 
SSRIs. Man et al. (2015) have conducted a systemic review and meta-analysis 
of observational studies concerning prenatal SSRI exposure and risk of autism 
spectrum disorders. The authors concluded that the risk is increased, but the 
causality remains unconfirmed. There are also controversial studies such as 
one by Grzeskowiak et al., 2015, and others mentioned in the review of 
Hermansen and Melinder (Hermansen and Melinder, 2015). 
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Overall, prenatal SRI exposure may have consequences in the neonatal 
period as well as long-term consequences like adverse effects on offspring 
(Hanley et al., 2013, 2015; Ray and Stowe, 2014). On the other hand, the 
findings are still controversial (Hermansen and Melinder, 2015) and the 
effects are altered by various pre- and postnatal factors, including 
psychological, pharmacological, genetic, and social circumstances. In 
addition, though prenatal SRI exposure poses risks for offspring, maternal 
depression during pregnancy imposes potential risks as well. It is especially 
difficult to know what severity level of maternal symptoms justifies treatment,  
as the potential risks of untreated maternal depression on the offspring and 
the mother, and protective role of SRIs during pregnancy, are still poorly 
understood (Hanley and Oberlander, 2014; Malm et al., 2015). SRIs during 
pregnancy should thus be used based on a risk-benefit decision on a case-by-
case basis (Bourke et al., 2014). 

 

 
Information within the brain and between the brain and other parts of the 
body is transmitted via electrical signals. Cortical electrical activity can be 
measured by applying electrodes to the scalp surface to detect electrical 
voltage potentials of the underlying cortex. This non-invasive EEG method 
measures the potential difference between two electrodes placed at distinct 
points as a function of time. Since the introduction of EEG in 1924, it has 
gained multiple clinical and research applications both in adults and in 
children, in human and in animal studies. 

 
EEG evaluation has relied largely on visual, i.e. qualitative, assessment. The 

standardization of visual assessment is nearly impossible, and it relies on 
individual capacities of the evaluators. Visual interpretation of EEG is always 
subjective and time-consuming. Fortunately, advances in both quantifiable 
computational methods, as well as in recording techniques, have emerged 
during recent years with novel prospects for assessing functional cortical 
activity (Vanhatalo et al., 2005b; Tokariev et al., 2012; Räsänen et al., 2013; 
Tokariev et al., 2016;). Due to recent progress, cellular level mechanisms of the 
EEG phenomena are now better understood (Engel et al., 2013; Hyafil et al., 
2015; Sotero et al., 2015). 
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EEG has been widely used in clinical settings in neonatal wards focused on 
evaluating neonatal seizures and predicting the outcome (Cherian et al., 
2009). The features of neonatal EEG, with the distinctive temporal and spatial 
organization, reactivity and maturational changes, differ profoundly from the 
ones of adult EEG. The interpretation of the neonatal EEG requires special 
expertise (Andre et al., 2010). The major changes in neonatal EEG with 
maturation are seen in background activity and organization of the behavioral 
states (Cherian et al., 2009; Andre et al., 2010). 

 
Background activity. Early cortical brain activity is characterized by two 

activity modes: relative quiescence that is interrupted by spontaneous activity 
transients (SAT), also known as bursts (Vanhatalo and Kaila, 2006;  Andre et 
al., 2010). Bursts are short and have an  amplitude typically more than 100 uV 
(Hayakawa et al., 2001). Relatively quiet periods between bursts are called 
interburst intervals (IBI) and the length and inactivity of these intervals is 
related to the neurological maturation (Hellstrom-Westas and Rosen, 2005). 
Along with maturation, the level of discontinuity decreases and the quality of 
typical background oscillations changes (Andre et al., 2010).  

 
Vigilance states. Another alteration seen with maturation is the 

development of vigilance states. The length and content of the vigilance states 
change with maturation (Andre et al., 2010). The sleep-wake alteration in EEG 
activity is well established from the gestational age of 29 to 30 weeks onwards, 
however alternation in activity level is seen many weeks earlier (Palmu et al., 
2013). At first, the sleep pattern is highly discontinuous (Tracé discontinu) 
which is modified into “Tracé alternant” with low voltage activity during the 
IBIs, and finally, into a continuous sleep pattern, with quiet and active sleep 
states, typically at around term age (Andre et al., 2010; Palmu et al., 2013). 
Sleep-wake cycling and behavioral states are some of the basic features 
evaluated for normality of the neonatal EEG. This demands polysomnographic 
recording techniques (Andre et al., 2010; Palmu et al., 2013). Computer 
analyses of sleep states can be used as physiologic biomarkers of 
developmental neural plasticity (Scher et al., 2009). 

 
Connectivity. The development of higher neurocognitive functions is 

dependent on interaction between different parts of the CNS. Two major 
phenomena of the interaction are symmetry and synchronization. Both of 
these features show maturational changes with time. Interhemispheric 
synchrony represents temporal co-occurrence of burst activity in the right and 
left hemispheres. Synchrony develops along with the increase of cortical-
cortical connections. Recent studies with automated evaluation of 
interhemispheric synchrony, namely Activation Synchrony Index (ASI), have 
shown that interhemispheric synchrony correlates to normal clinical features 



 

35 

and visual EEG assessment of term newborns (Koolen et al., 2015; Koolen et 
al., 2014). On the other hand, interhemispheric symmetry indicates that the 
amplitude and frequency content are comparable between the hemispheres. 

 
Recent experimental studies have implied that even more detailed features, 

like interaction between cortical layers and underlying subplate, could be 
studied by computational analyses of neonatal EEG (Minlebaev et al., 2007; 
Colonnese and Khazipov, 2010;). These advanced analyses require 
multichannel EEG recordings with high potential spatial resolution 
(Vanhatalo et al., 2005b; Koolen et al., 2014; Koolen et al., 2015). 

 
 Modulating factors. Psychoactive drugs are known to modulate 

neurotransmission during prenatal stages of brain development (Thompson 
et al., 2009). Many of the studies regard these effects on EEG recordings later 
in life, only a minority of the studies have examined the effects on neonatal 
EEG. Neonatal EEG phenomena are affected by postnatal medications 
(Nguyen The Tich et al., 2003; Young and da Silva, 2000; Malk et al., 2014) 
and postnatal aminophylline medication is known to accelerate sleep-wake 
cycle maturation in aEEG in premature neonates (Lee, 2009). Neonates with 
neonatal abstinence syndrome have more EEG aberrancies during the 
neonatal period compared to neonates without abstinence symptoms (van 
Baar et al., 1989). 

 
EEG patterns appear to reflect individual differences in emotion regulation 

(Goldstein and Klein, 2014). One of the vulnerability markers seems to be 
frontal asymmetry in EEG, which appears to be associated with stressful 
events in children’s lives, such as pre- and postpartum maternal depressive 
symptoms, and it may even predict development of depression later in life 
(Hahn and Tharp, 1990; Goldstein and Klein, 2014; Lusby et al., 2014; Nunes 
et al., 2014; Peltola et al., 2014). In addition, respiratory distress and 
circulatory compromise may manifest themselves in a term newborn as long 
lasting effects in EEG maturation (Hahn and Tharp, 1990; Nunes et al., 2014). 

 

 
Neonatal EEG reflects both prenatal and postnatal experiences. One of the 
most widely-used clinical EEG applications in neonatal wards is amplitude-
integrated EEG, which is known to have good predictive value, especially on 
the outcome of hypoxic–ischemic encephalopathy (Merchant and Azzopardi, 
2015). However, higher spatial resolution of the conventional EEG recording 
offers a more detailed insight into the interareal interactions and differences 
when compared to aEEG monitoring. Automated neurophysiologic 
methodologies can help to evaluate organization and maturation of the 
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newborn brain, and act as potential biomarkers for activity-dependent 
development of the fetal and neonatal brain (Scher et al., 2005; Vanhatalo et 
al., 2005b). Some of the previous findings enlightening the predictive value of 
neonatal EEG are listed below. 

 
Background activity. Studies on the predictive value of neonatal EEG are 

commonly based on evaluating the background activity. Background 
abnormalities in preterm infants correlate with psychomotor outcome as late 
as 5 to 6 years-of-age (Okumura et al., 2002; Le Bihannic et al., 2012). One of 
the most stated predictive markers is the increased discontinuity of the EEG 
beyond the normal maturation timetable (Menache et al., 2002). 
Discontinuity correlates with cortical folding (Biagioni et al., 2007b). 
Prolonged discontinuity and amplitude depression have been associated with 
an increased risk for later brain dysfunction (Hellstrom-Westas and Rosen, 
2005; Le Bihannic et al., 2012). In addition, cortical burst dynamics of pre-
term neonates has correlated with later neurocognitive development when 
evaluated with Bayley scales of infant development II (Iyer et al., 2015).  EEG 
findings may have higher sensitivity than cranial ultrasound, and abnormal 
EEG findings may precede abnormal findings on ultrasound (Kubota et al., 
2002; Okumura et al., 2003; Bowen et al., 2010;). Atypical patterns of EEG 
activity in response to face stimuli have been seen in children with autism 
spectrum diseases (Dawson et al., 2012).  

 
As the different aspects of the neonatal EEG are evaluated, particular 

waveforms or patterns of abnormality have been associated with certain 
outcomes or certain etiologies (Kubota et al. 2002, Okumura et al. 2003). For 
instance, positive rolandic sharp waves or sharp waves followed by prolonged 
low voltage EEG waves in preterm neonates have been associated with 
intrapartum fetal distress, and postpartum brain damage (Anderson and 
Thomason, 2013; Kubota et al., 2002; Okumura et al., 2003). In addition, 
though MRI and ultrasound are considered to be the most significant 
predictive markers for adverse outcome in e.g. intraventricular hemorrhage or 
periventricular leukomalacia, EEG is seen to provide independent prognostic 
value as well after controlling MRI (Tich et al., 2007; Hayashi-Kurahashi et 
al., 2012).  
 

Connectivity. The importance of early connectivity has been pointed out 
earlier. To emphasize the importance of the different kinds of connectivity 
phenomena, certain aspects of the predictive value of connectivity should be 
highlighted. First, asymmetry between the hemispheres is known to relate to 
adverse outcome (Selton et al., 2000; Cherian et al., 2009) like the severity of 
ischemic damage (van Putten and Tavy, 2004; van Putten, 2007). 
Furthermore, poor synchronization has been associated with poor outcome 
(Anderson et al., 1985; Lombroso and Matsumiya, 1985). When cognitive 
capacity is evaluated in detail, ventro-temporal-occipital cortex connectivity 
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proves the most extensive network that predicts numerical abilities (Evans et 
al., 2015).  
 

Overall, computational EEG analyses may be employed to assess infant 
neural plasticity, in both the clinical and in research setting, to predict the 
neurocognitive or behavioral consequences as well as to monitor or diagnose 
medical conditions. 

 
 

 
The tremendous development during fetal life culminates in, if “everything” 
goes well, the birth of a highly competent neonate. Sometimes “everything” 
does not go well. Common perinatal problems include asphyxia, prematurity, 
and cerebral hemorrhage, all of which pose an increased risk for future 
development (Mercuri, Cowan 1999). The rapid phase in development and 
plasticity continues postnatally and new abilities in the fields of motor, early 
verbal, and social development are obvious to us all. In contrary to parents and 
other caregivers, health care professionals and researchers need accurate 
methods to assess the neurological well-being and development of an infant. 
These methods aim to find functional correlates of the underlying 
neurobiological changes.  
 

Traditional neurological examination of a child is divided into five 
subdivisions interpreting different functions of various levels of the nervous 
system. These subdivisions are: 1) The mental status assessment evaluating 
the higher brain (cortical) functions; 2) the cranial nerve examination 
assessing brainstem and cranial nerve function; 3) motor; and 4) sensory 
examinations assessing functions of the cortex, spinal cord, nerves and 
muscles; and 5) evaluation of coordination and gait and thus assessing the 
possible problems in the basal ganglia and cerebellum (Wusthoff 2013).  
 

As the neurological status changes rapidly from prematurity to infancy and 
further to later childhood, the test protocols must be adjusted to the age group. 
The requirements of the assessments depend on the circumstances they are 
used in, the goal of the assessments and the age of the patient (Heineman, 
Hadders-Algra 2008). In clinical work, the primary goal is quite often to 
identify infants at risk for developmental problems or in need of interventions. 
In research work, the requirements can be even more precise and the 
researcher should be well acquainted with the instrument: what it measures, 
what are the normal findings, and especially what are the limitations of the 
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instrument. The instrument should have a high inter- and intra-observer 
agreement and the best possible positive and negative predictive values.  

 

 
Despite vast improvements to neonatal neuroimaging and 
electrophysiological techniques and their availability during the last decades, 
clinical assessment instruments still have a profound impact on neonatal 
evaluation in the clinic and in informing the need for further investigations 
(Wusthoff, 2013). The advantages of clinical examination include non-
invasiveness, inexpensiveness, and repeatability (Wusthoff, 2013).  

 
The same principals of neurological examination apply in neonates as in 

older children but some adjustments are required.  According to Wusthoff et 
al. (2013), the most important aspect in neonates is usually behavioral 
observation. This includes evaluation of the alertness, responses to 
environment, and orientation to external stimuli. Posture, tone, deep tendon 
reflexes and strength should be tested to evaluate the motor system. Cranial 
nerve testing is performed very much like it is done in older children but the 
evaluation of the sensory responses of a neonate may be difficult. Observations 
of generalized movements and primitive reflexes are an important part of the 
assessment, as gait, coordination, or purposeful movements cannot be 
evaluated.  
 

In contrast with older children and adults, the abnormalities observed in 
neonatal neurological examinations are usually non-specific and global, not 
focal (Wusthoff, 2013). For example, increased extensor tone in extremities or 
trunk muscles has been associated with diffuse lesions with cortical, white 
matter, and basal ganglia involvement, suggesting adverse motor and 
cognitive outcome (Mercuri et al., 1999). Another aspect to be remembered is 
the evolution of the clinical presentation of neonatal brain injury resulting in 
a changing external status of the neonate that may include  an initial period of 
deterioration followed by a period of pseudo normalization and only later a 
more permanent motor or cognitive dysfunction decline (Wusthoff, 2013). 
Alterations in the clinical status emphasize the importance of repeatable 
instruments in neonatal assessment (Mercuri, Cowan 1999). 
 

A variety of instruments may assess neonatal neurology. These instruments 
are highly utilized in neonatal intensive care units, including a high proportion 
of premature neonates. In a recent review (Noble and Boyd, 2012), the authors 
found eight instruments suitable for use in preterm infants up to 4 months of 
corrected age. Of these eight, they considered the Prechtl’s Assessment of 



 

39 

General Movements (GMs) (Einspieler and Prechtl, 2005), the Test of Infant 
Motor Performance (TIMP) (Campbell, 2005), and the Neurobehavioral 
Assessment of the Preterm Infant (NAPI) (Korner and Constantinou, 2001) to 
have both the strongest psychometric properties and a good clinical utility 
when assessing preterm neonates. GMs are spontaneous movements involving 
the whole body and are endogenously generated (Snider et al., 2008). Noble 
et al. (2012) suggested that GM testing has the best predictive value, with the 
advantage of not handling a fragile preterm, but it requires serial video 
monitoring of the quality of specific movement patterns (Cioni et al., 1997). 
Neonatal Intensive Care Unit Network Neurobehavioral Scale (NNNS) (Lester 
and Tronick, 2004; Lester et al., 2004) seem to have good validity and strong 
psychometric qualities, but due to its more laborous assessment (up to one 
hour) it was considered to have more utility in research work. Interrater 
reliability has been considered good (>0.74) in Hammersmith Neonatal 
Neurological Examination (HNNE) and in NNNS in assessing preterms (Eeles 
et al., 2016), and even higher (0.96) in HNNE when assessing term neonates 
(Dubowitz et al., 1999; Lester et al., 2004). Furthermore, NNNS requires 
extensive organized training and an accreditation.  

 
Hammersmith Neonatal Neurological Examination (HNNE) is a widely-

used standardized instrument to evaluate and follow neurological status, in 
both clinical and in research work. HNNE was first introduced in 1981 and 
revised in 1999 (Dubowitz et al., 1999). The revised version consists of 34 items 
organised into six categories: tone, tone patterns, reflexes, movements, 
abnormal signs, and behaviors, and thus comprises various aspects of neonatal 
neurological function (Dubowitz et al., 1999). HNNE is easy to perform, does 
not need a formal certification, and takes only 10 to 15 minutes (Dubowitz et 
al., 1999; Dubowitz et al., 2005). It was first validated in term neonates, 
including 224 clinically healthy neonates at the postnatal age of 6 to 48 hours 
and later in preterms as well (Dubowitz et al., 1998; Ricci et al., 2008). The 
predictive value of HNNE is considered to be good (Dubowitz et al., 1998; 
Woodward et al., 2004; Ricci et al., 2008; Wusthoff, 2013). For example, a 
higher number of abnormal findings in HNNE has correlated with more severe 
outcome at 2-year follow-up when 380 low-risk preterms (born under 35 
weeks gestation) and 85 preterm infants with major ultrasound abnormality 
were evaluated (Ricci et al., 2008). Optimality scores at 9-14 months-of-age 
have been associated with motor outcome at 2 and 4 years-of-age (Haataja et 
al., 2001). Woodward et al. (2004) examined 66 preterm neonates (mean 
gestational age 28 weeks) by using HNNE and MRI at term age. Sensitivity of 
HNNE for identifying abnormalities in MRI was 88% and specificity 46%. The 
negative predictive value of HNNE was calculated to be 92%, but the positive 
predictive value to be only 34%. Furthermore, in a prospective study (Setänen 
et al., 2014), HNNE at term age predicted the neurological outcome at 2 years-
of-age. The predictive value of MRI and cranial ultrasound were improved 
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when combined with HNNE compared to either of these imaging procedures 
alone.  

 
It seems that HNNE identifies neonates needing further investigations well 

but it cannot be used as a sole method to diagnose neurological challenges 
(Woodward et al., 2004). Isolated deviant items seem to have little diagnostic 
value (Dubowitz et al., 2005; Setänen et al., 2014). Furthermore, it has to be 
remembered that HNNE reflects only the current status of the neonate and 
non-neurological factors, like ongoing systemic disease or medication, may 
contribute to the examination without necessarily affecting outcome 
(Dubowitz et al., 2005). This disadvantage can be minimized by repeating the 
measurement and thus confirming the persistence of the symptoms, as in full-
term neonate a normal HNNE examination at the postnatal age of two weeks 
is considered to be a reliable predictor of neurological outcome (Mercuri and 
Cowan, 1999). 

 

 
 
Neurological evaluation during the neonatal period represents a holistic view 
of neurological well-being, but after that time, more detailed neurological 
assessment will be possible. Neurological status and developmental aspects 
are then mainly assessed with separate tools though occasionally these aspects 
overlap as illustrated in a systematic review from Heineman and Hadders-
Algra (2008). The authors reviewed currently-available methods of the 
evaluation of neuromotor function in infancy. They included fifteen 
instruments and classified them into four groups: 1) Comprehensive 
neurological examinations; 2) Procedures with standardised scoring; 3) 
Observation of milestones; and 4) Assessment of quality of motor behavior or 
motor patterns.  
 

Comprehensive neurological examinations like Hammersmith infant 
neurological examination (HINE) (Dubowitz and Dubowitz, 1981; Haataja et 
al., 1999; Haataja et al., 2003;), Touwen infant neurological examination (de 
Groot et al., 1992), and Aiel-Tison neurological examination (Aiel-Tison and 
Grenier, 1980) were considered to have good construct validity (the degree to 
which a test measures what it claims to be measuring). They also offer good 
predictive validity for development of major motor disorders like cerebral 
palsy. Data to evaluate their predictive validity for minor developmental 
problems were available only for Touwen infant neurological examination. In 
addition to predictive value, the tools differed at the level of intra- and inter-
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observer agreement, in construct validity, and concurrent validity (measure of 
how well a particular test correlates with a previously validated measure).  

 
 
Hammersmith Infant Neurological Examination (HINE) is a simple, 

scorable method designed for neurological evaluation of 2 to 24 month-old 
infants (Haataja et al., 1999; Haataja et al., 2003;). HINE is easily applicable, 
requiring no formal training, and takes only 5 to 10 minutes to complete. 
Different aspects of infant neurology are assessed with 37 items. These items 
are divided into three sections: 1) Neurological items (cranial nerves, posture, 
movements, tone and reflexes); 2) Motor development; and 3) Behavioral 
state. In addition to original aspect of a clinical tool, optimality scores have 
been developed for research purposes (Haataja et al., 2003; Haataja et al., 
1999). For optimality scores, each item is scored from 0 to 3. Optimality for 
each age group is defined so that it includes at least 90% of low-risk, normally-
developed infants (Haataja et al., 1999; Haataja et al., 2003). In a recent meta-
analysis on the predictive value of HINE (Romeo et al., 2016), HINE was 
shown to have good sensitivity. In very low birth weight infants, HINE 
performed at the corrected 6-15 months-of-age had predictive value for motor 
function (walking) at 2 years-of-age, with a sensitivity of 98% and specificity 
of 85% (Frisone et al., 2002). The predictive value persisted even if HINE was 
performed as early as 3 months post-term (Romeo et al., 2016). HINE may 
provide a tool to follow high-risk infants during the first year of (corrected) age 
identifying the early signs of even the mildest form of cerebral palsy (Haataja, 
2016; Romeo et al., 2016).  

 
Griffiths Mental Developmental Scale (Griffiths and Huntley, 1996) and 

Bayley Scales of Infant Development (BSID) (Bayley, 1993, 2006) are two 
widely-acknowledged developmental tests for infants. When examining 
children under 2 years-of-age, Griffiths Developmental Mental Scale 
constitutes five different areas of abilities: Locomotor (scale A); Personal–
social (scale B); Hearing and speech (scale C); Eye–hand coordination (scale 
D); and Performance (scale E). From these subscales, a total Developmental 
Quotient can be calculated. BSID-III is designed to evaluate the cognition of 
infants and toddlers of 1 to 42 months-of-age and includes three subtests: 1) 
Cognitive scale; 2) Language scale; and 3) Motor scale. Original raw scores are 
first converted to scale scores and then further to composite scores.  
 

The scores of the developmental quotient of Griffiths-II and Bayley-II 
(Bayley, 1993; Griffiths and Huntley, 1996) have been suggested to be 
interchangeable, meaning that the results for a given child should be the same 
regardless of the instruments (Cirelli et al., 2015). Both of these instruments 
should have calibrated norms for the cultural context in which they are used, 
or the cohort of controls should be large enough to make conclusions. For the 
current version of BSID (III), normative data for Finnish infants is available 
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(Salo et al., 2009). The predictive validity of Mental Developmental Index of 
BSID-II for cognitive function at school age has been considered the be poor 
(Hack et al., 2005). On the other hand, Griffiths scales in children with 
neonatal encephalopathy at 1 or 2 years-of-age are considered to be a good 
predictor of impairment at school age (Barnett et al., 2004). However, a 
normal score in the early years cannot preclude later neurological, perceptual-
motor, or cognitive abnormalities (Barnett et al., 2004). 

 
Overall, prediction of developmental outcome at an early age is difficult and 

the best achieved through combining multiple, complementary instruments 
(Heineman and Hadders-Algra, 2008). The most important consideration in 
choosing the instrument is the ultimate goal that the instrument needs to 
serve. 

 
The clinical instruments evaluating infantile development are, though 
standardized, vulnerable to bias related to human-to-human interaction and 
interrater disagreement. Automated testing procedures of specific cognitive 
processes, in particular involving visual functions, have been developed 
(Gredeback et al., 2010; Oakes, 2012; Ahtola et al., 2014; Jones et al., 2014; 
Kulke et al., 2015; Leppänen et al., 2015). These methods allow the evaluation 
of infants’ sensory and cognitive processes with completely automated 
technology. 
 

Already as a newborn, a child has the ability of visual fixation. The 
subcortical brain systems involved in the maturation of facial recognition and 
infants’ attentional abilities are functional already at birth (Johnson, 2005). 
Infants’ visual attentional system undergoes rapid development during the 
first few months of life (Hunnius, 2007; Leppänen and Nelson, 2009;  
Johnson et al., 2015) and even before spoken language, infants acquire 
information by interpreting facial expressions (Leppänen and Nelson, 2009). 
This makes the maturation cascade vulnerable to prenatal adverse events.  

 
Instrumental measures to study infants’ eye movements were first 

introduced in the 1970s, but only during the last decade has the development 
in corneal reflection methodology allowed wider usage of eye-tracking-based 
tests in evaluating infant cognition, measuring infants’ visual acuity, 
visuospatial orienting, and attention to social stimuli (Gredeback et al., 2010; 
Braddick and Atkinson, 2011; Oakes, 2012; Wass et al., 2014; Ahtola et al., 
2014; Jones et al., 2014; Brooks and Meltzoff, 2015; Kulke et al., 2015; 
Leppänen et al., 2015). These processes serve as early “building blocks” for the 
development of later advanced cognitive, academic, and social skills (Rose et 
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al., 2003; Leppänen and Nelson, 2009; Johansson et al., 2015; Stjerna et al., 
2015). For example, speed of visuospatial orienting in infancy is suggested to 
predict cognitive and academic performance at 4 and 11 years-of-age 
(Dougherty and Haith, 1997; Rose et al., 2003) and similarly, attentional bias 
for faces in infancy are considered to predict socioemotional development at 
14 months-of-age (Peltola et al., 2015). In addition, eye-tracker procedures 
have been tested to measure visual acuity in preverbal children from 2 to 12 
months-of-age (Jones et al., 2014) and to detect visual fields defects (Murray 
et al., 2009).  
 

In both the research and clinical settings, eye-tracker measurements are 
being increasingly implemented. These measurements are non-invasive, easy 
to carry out, and fairly inexpensive, providing a potential indicator for early 
detection of autism spectrum disorders, for example (Senju and Johnson, 
2009; Chawarska et al., 2010; Bedford et al., 2014; Bolte et al., 2016; Chita-
Tegmark, 2016; Klin et al., 2015; Pierce et al., 2016). Abnormal visual 
disengagement seems to be an early marker of autism spectrum disorders 
(Sacrey et al., 2014). In addition, eye movement testing has been used to 
evaluate the effects of prenatal alcohol (Green et al., 2009; Paolozza et al., 
2013), and opioid agonist exposure (Konijnenberg and Melinder, 2015). SSRI 
administration has been observed to affect the perceptual processing of face 
stimuli in adults (Jonassen et al., 2015), and administration of oxytocin has 
shown to have an immediate effect both on eye contact (Auyeung et al., 2015), 
and on emotion recognition (Lischke et al., 2012; Kanat et al., 2015) even with 
adult individuals with autism spectrum disorder (Domes et al., 2013).  
 

In conclusion, compared to traditional testing methods, eye-tracking-
based testing allows complete automatization of the test procedure and 
accurate, transparent physiological metrics of the sensory and cognitive 
processes in infants (Leppänen et al., 2015).  
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Previous studies have highlighted the potential risks of AEDs and SRIs on the 
developing brain. The mechanisms of these adverse consequences remain 
unclear. While the molecular and histological effects of the prenatal drug 
exposures are not attainable in live human newborns, brain function can be 
studied in human neonates. Relatively subtle, yet significant problems in 
neurocognition and behavioral problems can only be detected later in life, 
usually at 5 to 6 years-of-age when many confounders have been at play. Non-
invasive methods and objective quantitive measurements are needed to detect 
indicators for later developmental problems already in infancy. Thus, these 
considerations are addressed in this thesis by investigating the following 
specific aims: 
 
 
1) To investigate whether prenatal AED or SRI exposure changes newborn 
brain activity (I, III)  
 
2) To evaluate whether the prenatal AED exposure affects visual attention 
and/or emotion-related attention in 7-month-old infants by using eye-tracker 
methodology (II) 
 
3) To characterize functional connectivity in healthy term newborns (IV) 
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All studies included were conducted in the Helsinki University Hospital 
(HUH) and the ethics committee of the HUH has approved the study. The 
recruitment for Studies I, II, and IV took place between October 2009 and 
December 2013, and for Study III between January 2012 and June 2014. A 
written informed consent was obtained from all study and control mothers. 
The pregnant women with desired prenatal medication (AED or SRI) were 
recruited two different ways depending on the medication:  

 
Studies I and II (AED): For Studies I and II, the pregnant women with 

epilepsy (PWE) were recruited during their first visit in the HUH adult 
epilepsy clinic during the ongoing pregnancy. The HUH epilepsy clinic is 
responsible for epilepsy follow-up of all PWE in the Helsinki area. During the 
recruitment period, 118 PWE visited the clinic. There were 12 miscarriages and 
43 PWE were excluded from the study due to miscarriages, refusing to 
participate, insufficient language skills, unavailability to follow-up, non-
epileptic seizures, alcohol or drug abuse, or unstable use of AEDs. Thus 63 
pregnancies were included. Seven newborns were excluded during the 
neonatal period due to malformations, adrenal medullary neuroblastoma, 
prematurity, or parents’ withdrawal. Altogether 56 AED-exposed newborns 
were included to Studies I and II.  

 
Study III (SRI): For Study III, 22 pregnant women with SRI medication 

were recruited either during routine prenatal follow-up visits in the Health 
Care Centers in Espoo, Finland, or via advertising in newspapers and public 
places. 

 
Control group. A shared cohort of 67 pregnant women for Studies I, II, and 

III were recruited either by a nurse during regular pregnancy monitoring in an 
outpatient clinic or by a newspaper announcement.  

 
Study IV: The study subjects of Study IV comprised 38 newborns of the 

control group who had underwent two EEG recordings instead of one.  
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Studies I and II: Background information including prospective, detailed 
information of exposure (including drug serum levels), socio-demographic 
characteristics, smoking, and alcohol use during pregnancy was obtained 
during outpatient visits in every trimester. Data on pregnancy outcome was 
obtained retrospectively through medical records including obstetric 
information.  

 
Study III: Background information including above-mentioned data of 

the SRI medication group was obtained by self-questionnaires from both 
parents during the last week of pregnancy. The medication data was also 
assessed in an interview by a psychiatrist at the same time point. Pregnancy 
outcome was obtained retrospectively through medical records as in Studies I 
and II.  

 
Study IV and control group: The above-mentioned items of 

background information were obtained from the medication and control 
groups (including Study IV subjects) prospectively with interviews by a 
research nurse during each trimester and/or by completing the questionnaires 
during pregnancy as described above. Pregnancy outcome was obtained 
retrospectively through medical records. 

 
Studies I and III: The author examined newborns during the first two 
postnatal weeks by using Hammersmith Neonatal Neurological Examination, 
HNNE (Dubowitz et al., 1999). To assess possible withdrawal symptoms, the 
Modified Finnegan Neonatal Abstinence Scoring System (Finnegan and 
Kaltenbach, 1992) was used in Study II, because of the increased risk for the 
postnatal adaptation syndrome in the newborns with in utero SRI exposure 
(Rampono et al., 2009; Bourke et al., 2014; Forsberg et al., 2014; Hanley and 
Oberlander, 2014).  
 

Study II: Infants were examined at the 7 months-of-age with 
Hammersmith Infant Neurological Examination, HINE (Haataja et al., 1999; 
Haataja et al., 2003) to assess the clinical neurological status, and with 
Griffiths Mental Development Scale (Brandt and Sticker, 2001) to evaluate 
cognitive development.  
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The newborn brain activity EEG was evaluated in Studies I, III, and IV. The 
EEG recording procedures and initial visual EEG reviews were performed with 
identical methodology. The only exception was that in Study I there was only 
one EEG recording (within three weeks after birth) but in Study III and IV 
there were two recordings: The first within a week after birth (Rec 1), and the 
second about two to three weeks postnatally (Rec 2). This was done in order 
to distinguish acute withdrawal reactions from longer-lasting EEG effects 
(Study III) or to assess the individual maturation (Study IV).  

 
The EEG signal was collected by using NicOne EEG amplifier (Cardinal 

Healthcare/Natus, USA) and EEG caps with 20-32 electrodes (sintered 
Ag/AgCl electrodes; Waveguard, ANT-Neuro, Germany). Electrodes were 
positioned according to the International 10-20 standard. Sampling frequency 
Fs was 250 or 500 Hz. The polygraphic channels were used for sleep state 
assessment according to standard criteria (Andre et al., 2010) and included 
chin electromyogram, electrocardiogram, eye movements, and respiratory 
sensors. Hardware filters were not applied.  

 
The eye-tracking test was designed to assess infants’ visuospatial orienting and 
attentional bias for faces. The overall mean duration of the fixations (infant’s 
ability to disengage his or her gaze from the stimulus at fixations to a new 
stimulus in the visual periphery) corresponds the general efficiency of infants’ 
visuospatial orienting. Longer duration is linked to atypical development 
(Elison et al., 2013; Papageorgiou et al., 2014). On the other hand, the relative 
lengthening of the fixation in the context of faces, i.e. infant’s ability to inhibit 
the gaze disengagement when the infant is fixating to a neutral, happy, or 
fearful expression, and thus to make a difference between non-face patterns 
and faces, reflects infants’ attention bias for faces (Leppänen, in press). 
 

During the 15-minute long eye-tracker test, infants were sitting in their 
parent’s lap and watched a screen with changing objects. A sequence of visual 
stimuli was presented on a 17-inch TFT monitor. The monitor was integrated 
in a Tobii T120 eye-tracker device (Tobii Technology AB, Stockholm, Sweden). 
First, a calibration procedure was performed (Ahtola et al., 2014). Our eye-
tracking study protocol constituted of 32 trials. Each 4000 ms trial had two 
phases. The first 1000 ms phase constituted attracting the infant’s attention to 
the center of the screen using simple audiovisual animations, which was then 
replaced by an image of a non-face pattern (‘sham’) or a face displaying 
neutral, happy, or fearful expression. After this central image, a peripheral 
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stimulus was added to the edge of the screen corresponding the second 3000 
ms phase of the trial.  

 
Studies I and II: Cognitive abilities of 48 AED-exposed and 20 control 
mothers were evaluated (Stroop, 1935; Rey, 1941; Wechsler, 1997) within 12 
months postpartum. In addition, the same neuropsychologist had evaluated 
two of the exposed mothers in the previous seven years.  

 
Study III: During the last week of pregnancy, a psychiatrist interviewed 

all mothers with SRI medication and 37 mothers of the control group. The 
Research Version of The Structured Clinical Interview for DSM-IV Axis I 
Disorders (SCID-I)–interview was completed and medication was 
ascertained. In addition, well-validated symptom scores were used to assess 
the severity of current symptoms of depression (Beck Depression Inventory, 
BDI (Beck et al., 1961), anxiety (Beck Anxiety Inventory, BAI) (Beck et al., 
1988), and harmful alcohol use (Alcohol Use Disorders Identification Test, 
AUDIT; Babor et al., 2001). 

 

 
Studies I and III: From the raw scores of the 34 HNNE items six categories 
(Tone, Tone patterns, Reflexes, Movements, Abnormal signs and Orientation 
and behaviour) and Total Score were calculated according to Dubowitz 
(Dubowitz et al., 1999). Categories represent different aspects of neurological 
wellbeing of a newborn. As the conceptional ages during the neurological 
examination differed significantly (p=0.01, Mann-Whitney test) between the 
AED-exposed (mean 42.2 weeks (range 30.4 - 44.4 weeks, SD 0.87) and 
control groups (mean 41.6, range 39.1 - 43.6, SD 1.07), Compound and Total 
Optimality Scores were employed, taking into account the conceptional age 
(Dubowitz et al., 1999) in Study I.  

 
Study II: Raw scores from Griffiths Mental Development Scale were 

converted to five Subscales (Locomotor, Personal-Social, Hearing and 
Language, Eye and Hand Co-ordination and Performance) and to total 
Developmental Quotient according to Brandt and Sticker (2001).  
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The author performed the initial visual EEG review by NicoletOne Reader 
software and selected artefact-free EEG epochs of active (AS) and quiet (QS) 
sleep for further analyses. The epochs were converted to European Data 
Format (EDF) and were further quantitatively analyzed by using custom 
scripts in Matlab (Version R2012b, MathWorks, Natick, MA, USA).  

 
The quantitative EEG analyses aimed to evaluate both the local and global 

cortical function and computational analyses included the following features: 
oscillations, phase-amplitude interactions, interburst intervals, 
interhemispheric synchrony and frequency spectra (Studies I and III), and 
different aspects of functional connectivity (Study IV). 

 
Frontal alpha and temporal theta frequency oscillations are normal 
phenomena seen in a neonatal EEG. Bipolar derivations Fp1-F3 and Fp2-F4 
(alpha), and T3-T5 and T4-T6 (temporal theta) from active sleep (both active 
sleep preceding quiet sleep (AS1) and active sleep following quiet sleep (AS2)) 
were used to assess these oscillatory bouts quantitatively. First, the signals 
were band pass filtered at 10-13 Hz for frontal alpha and at 4-6 Hz for temporal 
theta. Second, the amplitude envelopes were extracted by applying Hilbert 
transform (Omidvarnia et al., 2014a; Tokariev et al., 2012). Third, Savitzky–
Golay method (Savitzky and Golay, 1964) was used to smooth amplitude 
envelopes, and an amplitude threshold was set to be three times the median 
over the whole EEG epoch. Finally, the epochs with signal exceeding the 
threshold were taken as the FA or TT bouts. FA bouts with duration less than 
0.2s, and TT bouts with duration less than 0.4 s were rejected as these 
extremely short bouts were reasoned not to be physiological. Then the 
following metrics were computed for each baby: average bout duration, 
cumulative proportion of bouts out of the whole recording epoch, and bout 
frequency (#/min).  

 
The local integration between oscillatory frequencies was assessed by 
measuring phase-amplitude coupling with nestedness coefficients (NC). NC is 
a measure characterizing cross-frequency interaction during spontaneous 
activity transients in the neonatal EEG (Vanhatalo et al., 2005a; Tokariev et 
al., 2012). It depicts coordination of spatially-overlapping but functionally-
distinct neuronal networks (Engel et al., 2013; Hyafil et al., 2015; Man et al., 



Methods 

50 

2015; Sotero et al., 2015). NC was calculated from all 19 electrodes as phase 
locking value (PLV) (Jervis et al., 1983; Lachaux et al., 1999) between lower 
frequency (‘nesting’) and higher frequency (‘nested’) oscillations in the same 
EEG signal, within the given epoch (length, 4min). The EEG was first filtered 
with 0.2-0.6 Hz. Then amplitude envelopes were extracted for nested 
components. Envelopes were filtered, and Hilbert transformation and phase 
functions were applied. The NC estimates were compared between exposure 
groups at the electrode level, but also by computing global average to represent 
global nestedness.      

 
Interburst interval (IBI) is one of the signs of newborn EEG representing 
maturity (Biagioni et al., 2007a). For calculating IBIs bipolar derivations F3-
P3, F4-P4, C3-O1 and C4-O2 from quiet sleep epochs were used. The signals 
were first filtered within frequency range 3-15 Hz. Then a nonlinear energy 
operator (NLEO) (Mukhopadhyay and Ray, 1998) was applied and the output 
was smoothed using Savitzky-Golay approach (Savitzky and Golay, 1964). 
Finally, an amplitude threshold was set for each EEG channel as three times 
the median value. The episodes below this threshold were taken as IBI. IBIs 
between 2 and 10s were considered as physiologically relevant for term age 
infants (Andre et al., 2010) and were included in the analyses. The results from 
F3-P3 and F4-P4 were pooled into F/P group and C3-O1 and C4-O2 into C/O 
group. The median IBI durations were computed for F/P and C/O for each 
infant.    

 
Interhemispheric synchrony in the neonatal EEG represents a temporal 
relationship between pairs of EEG signals taken from two hemispheres. We 
used a previously-described measure, the Activation Synchrony Index (ASI) 
(Räsänen et al., 2013). ASI provides a statistical measure for the temporal 
coincidence of two quantized EEG amplitudes, increasing as the temporal 
dependence of the signal pair approaches zero timelag. In this study, 2.5-
minute-long EEG epochs of quiet sleep were used (Koolen et al., 2014). ASI 
was computed for bipolar derivations (F3-P3, F4-P4, C3-O1 and C4-O2) for 
each subject, and then a single average, global ASI value was assigned for each 
newborn. 
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The frequency spectra calculations were designed to cover the whole 
physiologically-relevant range of frequencies in term babies (Vanhatalo et al., 
2005b). For studies I and III, 4 min EEG epochs of both active and quiet sleep 
from all available electrodes were used for frequency spectra analyses. 
Frequency spectra were computed from bipolar derivations via amplitudes. 
The mean of amplitude envelopes in each frequency band was calculated 
yielding the frequency-amplitude spectra. Amplitude differences, both at the 
electrode level, as well as the global average, were compared between groups. 
In Study I, analyses were performed using 13 different frequency bands (from 
0.5 to 10 Hz with 0.5 Hz frequency binning). In Study III, EEG signals were 
filtered into four physiologically-reasoned frequency bands: 0.2-3, 3-8, 8-15, 
and 15-30 Hz as for hemispheric amplitude asymmetry analyses it was sought 
to cover the previously studied alpha range (8-15 Hz) ( Thibodeau et al., 2006; 
Field and Diego, 2008; Diego et al., 2010; Goldstein and Klein, 2014; Lusby et 
al., 2014). For the hemispheric amplitude asymmetry analyses, amplitude 
difference between symmetrical electrodes was computed as the amplitude 
difference in each electrode pair for each infant (for example, frontal 
asymmetry: Fp2 – Fp1; temporal asymmetry: T4 – T3).  

 
In Study IV, three different functional connectivity values were calculated to 
reveal the degree of connectedness between different brain areas: Phase-phase 
correlations (PPC), amplitude-amplitude correlations (AAC), and phase-
amplitude correlations (PAC). Functional connectivity was assessed between 
all pairs of EEG electrodes for all frequency bands in each baby. We formed 
spatial groups to compare connectivity estimates within and between 
hemispheres, as well as the ratio of intrahemispheric to interhemispheric 
synchrony at the single subject level. 
 

The EEG epochs were first re-referenced into current source density (CSD) 
montage with 19 derivations (Tenke and Kayser, 2012). Then the EEG signals 
were filtered into 13 frequency bands with central frequencies of 0.5, 0.7, 1, 
1.4, 2, 2.8, 4, 5.7, 8, 11.3, 16, 22.6, and 32 Hz. Hilbert transformation was 
applied to obtain the complex representation of signals and the amplitude and 
phase time series were used in connectivity analyses.  
 

 PPC (Phase-phase correlation) was evaluated between the phase time 
series by using the above-mentioned phase locking value (PLV, see section 
4.3.2.2). AAC (Amplitude-amplitude correlation) was estimated with the 
Pearson correlation coefficient (CC) of the amplitude time series. PLV and CC 
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were used to test whether EEG networks change their spatial extent and 
strength between vigilance states and with the maturation. Phase-amplitude 
correlations (PAC) were estimated by using nestedness coefficient (NC, see 
section 4.3.2.2). We computed connectivity density (Estimate K) for both PLV 
and CC at each frequency band to quantify the spatial extent. (K+) indicated 
increase and (K−) decrease of the fractions of statistically-significant 
observations in the group comparisons. The network strength assessment was 
completed using absolute values. In addition, a grand mean amplitude value 
was computed over 19 channels for each subject at every frequency band and 
for both vigilance states. This allowed the comparison of amplitudes between 
sleep states, as well as their correlation with age for each condition separately.  
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Eye-tracker data processing was completed automatically by using 
gazeAnalysisLib, a library of MATLAB (Mathworks, Natick, MA) routines for 
offline analysis of raw gaze data. A 15-sample median filter was applied for 
removing technical artefacts in the gaze data. Data segments with a maximum 
of 200 ms of missing eye position data were filled by continuing the last 
recorded x- and y-coordinates until the tracking came back online. Then 
invalid trials were removed from the analyses.   

 
Of the accepted trials, the duration of gaze fixation at the first stimulus after 

the peripheral stimulus onset was calculated for each stimulus condition. This 
duration (index) is the proportion of gaze fixation on the first stimulus. The 
overall mean duration of the fixations corresponds to the general efficiency of 
infants’ visuospatial orienting.  

 
First, all examiners were blinded to the exposure status of the infants in all 
assessments and analyses. 

 
Studies I and II: The AED-exposed and unexposed neonates were 

compared with each other with regard to neurological, EEG, and eye-tracker 
findings. Additional subgroup analyses were conducted between the neonates 
exposed to AED polytherapy, or AED monotherapy (as a group and each 
medication separately) and unexposed neonates. 

 
Study III: The neurological and EEG values of SRI-exposed neonates were 

compared to those of the unexposed neonates. In the additional analyses, to 
evaluate the significance of maternal mood and anxiety on the results, the 
findings of exposed and unexposed neonates were pooled and the relationship 
of mood and anxiety evaluated with parameters. 

 
Study IV: To evaluate the changes in the EEG networks between vigilance 

states and with maturation, we compared the degree of connectedness 
between different brain areas (both within and between hemispheres) at the 
two time points (Rec 1 and Rec 2) and between the sleep states (active and 
quiet sleep) similarly at both time points.  

 
As some of the data was not normally distributed, and group sizes were 

relatively small and unbalanced, the primary comparisons were executed 
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using non-parametric statistics: Fisher’s Exact test, Pearson Chi-Square test, 
Wilcoxon signed rank test (within individual), Wilcoxon rank sum test 
(between individuals), Kruskal-Wallis test (between individuals), or 
Spearman correlation coefficient. In Study II, additional statistics (one-way 
between-groups analysis of covariance and two-way between-groups analysis 
of covariance) were used when evaluating the impact of age of the infant, 
maternal education and maternal intelligence. The level of significance was set 
at p<0.05. In cases with multiple comparisons, Bonferroni correction was 
applied, or when a much higher number of statistical comparisons were 
performed (Study I, III, and IV) correction for multiple comparisons was done 
by removing five percent from the total number of tests (i.e., the expected 
fraction of false positives from the all statistically significant observations so 
that the least significant observations were removed). 
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The AED group included 40 infants exposed prenatally to monotherapy and 
16 to polytherapy. The number of newborns exposed to different drugs were 
OXC 10 (18%) or CBZ 9 (16%), VPA 5 (9%), LTG 8 (14%), LEV 7 (12%), and 
TPM 1 (2 %). There were no significant differences between the AED-exposed 
and unexposed neonates in the history of maternal cigarette smoking, alcohol 
consumption, folic acid supplementation, age, or parity. The duration of 
pregnancy (gestational age, GA), hemoglobin level of the newborn, or the 
conceptional age (CA) at the time of performing EEG examinations did not 
differ significantly either. However, there was a modest difference between the 
groups in the mean CA during the neurological examination as the mean CA 
of the AED-exposed newborns was 0.6 week higher than mean CA of the 
controls. Furthermore, birth weight, one-minute Apgar scores and educational 
level of the mother differed significantly between the groups.  In our post hoc 
inspection, the difference in one minute Apgar was found to be due to one 
outlier (Apgar =2) in the control group. Recruitment was earlier in cases with 
AED exposure compared to control cases due to study design. When newborns 
of different etiologies of epilepsy, or with a different number of seizures during 
the pregnancy were compared, no differences in neurological or brain activity 
measurements were observed. Numbers of exposed and unexposed newborns 
are shown in Table 1.  

 
The most important findings in the neurological assessment (HNNE) were the 
significantly higher scores of AED-exposed neonates in the Compound 
Optimality Scores (COS) for categories of Tone and Deviant Signs, and in the 
Total Optimality Score (TOS) (Table 2).  

 
In the subgroup analyses, no differences in the neurological assessment 

were found between newborns exposed to AED polytherapy and monotherapy. 
A significant difference was seen between polytherapy and control groups in 
the COS for Tone (mean 5.14, SD ±2.25 vs. 7.33, SD ±1.47, p<0.001) and the 
Total Optimality Score (22.7, SD ±2.94 vs. 25.75, SD ±0.35, p=0.011).  

 
The findings imply that newborns with in utero AED exposure may have 

slightly lower limb and axial tone. 
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Table 1. Background information 

  
AED (n=56) 

 

 
Controls (n=67) 

 
p 

GA* (weeks) 40.1 (37.4-42.3, 1.24) 40.4 (38.4-42.1, 1.05) 0.21 

CA** during EEG (weeks) 42.2 (40.3-44.4, 0.91) 42.3 (40.0-43.7, 0.75) 0.72 

CA** during neurological 

examination (weeks) 

42.2 (40.4-44.4, 0.87) 41.6 (39.1-43.6, 1.07) 0.01 

Enrollment (GA* weeks) 7.20 (3-24, 3.20) 15.20 (5-22, 7.19) 0.02 

Educational level of the mother*** 

(median) 

2 (1-3, 0.59) 1 (1-2, 0.43) <0.001 

Age of the mother (yrs) 32.0 (24.0-41.0, 4.34) 32.52 (21.0-41.0, 4.15) 0.39 

Smoking during the third trimester 

(%) 

4% 0% 0.13 

Neuropsychology of the mothers 

       VIQ#  

PIQ ##  

Executive problems  (no/slight)  

 

111 (69-137, 13) 

117 (62-138, 12) 

76%/24% 

 

114 (97-134, 10) 

122 (100-138, 11) 

90%/10% 

 

 

0.53 

0.07 

0.32 

Gender (Male %) 59% 65% 0.53 

Apgar at 1 min (median) 9 (7-10, 0.52) 9 (2-10, 1.57) 0.04 

Folic acid amount during the 1st 

trimester (mg) 

3.1 (0.6-4.0, 1.71) 3.0 (0-8.0, 2.30) 0.25 

Birth Weight (grams) 3456 (2370-4590, 525) 3705 (2808-4800, 450) 0.02 
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Automated analysis revealed several significant differences in the neonatal 
EEG between the AED-exposed and control newborns. 
 

Oscillatory events. The average duration of FA bouts (p=0.004) and the 
percentage (the cumulative duration of FA to the epoch length) (p<0.001) 
differed significantly between AS1 and AS2 in the control group whereas they 
did not differ significantly in the AED group. In addition, newborns exposed 
to AED had fewer bouts with the typical medium duration than what was seen 
in the control group (p=0.03).  

 
Interburst intervals. There were no differences in IBI lengths between AED 

and control groups. However, IBIs were significantly longer in the posterior 
electrodes compared to frontal electrodes in the unexposed newborns, but this 

 
Table 2. Effects of Prenatal Antiepileptic Drug Exposure on Newborn 
Neurology 

 
AED** (n=56) Controls (n=67) Sig.  

Tone COS*, mean (SD)  6.03 (1.83) 7.33 (1.47) <0.001 

Tone patterns COS* 3.50 (0.86)  3.59 (0.68) 0.822 

Reflexes COS* 3.93 (0.93)  3.78 (0.79) 0.214 

Movements COS* 2.69 (0.45) 2.59 (0.50) 0.260 

Deviant signs COS* 2.56 (0.61) 2.84 (0.67) 0.007 

Orientation and Behaviour COS* 5.54 (1.05)  5.85 (1.02) 0.155 

Total Optimality Score 24.06 (2.64)  25.75 (0.35) 0.007 
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uneven spatial distribution of IBIs was not found in the AED-exposed 
newborns. 

 
Interhemispheric synchrony. AED-exposed newborns showed a 

significantly higher (p=0.002) ASI in their frontal (6.81±1.48) compared to 
posterior (5.49±1.41) brain areas but no significant spatial difference was 
found in the control group (frontal 6.57±1.83, posterior 5.81±1.73, p=0.18). 
There were no significant differences in the ASI values between AED and 
control groups in the frontal, posterior brain areas, or their average.  

 
Spectral analysis. AED-exposed newborns had significantly lower 

amplitudes at multiple derivations and frequencies during both active and 
quiet sleep than unexposed newborns. The most prominent differences were 
at lower frequencies during active sleep and in the frontoparietal derivation. 
In addition, newborns exposed to monotherapy showed generally higher 
amplitudes, including multiple significant differences, throughout the 
frequency range.  
 

The background, obstetric outcome and exposure status are already described 
in section 5.1. Neuropsychological evaluation (Stroop 1935, Rey 1941, 
Wechsler 1997) was performed for 48 mothers of the medication group and 20 
mothers of the control group. Maternal verbal intelligence quotient (VIQ), 
performance intelligence quotient (PIQ), or clinically-measurable relevant 
executive-functioning skills did not differ significantly between the AED and 
control groups: mean VIQ 111 (range 69-137, SD +/-13, AED group) vs. 114 
(range 97-134, SD +/-10, controls), p=0.54; mean PIQ 117 (range 62-138, SD 
+/-12, AED) vs. 122 (range 100-138, SD +/-11, controls), p=0.07; executive 
problems (no problems/slight problems) 76%/24% (AED) vs. 90%/10% 
(controls), p=0.32. The educational level of mothers of the AED group was 
significantly lower than of the control group mothers. 

 
Infants in the AED group were significantly younger than control infants at 

the time of both the eye tracker (7.31 mo. vs. 7.47 mo., p=0.009) and the 
clinical examination (7.25 mo vs. 7.46 mo, p=0.001).  

 
The mean score for General Quotient and three out of five mean Sub-Quotients 
(“Locomotor”, “Personal-Social”, and “Hearing and Speech”) of the Griffith 
Mental Developmental Scale were significantly lower in the AED-exposed 
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infants compared to the scores of the unexposed infants. Additional analyses 
were also conducted using two-way between-groups analysis of variance and 
one-way between-groups analysis of covariance to measure the impact of 
maternal educational level and infant’s age on the mean developmental 
quotients. There was still a statistically significant main effect for AED 
exposure in “Personal/Social” (p<0.001), “Hearing and Speech” (p=0.01), 
“Eye and Hand” (p<0.001) and “General Quotient” (p<0.001) categories after 
adjusting for the mother’s educational level. After further adjusting for infant 
age, the significant difference between AED and control groups in 
“Locomotor” (p=0.001), in “Personal-Social” (p<0.001), in “Hearing and 
Speech” (p<0.001), and in General Quotient (p<0.001) persisted (the 
independent variable was the exposure status of the infant, the dependent 
variables were the mean scores of the Griffiths scale, and the age of the infant 
was used as the covariate). 
 

In subgroup analyses, infants with CBZ, OXC, and VPA monotherapy 
exposure had significantly lower mean developmental Sub-Quotients in the 
category of hearing and speech than control infants. In addition, CBZ-exposed 
infants had significantly lower mean personal-social Sub-Quotient, and VPA-
exposed infants had significantly lower mean General Quotient, compared to 
control infants. In the monotherapy group, results were consistent with the 
results of all AED groups, but no significant differences were observed when 
comparing the polytherapy group to controls.  

 
The AED group also demonstrated an overall lower mean score of HINE 

when compared to the control group (mean score 50, range 46-52, SD +/- 2 
vs. 51, 48-52, +/- 1.0, p<0.001). In the individual HINE scores, only one 
statistically significant difference was evident between the exposed and 
unexposed infants: Fewer of the AED-exposed infants showed a prompt 
reaction to “Lateral tilting” in section “Reflexes and reactions” than control 
infants (45 % vs. 55%, p=0.004). In HINE analyses, the age of the infant has a 
major role and therefore we excluded those infants of the control group that 
were older than 7.7 months at the time of the clinical examination from the 
analysis. After the exclusion, the mean age at the clinical examination did not 
differ significantly between the groups (controls: n=47, mean age 7.34 mo, 
range 6.83-7.69, SD +/- 0.24, and AED: n=55, mean 7.25 mo, range 6.50-8.27, 
SD +/- 0.37, p=0.09). 
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The number of valid trials in the AED and control groups were comparable as 
the percentage of infants having the maximum (eight) trials were (AED vs. 
controls): Sham 69% vs. 71 % (p=0.13), Neutral 69% vs. 71% (p=0.85), Happy 
73% vs. 68% (p=0.17), and Fear 73% vs. 66% (p=0.54). One infant from AED 
group was excluded from the analyses due to insufficient number of accepted 
eye-tracker trials (< 3 per stimulus). 

 
The eye-tracker indexes between AED-exposed and control infants did not 

differ significantly. Neutral, Happy, Fear, and Sham indexes were calculated 
separately. As an additional post-hoc analysis, one-way between-group 
analysis of covariance was conducted to measure the impact of age on the 
parameters of eye-tracker examination. After adjusting for age, there was no 
significant difference between AED and control groups: Index of Sham 
(p=0.21), Index of Neutral (p=0.42), Index of Happy (p=0.46), and Index of 

Table 3. Developmental quotients at 7 months-of-age, infants exposed to 

antiepileptic drugs vs. unexposed infants 
 

Developmental quotients  AED (n=56)  

mean (range, SD) 

Controls (n=59) 

mean (range, SD) 

p 

Locomotor  101 (73-141, 14) 114 (81-166, 22) 0.002 

Personal/ Social  96 (66-127, 13) 105 (84-123, 9) <0.001 

Hearing and Speech  87 (65-119, 11) 94 (80-110, 7) <0.001 

Eye and Hand 94 (73-120, 11) 95 (79-117, 9) 0.49 

Performance 95 (79-117, 9) 93 (79-117, 6) 0.18 

General Quotient 95 (77-117, 8) 100 (85-113, 6) <0.001 



Results 

62 

Fear (p=0.07) (the independent variable was the exposure status of the infant, 
the dependent variable was the index of the eye-tracker examination, and the 
ages of the infants were used as the covariate). There was no statistically 
significant association between the age of the infant and the eye-tracker 
indexes, as indicated by a partial eta-squared value of 0.01 for index of Sham, 
of 0.01 for index of Neutral, of 0.01 for index of Happy, and of 0.03 for index 
of Fear.  

 
In subgroup analyses, eye-tracker indexes did not differ between infants 

with monotherapy exposure and controls, polytherapy exposure and controls, 
or between monotherapy and polytherapy exposure. The comparisons of each 
AED monotherapy group against controls showed no significant differences 
between the groups, but eye-tracker indexes were overall higher in infants 
exposed to levetiracetam, implying that visual-orienting responses were 
slower in the levetiracetam group, but the result was non-significant when 
taking into account Bonferroni corrections. The mean ages of the infants in 
levetiracetam and control groups were comparable at the time of eye-tracker 
examination.  

 

 
The psychiatric evaluations, background information on smoking, alcohol 
consumption and educational level of the parents are summarized in Table 4. 
Mothers using SRI more often held a lifetime diagnosis of MDD or anxiety 
disorder, or a diagnosis of current anxiety disorder (but not current MDD), 
and these differences were also reflected in the symptom scores at the time of 
delivery (BDI and BAI). Breastfeeding was equally common in both groups 
(80%) at the time of the EEG recordings and clinical examinations. 
Information about breastfeeding was not reliably available from about one 
sixth of the mothers (five out of SRI mothers; nine out of control mothers). 

 
The prevalences of SRI medications and average daily dosages used were 

sertraline 6 (47.5 mg), escitalopram 6 (8 mg), citalopram 6 (17.5 mg), 
paroxetine 2 (30 mg), venlafaxine 2 (75 mg), duloxetine 1 (60 mg), and 
mirtazapine 1 (15 mg). Four mothers had SRI polytherapy. Most of the mothers 
reported having SRI medication throughout pregnancy (16 out of 22), 21 
mothers had the medication in the first and second trimester, one finished and 
one started SRI at the end of the second trimester and four finished SRI during 
the last two to four weeks before delivery. 
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Table 4. Characteristics of the mothers with and without Serotonin Reuptake 

Inhibitor use in pregnancy 

 SRI (n=22) Controls (n=62) p  

Age of the mother (yrs) 32.9 (28.0-38.0, +/-3.25) 32.2 (21.0-41.0, +/-4.05) 0.54 

Educational level of the 

mother 

(tertiary/secondary/primary) 

13%/67%/20% 53%/40%/7% 0.004 

Smoking during the third 

trimester 

27% 0% 0.001 

Alcohol consumption  

more than 1 portion/ wk during 

pregnancy 

7% 6% 0.88 

BDI*, 3rd trimester 8.5 (2-18, +/-5.65) 5.00 (0-19, +/-4.31) 0.06 

BAI**, 3rd trimester 9.9 (0-54, +/-14.66) 3.13 (0-12 +/- 3.59) 0.02 

Major depressive disorder, 

lifetime 

76% 39% 0.02 

Any anxiety disorder, lifetime 88% 19% <0.001 
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Newborns with in utero SRI exposure showed no major significant differences 
in the neurological examination (HNNE) at the mean postnatal age of ten days, 
except in the HNNE category of “Abnormal signs or patterns” (p=0.02), which 
includes aspects of tremor, hand and toe posture, and startle reaction. The 
subscore analysis showed that the newborns exposed to SRI had more tremors 
during wakefulness (p=0.05). At the same postnatal age, no signs of 
abstinence syndrome could be detected using the Finnegan score (SRI group 
1.7 (0-10, +/-2.55, Controls 1.8 (0-7, +/-1.74, p=0.24), suggesting that the 
acute SRI-withdrawal effects had tapered by that time. 

 
The perinatal clinical information did not differ between the exposed and 

control groups. Only a marginal, clinically unremarkable difference was seen 
in the cord pH. In the SRI group, mean cord pH was 7.25 (range 7.12-7.38, SD 
0.08) and in the control group mean 7.29 (range 7.08-7.43 SD 0.08), p=0.06. 
There was one outlier in one minute Apgar (Apgar=2) in the control group, but 
though this outlier was excluded, the mean score for Apgar did not differ 
significantly between the groups (SRI group: mean 8.7, range 6-10, SD 0.81, 
Controls: 8.6, 5-10, SD 1.07, p=0.64). The gender, weight, and mode of labour 
did not differ between the exposed and unexposed newborns, nor did the 
gestational ages, or the postnatal and conceptional ages at the time of the 
neurological or at the time of the two EEG recordings.  

 
There were significant differences both in the local and global brain activity 
measured by EEG between the newborns with or without in utero SRI 
exposure. 

 
Local brain function. The local ability to sustain periodic oscillatory bouts 

was significantly different between the SRI and control groups in the first EEG 
recordings. The mean length of frontal alpha bouts was shorter in SRI than in 
control groups (0.34 sec, SD 0.06 vs. 0.44 sec, SD 0.10, p=0.005). This group 
difference disappeared by the second EEG recording. On the other hand, the 
measure of local cross-frequency integration (NC) was different between 
groups at the second EEG recording time. The newborns exposed to SRI 
showed lower mean levels of NC over the whole range of frequencies as 
compared to the control newborns, but the group difference in frequency-
specific analyses reached statistical significance only at 5.7 Hz (SRI group: 
mean 0.17, SD 0.06 vs. controls mean 0.19, SD 0.06, p=0.03). This 5.7 Hz 
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frequency is within the dominant frequency band of bursting network activity 
in the term neonatal EEG (Tokariev et al., 2012). 

 
Global brain function. ASI (measure of interhemispheric connectivity) 

showed lower levels of global integration in the newborns exposed to SRI 
compared to controls during both the first (4.26, SD 2.27 vs. 6.42, SD 1.80, 
p=0.006) and the second recording (3.91, SD 1.71 vs. 6.01, SD 1.24, p<0.001). 
The ASI levels remained relatively constant within the groups from the first to 
the second EEG recording, suggesting a developmental persistence of 
interhemispheric synchrony. The global average of spectral amplitudes 
showed significant differences between the control and SRI groups at all lower 
frequencies (Figure 2). A further spatial analysis with electrode-level group 
comparisons showed that the significant difference is concentrated to frontal 
brain regions. In addition, median occipital interburst interval (IBI), 
measuring the global intermittency of activity, was shorter in the SRI group 
during the second recording (4.71, sec SD 0.61 vs. 5.07 sec, SD 0.57, p=0.037).  

 
No global-level group differences were observed between SRI and control 

newborns when comparing hemispheric asymmetries at any frequency. 
However, an electrode-level comparison disclosed a group difference between 
SRI and control newborns at the alpha and beta frequencies of both frontal 
and temporal brain regions. 
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Newborn brain function and maternal psychiatric assessments. 

Assessment of whether the newborn EEG findings could be explained by an 
unknown inherited ‘endophenotype’ like mothers’ lifetime history of 
depression or anxiety (Goldstein and Klein, 2014) or if the newborn EEG 
findings were related to mood or anxiety related factors was sought with post 
hoc analyses. In these analyses with cases and controls pooled together, the 
EEG parameters suggested very few relations to maternal mood or anxiety. 
The main findings were more likely explained by medication exposure or an 
interaction with medication and mood/anxiety rather than by lifetime or 
current depression or anxiety. Furthermore, neither the EEG parameters nor 
the clinical findings differed significantly in respect of maternal educational 
level. 
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All functional connectivity parameters changed significantly between vigilance 
states and matured rapidly after normal birth. Vigilance state effects were 
evaluated by comparing active sleep (AS) and quiet sleep (QS) periods, while 
the maturational changes were assessed by estimating the correlation between 
functional connectivity and the conceptional age (CA) at the time of EEG 
recording.  
 

Functional connectivity between brain areas was quantified with three 
different metrics: phase-phase correlations (PPC), amplitude-amplitude 
correlations (AAC), and phase-amplitude correlations (PAC). Both PPC and 
AAC analyses were done at the level of EEG electrode pairs, and the findings 
were expressed as the fraction of statistically significant connections mirroring 
the spatial extent of the network change. In addition, hemispheric metrics 
were computed by grouping sets of signals together to examine changes that 
may occur at a spatially larger level, e.g. inter- or intrahemispheric level. On 
the other hand, the analysis of PAC was computed for each EEG signal 
separately as a measure of a cross-frequency interaction between local slow 
(nesting) and faster (nested) oscillations. 

 
Functional connectivity via PPC was changed at a wide range of frequencies 
when the infant shifted from a vigilance state to another. Neonatal brain had 
more significantly stronger connections in QS at the lower (< 1 Hz) and higher 
(~ 4-22.6 Hz) frequencies, whereas the stronger connections in AS was seen 
more significantly in the middle range (~ 1-4 Hz). Corresponding frequency 
ranges showed significant differences in both intra- and interhemispheric PPC 
confirming the global difference.  
 

When PPC was correlated to infant age, significant developmental changes 
were seen within the first few postnatal weeks. This maturation was differently 
expressed between the vigilance states as well as among the oscillatory 
frequencies, and it was generally smaller in magnitude compared to 
differences between vigilance states. The early postnatal maturation seems to 
affect PPC only at lower frequencies suggested by hemispheric metrics that 
showed a significant maturational increase in interhemispheric PPC at 1–2 Hz, 
as well as a decrease in the ratio of intra-/interhemispheric PPC at the same 
frequencies. No apparent topological patterns were observed.  
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AAC showed wide, frequency-dependent shifts between vigilance states. Both 
AS and QS were associated with wide, significant, and frequency-dependent 
differences in AAC. At frequencies ≤ 2 Hz, most of the connections had 
significantly higher AAC in AS than in QS. On the other hand, in QS a 
significantly increased AAC in most signal pairs was observed at higher 
frequencies. Hemispheric metrics suggested these effects to be global, as the 
significant differences in both intra- and interhemispheric connections were 
seen at the same frequency bands.  
 

Correlations between AAC and conceptional age at the time of EEG 
recording showed that postnatal maturation was associated with significant 
decreases in AAC for large number of connections throughout the frequency 
range. The most notable changes were seen at the low (0.7-1 Hz) and high (8-
22 Hz) frequencies. Significant decreases in AAC coupling were found in both 
intra- and interhemispheric connections at a wide range of higher frequencies 
(> 2 Hz). Intrahemispheric AAC coupling was also reduced with maturation at 
low frequency (0.7-1 Hz), and though the maturational decrease of higher 
frequency AAC coupling was global, there was a stronger relative decrease in 
the intrahemispheric AAC coupling at all lower frequencies (< 2Hz). 

 
Nestedness of higher frequencies was examined with respect to two lower 
frequencies, 0.7 Hz and 2 Hz. The 0.7 Hz frequency range is known to nest 
higher activities in the neonatal EEG (Vanhatalo et al. 2005). This study 
sought to distinguish between these SAT-related vs. SAT-unrelated 
nestedness. Nestedness for 0.7 Hz was higher than nestedness for 2 Hz 
throughout the whole range of higher frequencies, and the finding was similar 
in both vigilance states. Comparison of individual EEG signals showed that the 
vigilance state effect in 0.7 Hz was significant in 53-84% of electrodes, but in 
2 Hz the change between AS and QS was seen only between a limited frequency 
range (5.7-16 Hz) and in a small proportion (5-37%) of EEG signals. 

 
These findings suggested that nestedness was stronger within lowest 

frequencies and it was strongly and globally modulated by the vigilance state. 
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It has been suggested that oscillation amplitude changes in adults could be a 
significant source of error in PPC studies (Palva et al. 2005; Palva and Palva 
2012). It may also be a significant source of error in newborns and might 
change spectral properties of neonatal EEG rapidly. To evaluate this, the 
amplitudes in QS and in AS were examined: amplitudes in QS were higher up 
to 11.3 Hz, whereas the amplitudes at frequencies above this up to 32 Hz were 
higher in AS. With respect to maturational changes in AS, only one frequency 
(11.3 Hz) showed a significant relationship. However, amplitudes in QS were 
significantly increased with age at the midrange and decreased at the higher 
frequency. These frequency profiles were not directly comparable to our PPC 
and ACC findings thus suggesting that the connectivity findings were not 
explained by changes in amplitudes. 
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This thesis has demonstrated the potential of neonatal EEG in assessing 
functional connectivity and in explaining the mechanisms of the adverse 
effects of in utero AED and SRI exposures. Studies I and III appear to be the 
first investigations demonstrating that in utero AED and SRI exposure are 
associated with several changes in the cortical activity of the neonatal brain. 
In addition, data from Study II supports the observations of earlier studies 
suggesting that prenatal AED exposure is associated with later developmental 
problems (Christensen et al., 2013; Meador et al., 2013;  Baker et al., 2015)  
although not in the visual domain. However, the neurocognitive effects of 
prenatal AED exposure have not previously been evaluated as early as 7 
months-of-age or by using eye-tracker based measurements as described in 
Study II. In Study IV, EEG of a human newborn was demonstrated to provide 
key measures of functional connectivity. Furthermore, the functional 
connectivity of the neonatal brain changes between vigilance states and 
matures rapidly over the couple of weeks after term birth. 

 

Recent research has been largely focused on clinical and basic sciences for 
biochemical, molecular, anatomical, or physiological indicators, so-called 
‘biomarkers’ that could predict, measure, or indicate the presence or progress 
of disease or the effects of treatment (Bale, 2015). Computational EEG analysis 
could be one prospect for such a biomarker. Early brain activity, measured 
here by EEG, is known to be crucial for early brain wiring (Anderson and 
Thomason, 2013), the foundation of all later neurocognitive functions. 
Furthermore, recent advances in signal analyses (Vanhatalo et al., 2005b; 
Tokariev et al., 2012; Räsänen et al., 2013; Koolen et al., 2014) have opened a 
potential translational bridge between experimental animal work and human 
EEG recordings at the level of neuronal network mechanisms.  
 

 
Study IV provides the first systematic insight to the electric brain networks 

during the first few weeks of postnatal life in a human neonate. Our findings 
suggest significant maturational and vigilance state-related changes in 
neuronal coupling. The observed changes were frequency-specific, most 
salient in amplitude-amplitude correlation coupling, and their development 
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was compatible with the known development of structural cortico-cortical 
connectivity. On the other hand, these results found no specific patterns in the 
spatial network topologies that are often reported in earlier fMRI studies 
(Fransson et al., 2011; Smyser et al., 2011; Ball et al., 2014; Collin et al., 2014).  
 

Study IV supports the idea that different connectivity measures reflect 
different modes of early cortical operation. Recent studies combining 
knowledge from animal and human EEG recordings (Vanhatalo and Kaila, 
2006; An et al., 2014) suggest that early EEG development involves two 
cortical mechanisms: First, the spontaneous activity predominant in AS; and 
Second, an immature type of brain network activity characterized by 
intermittent occurrence of complex multi-frequency events predominant in 
QS (Vanhatalo et al., 2005b; Seelke and Blumberg, 2010; Myers et al., 2012). 
Measuring of phase-phase connectivity reflects mainly the first mechanism 
and amplitude-amplitude connectivity the second. 

 
Phase-phase correlation (PPC) coupling. This investigation has shown that 

PPC coupling seems to be related both to anatomical maturation and to 
reorganization of functional connectivity between vigilance states. These 
findings are compatible with the known early histological development of 
cortical networks. Histological studies of fetal human brain have 
demonstrated that intrahemispheric cortico-cortical connections precede the 
growth of interhemispheric connections. Precise networks required for higher 
frequency PPC grow over long periods after establishing the overall wiring 
(Kostovic and Jovanov-Milosevic, 2006; Kostovic and Judas, 2010). The Study 
IV results are compatible with this as PPC was relatively stronger at lower 
frequencies and in interhemispheric connections during AS, while during QS 
it became relatively stronger at higher frequencies and in intrahemispheric 
connections. Furthermore, PPC was first established at lower frequencies and 
shorter distances that may operate with less anatomical precision, suggesting 
that the intrahemispheric connections mature first. In addition, in both PPC 
and in PAC coupling, the difference between vigilance states is compatible with 
the idea that the brain is occupied by training the precise intrahemispheric 
connectivity during QS (Minlebaev et al., 2007; Brockmann et al., 2011; Kirkby 
et al., 2013; An et al., 2014), while connectivity is related to synchronizing 
between hemispheres during AS.  
 

Amplitude-amplitude correlation (AAC) coupling. This work 
demonstrates that early postnatal maturation of AAC is wide scale and state 
specific. A rapid decline in AAC with maturation was measured, in line with 
earlier studies showing that the incidence of the main cortical mechanism 
underlying AAC coupling (Spontaneous activity transients, SAT) decreases 
from prematurity towards term age (Vanhatalo et al., 2005b; Myers et al., 
2012). In the visual EEG review used in clinical settings, the closest correlate 
for AAC is interhemispheric synchrony (Lombroso, 1979; Räsänen et al., 2013; 
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Koolen et al., 2014), describing the apparent co-occurrence of burst events in 
two hemispheres during QS. This synchrony is known to increase during the 
last trimester (Lombroso, 1979). The results elaborate this information on 
synchrony as they show that AAC coupling develops differentially between and 
within hemispheres and this yet unexplored intrahemispheric coupling is 
relatively stronger than the maturation between hemispheres. 

 
Few studies have been published on the effects of prenatal drug exposure on 
neonatal EEG (Young and da Silva, 2000; Nguyen The Tich et al., 2003). These 
detailed quantitative computational EEG analyses showed an association 
between in utero AED, or SRI, medication exposure, and changes in both focal 
and global newborn brain activity. Thus, these studies indirectly suggest that 
altered electrical activity of the neonatal brain may constitute one of the 
mechanisms by which AED or SRI medications may affect development of the 
child. 
 

Study I shows that individual oscillatory bouts, wider band spectra, and 
functional brain networking may be altered by in utero AED exposure. In 
addition, temporal organization and spatial coordination of the functional 
networking differed between the AED-exposed and unexposed newborns: 
Interhemispheric synchronization was higher frontally than posteriorly in 
AED-exposed newborns, while control babies had longer IBI posteriorly than 
frontally. These two measures interpret two different aspects of how early 
network events are generated and coordinated (Omidvarnia et al., 2014b) and 
are fundamentally important for early brain development (Vanhatalo and 
Kaila, 2006).  
 

Because prenatal SRI medication has been associated with postnatal 
adaptation syndrome (Oberlander et al., 2009; Forsberg et al., 2014; Ray and 
Stowe, 2014), the EEG of the SRI-exposed newborns was recorded twice to 
exclude the possible reflections of the withdrawal symptoms. The peak 
incidence of the abstinence symptoms has been found to occur 2 to 90 hours 
postnatally (Ter Horst et al., 2008; Warburton et al., 2010; Salisbury et al., 
2011; Forsberg et al., 2014; Ray and Stowe, 2014). Indeed, some of the changes 
in the EEG were only observed during the first postnatal week. However, 
several changes were still seen during the second recording at the mean 
postnatal age of over two weeks suggesting that the SRI effects on EEG would 
more likely reflect effects on brain development rather than direct drug effects 
on brain activity. These results are in line with the recent study from Salisbury 
(Salisbury et al., 2016) suggesting that neurological effects of SRI exposure can 
outlast the time period of the immediate withdrawal syndrome.  
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Prenatal SRI exposure in this study triggered lower interhemispheric 

connectivity (ASI), lower local cross-frequency integration (NC), and changes 
in quiet sleep (IBI). These findings were interpreted to be more long-lasting 
developmental effects of prenatal SRI exposure and are fully compatible with 
recent experimental work in rodent models. These models have suggested a 
range of neurodevelopmental effects, histological, and electrophysiological 
changes in the brain due to early SRI exposure (Xu et al., 2004; Homberg et 
al., 2010; Liao and Lee, 2011; Simpson et al., 2011). Indeed, in utero SRI 
exposure may result in significant reduction in the callosal nerve fibres, as well 
as a reduction in cortico-cortical synchronization of neuronal activity 
(Simpson et al., 2011). The reduced interhemispheric synchrony reported here 
in human infants after in utero SRI exposure may be interpreted to reflect 
similar mechanisms in humans as has been reported previously in 
experimental studies (Simpson et al., 2011).  
 

Clinical studies have suggested that maternal depression and/or anxiety 
may have an association with the newborn EEG activity (Field and Diego, 
2008; Lusby et al., 2014; Thibodeau et al., 2006). Thus in Study III, the 
relationships and frequencies between newborn EEG and maternal psychiatric 
symptoms were examined. However, the results were inconsistent with the 
presence of a neonatal EEG ’endophenotype’ of maternal depression 
(Goldstein and Klein, 2014). The findings suggested that the observed 
electrophysiological changes were likely due to medication or an interaction 
with medication and mood/anxiety rather than maternal depression or 
anxiety per se. One explanation for this discrepancy could be an analytical 
confounder, as the prior studies have not distinguished between vigilance 
states (Field and Diego, 2008; Diego et al., 2010; Lusby et al., 2014). Pooling 
EEG epochs from different sleep states may cause the EEG measures to reflect 
infant’s sleep stage rather than a genuine brain phenotype. In addition, 
previous studies have generally used less EEG data, and more variable 
amounts of EEG recordings were included into the analyses. In partial 
accordance with the earlier studies, the data reported here suggested EEG 
asymmetry with greater left side amplitudes. This asymmetry was related to 
prenatal SRI treatment, however, rather than maternal psychiatric status. The 
EEG effect of asymmetry was also reported at a wider frequency range, as well 
as in wider brain areas, than previous studies.  
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In utero exposure to phenobarbital, phenytoin, valproic acid, and 
benzodiazepines has been associated previously with increased apathy and 
hyperexcitability (Koch et al., 1996). In line with these findings, the work 
presented in this thesis showed lower axial and limb tone in newborns with 
prenatal AED exposure, with currently used AEDs. Similar to earlier studies 
(Viinikainen et al., 2006; Artama et al., 2013), birth weight was lower in the 
AED-exposed newborns.  

 
No major differences were observed in clinical neurology between the SRI-

exposed and control newborns, though the SRI-exposed newborns seemed to 
have more tremors, which could be a sign of increased irritability.  The acute 
perinatal abstinence syndrome of fetal SRI exposure is known to include 
neurological symptoms such as jitteriness, irritability, and lower habituation 
(Oberlander et al., 2009; Forsberg et al., 2014; Ray and Stowe, 2014). 

 
Supporting the findings of earlier studies on older children (Gaily et al., 2004; 
Meador et al., 2013; Baker et al., 2015), Study II reported prenatal AED 
exposure to compromise the development of early language and social skills, 
as well as overall neurodevelopment at 7 months-of-age. This is the first 
known study to assess the neurocognitive effects of prenatal AED exposure as 
early as 7 months-of age. These results suggest that the precursors of verbal 
impairments observed at 4.5 to 6 years-of-age (Meador et al., 2013; Baker et 
al., 2015;) may already be detected in infancy. The subgroup comparisons 
imply that prenatal exposure to VPA, CBZ, or OXC monotherapy may have 
effects on the development of the exposed children, and they can already be 
observed at 7 months-of-age. Deviations in early development have been 
discovered before in children at 8 months-of-age with in utero phenobarbital 
or phenytoin medication, but no studies have been conducted with currently 
used AEDs at this early age. In line with a recent study from Baker et al. with 
the 6-year-old children (Meador et al., 2013; Baker et al., 2015) the results of 
this thesis study implied that LTG and LEV might differ from CBZ, OXC, and 
VPA also in regard to early language abilities.  
 

One of the Study II aims was to assess the effects of AEDs on infant’s visual 
orienting and attention. The eye-tracker-based evaluation of visual function in 
7-month-old infants suggested that prenatal AED exposure has no affect on 
the general speed of visuospatial orienting or attentional bias for faces. 
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The main strengths of this study were:  

 
1) The newborns were evaluated during the first postnatal weeks 

thus minimizing the impact of the environmental confounders, 
including mother-child interactions (Studies I, III, and IV),  
 

2) Stringent recording and signal analysis were used in all our 
studies,  

 
3) Clinical outcome variables were measured using structured or 

quantitative methods (Studies I, II, and III),  
 
4) All AED exposure data were gathered prospectively (Studies I and 

II) in contrast to many previous studies using retrospective or 
register-based data collection, and  

 
5) The neuropsychological (Studies I and II) and psychiatric 

evaluation of the mothers including current and lifetime mood 
and anxiety (Study III) using well-established methods (Stroop, 
1935; Beck et al., 1961; Beck et al., 1988; Wechsler, 1997).  

 
 

Furthermore, Studies I and II used a tertiary center cohort with exposure 
information on all excluded pregnancies, allowing a better estimation of the 
recruitment bias than that achieved in register studies. In addition, the range 
of medications in Study I and II (CBZ, OXC, LEV, LTG, VPA) corresponds to 
current medication trends (Vajda et al., 2010) .  
 

When comparing Study III with previous literature there is one more 
methodological detail that should be considered. Patients were recruited 
based on SRI use instead of based on the need for psychiatric intervention for 
MDD, thus the sample included individuals with no or mild symptoms of 
depression. The study population with mixed SRI indications and a more 
variable psychiatric status is unlike the population in most previous studies, 
permitting the effects of maternal drug treatment and psychiatric symptoms 
to be distinguished analytically.  

 
The strength of Study II was the use of quantitative eye-tracker testing, 

which has been described and tested in previous studies (Ackers et al., 2009; 
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Ahtola et al., 2014). Compared to traditional testing methods, eye-tracking-
based testing allows complete automatization of the test procedure and 
accurate, transparent physiological metrics of the sensory and cognitive 
processes in infants (Leppänen et al., 2015).  

 
The main limitations of this study were:  

 
1) While the overall effects of AED and SRI medications on newborn brain 

activity were clear, subgroup comparisons between specific drugs were 
limited due to the number of newborns available in each group (Studies 
I, II, and III), 
 

2) With this study, or with any studies on human subjects, questions 
related to causal relations are difficult or impossible to answer, 

 
3) In Study II, the mean infant age during the examination, and the 

educational level of the mothers, were higher in the control group 
though the results remained similar even if these confounding factors 
were taken into account, 

 
4) Whether maternal epilepsy could have some unidentified, direct effects 

on fetal development as opposed to the medicine used for treating the 
epilepsy could not be determined (Studies I and II), and 

 
5) Treatment-resistant epilepsy was likely to be overrepresented in the 

pregnant women with epilepsy recruited for Studies I and II, since 
polytherapy was received twice as often as reported for all Finnish PWE 
during the study period (Artama et al., 2013). 
 

 
Furthermore, valproic acid exposure was relatively uncommon in both 

recruited and not recruited groups (Studies I and II). This is likely to be due to 
both avoidance of valproic acid based on the increasing information on 
teratogenic risks and overrepresentation of treatment-resistant focal epilepsy.  
 

The possibility that some AED or SRI was still present in the infants during 
EEG recordings cannot be excluded, as most of the newborns in the Studies I, 
II, and III were breastfed, which might partially account for the reported EEG 
effects. Considering the elimination halftimes of the AED and SRIs (Gentile, 
2005; Ter Horst et al., 2008; Italiano and Perucca, 2013) and the ages of the 
newborns (16 days in the AED and 17 days in the SRI group), the drug levels 
in the newborn serums through transplacental transmission were considered 
to be extremely low at the time of EEG recordings. Unfortunately, as the 
plasma levels of SRIs or AEDs in newborns at the time of EEG recordings were 
not available, the possibility of newborns receiving medications via breast-
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feeding could not be excluded. Similarly, the number of non-breastfed 
newborns exposed to SRIs or AEDs was too small to allow statistical 
comparisons. 

 

The results of this thesis suggest that both AED and SRI exposure may 
interfere with neonatal brain activity, but given statistical correlations and 
group differences, these studies do not provide direct evidence for a causal 
reasoning. In addition to studies on causality, further studies are needed to 
reveal the developmental significance of individual observed EEG changes. 
Due to the lack of knowledge on the causality and developmental significance, 
these findings should not affect the current guidelines of AED or SRI 
treatments during pregnancy. Nor should these findings raise additional 
concern among pregnant women with either SRI or AED medication. At 
present, no conclusion can be drawn as to whether these findings have any 
long-term effects, adverse or protective, on the well-being of the offspring.   
 

Treatment with AEDs through pregnancy is recommended for women with 
epilepsy and the vast majority of pregnancies of women with epilepsy result in 
healthy offspring. Findings on the potential adverse effects of AEDs in earlier 
studies have already prompted current guidelines that women with epilepsy 
should be treated with an appropriate AED during pregnancy with the lowest 
effective dose (Tomson et al., 2015d). In line with Baker et al. (Baker et al., 
2015), the clinical evaluation at 7 months-of-age (Study II) suggested that 
infants prenatally-exposed to LTG or LEV may have better early language 
abilities than infants exposed to CBZ, OXC, or VPA. This finding is in line with 
the current guidelines that special attention should be applied with the use of 
valproic acid.  
 

The complex effects of maternal mood, anxiety, hereditary factors, as well 
prenatal SRI medication, on the offspring remain unclear; it has been difficult 
to create precise guidelines on whether, when, and which SRIs should be used 
during pregnancy. SRI medication is currently advised to be used during 
pregnancy based on a risk-benefit decision on a case-by-case basis (Bourke et 
al., 2014). In case of psychotic or severe depression, antidepressive medication 
is suggested through pregnancy. With less severe mood disorders the results 
of this thesis study favor the importance of finding non-medical treatments for 
depressive and anxiety symptoms during pregnancy.  

 
Guidelines should be applied already when planning pregnancy or, 

preferably, for all women of childbearing age. All decisions on medication 
should be made by consensus between the patient and the clinician with up to 
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date knowledge on the possible adverse effects of the medications and the 
underlying medical condition. Stringent follow-up of both the mother during 
the pregnancy and post-partum time and the offspring is needed. With AED 
medication, therapeutic drug monitoring during pregnancy and folic acid 
supplementation are recommended (Patel and Pennell, 2016). 

 
 
 

 
Though the developmental significance of the specific EEG changes remain 
unknown, the identification of these early EEG metrics does hold promise for 
developing functional biomarkers for future studies on the developmental 
effects of drugs, neurological adversities or their treatments. To search for the 
developmental significance of the observed EEG changes a follow-up study 
will be pursued at 2- and 6 years-of-age. Studies with larger cohorts and with 
quantitative EEG metrics will be essential to better understand the effects of 
timing and interaction with other clinical events. Any characterized neonatal 
EEG biomarkers could also possibly be used in a much wider context, as they 
could disclose long-term effects of both pre- and postnatal adversities, thus 
facilitate early diagnoses and therapeutic interventions.  
 

An important future direction of research would be combining 
electrophysiological and neuroimaging. The functional and developmental 
correlates of network states in the newborn opens possibilities to further 
understand functions of newborn neurocognition and to examine the 
pathological network mechanisms underlying neurological adversities 
common in this age group (Bonifacio et al., 2011).  

 
The cellular-level mechanisms of computational EEG features are already 

understood (Engel et al., 2013; Hyafil et al., 2015; Sotero et al., 2015). 
According to the recent basic science data, interplay between cortical layers 
and the developmentally transient subplate circuitry can be studied by 
measuring specific cross-frequency interactions in the neonatal EEG 
(Minlebaev et al., 2007; Colonnese and Khazipov, 2010). The observed EEG 
changes could be used in future preclinical studies with animal models to test 
the already promising intervention strategies like neuroplasticity-based  
therapeutics in autistic patients (Zhou et al., 2015). In addition, more clinical 
studies are needed to evaluate if other adverse clinical circumstances would 
display similar changes in brain activity, like exposure to other medications, 
maternal smoking, perinatal ischemia, or prematurity. 
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Larger studies with prospective study design and up-to-date AED 
medication are needed to evaluate the impact of individual drugs on the 
cognitive and behavioural development of the offspring and to differentiate, at 
least to some extent, the effect of etiology of epilepsy from the effect of the 
medications. Likewise, larger prospective studies to differentiate the effect of 
maternal depression and the individual SRI medication should be carried out.  

 
Automated non-invasive methods to assess infant cognition and visual 

fields are sparse. Eye-tracking-based cognitive testing in infancy could benetfit 
from the evaluation of the impact or severity of adversities in visuospatial 
orienting and/or face perception, such as vascular or postoperative lesions, 
certain epilepsies, or autism. Some of these studies have already been reported 
(Senju and Johnson, 2009; Pratesi et al., 2015;). Studies with these patient 
groups might facilitate the use of eye-tracking methodology in clinical settings 
as an easy-to-administer method to evaluate the need for additional support 
or to direct clinical examinations. 

 
 

 
 



Summary and Conclusions 

80 

The main outcome of this thesis was to demonstrate that in utero AED and 
SRI medications may interfere with neonatal brain activity, and to identify 
correlates of AED and SRI exposure in human EEG.  

 
Studies I-III. In utero AED and SRI exposure was shown to be associated 

with changes in individual oscillatory bout and wider band spectra activity, as 
well as in functional brain networking. Some of the changes were slightly more 
prominent in the SRI-exposed than in AED-exposed newborns: 
Interhemispheric and local connectivity (ASI, NC) were lower and interburst 
intervals (IBI) were shorter in SRI-exposed than in the control newborns, 
whereas in AED-exposed children, changes in these domains were seen only 
as temporal or spatial changes.  

 
Findings in Study II showed that in utero AED exposure is associated with 

lower scores in overall neurodevelopmental, early language, and social skills 
in the clinical assessment at 7 months-of-age. However, visuospatial orienting 
or attentional bias for faces measured by eye-tracking methodology were 
unaltered. 

 
Study IV. Study IV showed significant maturational and vigilance state-

related changes in neuronal coupling during the first few weeks of postnatal 
life. The main findings in Study IV were: 1) During active sleep, phase-phase 
correlation (PPC) is relatively stronger at lower frequencies and in 
interhemispheric connections, while during quiet sleep PPC was stronger at 
higher frequencies and in intrahemispheric connections; 2) PPC is first 
established at lower frequencies and shorter distances; 3) Amplitude-
amplitude correlation (ACC) declines rapidly with maturation; and 4) Phase-
amplitude correlation is frequency-dependent and strongly related to 
vigilance state.  
  

Treatment with AEDs through pregnancy is recommended for women with 
epilepsy. These women should be treated with the appropriate AED at the 
lowest effective dose. Current guidelines recommend that special attention 
should be paid to the use of valproic acid.  
 

SRI medication should be used during pregnancy based on a risk-benefit 
decision on a case-by-case basis (Bourke et al., 2014). Both non-medical and 
medical treatments should be considered. Guidelines on AED and SRI 
medications should be applied already when planning pregnancy.  
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This thesis also provides further understanding of how the electric brain 
networks develop during the first few weeks of postnatal life in a human 
neonate showing significant maturational and vigilance state-related changes 
in neuronal coupling.  

 
In summary, computational EEG analysis could be used in the near future 

as a biomarker in infants to assess neural plasticity, both in clinical and in 
research settings, to predict the neurocognitive or behavioral consequences in 
addition to monitoring or diagnosing medical conditions.  

 
 
 
 
 



Summary and Conclusions 

82 

This study was carried out in the department of Child Neurology at the 
Children’s Hospital, Helsinki University Hospital, during 2010 - 2016. The 
study was registered in the Pediatric Graduate School and in the Doctoral 
Program in Clinical Research at the University of Helsinki. 
  

The study was financially supported by Arvo and Lea Ylppö Foundation, 
Lastenlinna Foundation, Märta Donner Foundation, the Foundation of 
Pediatric Research, Päivikki and Sakari Sohlberg Foundation, Emil Aaltonen 
Foundation, Sigrid Juselius Foundation, and Helsinki University Hospital.  
During the course of this study, Professor Sampsa Vanhatalo was supported 
by the Academy of Finland and Finnish Cultural Foundation. They are all 
gratefully acknowledged.  

 
Without the support of several people, this study would not have been 

completed. I am very grateful to all of you.  
 

My scientific journey started in 2009 with inspiring conversations with my 
supervisors Docent Eija Gaily and Professor Sampsa Vanhatalo. I want to 
express my sincere gratitude to both of them for their enthusiasm, vision, and 
experience. Sampsa Vanhatalo with a never-ending stream of new ideas and 
Eija Gaily with her precise and wise suggestions have been the most 
encouraging supervisors I could ever have hoped for.  
 

I warmly thank Docent Hannu Heiskala, Head of Pediatric Neurology in 
the Children’s Hospital, for making it possible for me to combine the research 
and clinical work. He also acted as a co-author and provided excellent 
epidemiological advice. During these studies, Professors Leena Haataja and 
Helena Pihko have held the chair of Pediatric Neurology in the University of 
Helsinki and I want to express my warm thanks to both of them for their 
support of this work.  
 

I would like to express my warmest gratitude to Docent Tuula Lönnqvist 
and Docent Turkka Kirjavainen who constituted my thesis committee and 
provided their expertise and encouraging guidance throughout these years. 
 

I am sincerely delighted to have Professor emeritus Heikki Rantala as the 
Opponent at the public defence of this thesis. 
 

I would like to warmly thank Professor Esa Mervaala and Docent Kai 
Eriksson, the reviewers of this thesis, for their constructive criticism and 
valuable comments. 



 

83 

 
I have been able to enjoy the most valuable expertise of Professor Leena 

Haataja and Docent Aulikki Lano in the field of pediatric neurology especially 
concerning the standardized assessments of newborns and infants. 
 

I took my first steps in the world of EEG in the guidance of Dr. Riitta Lees 
and Docent Leena Lauronen. During my studies, Professor Sampsa Vanhatalo 
has guided me step by step through the jungle of neonatal EEG. In addition, I 
have been able to enjoy cooperation with the whole Department of Children’s 
Clinical Neurophysiology. I would like to express my warmest thanks to them 
all. 
 

I am very grateful to Dr. Reina Roivainen for the excellent recruitment 
work and for collecting clinical data of the women with epilepsy. Without you, 
the thesis would not have been possible. The same applies to the amazing 
research assistants Teija Peltonen, Hanna Hassinen, and Tytti Peltue-
Edelmann. They have used their organizational skills and their warmhearted 
personalities to keep the process in order by arranging appointments and re-
scheduling them, and re-re-scheduling them once again. You are the best! You 
also did your share in the challenging recruitment process of the pregnant 
women with serotonin reuptake inhibitor medication and controls, as did 
Docent Marjo Metsäranta, the Neonatal Intensive Care Unit of the Helsinki 
University Hospital, Kätilöopisto Maternity Hospital, and Health Care Centers 
of Espoo.  
 

With Susanna Stjerna, MA, we have travelled side by side, literally and 
mentally, from not knowing anything to knowing something and finally to 
knowing a bit more. Knowing what? At least how to cheer up your co-
researcher, how to share your enthusiasm and your frustration, how to boost 
the other one to work harder or, when necessary, to have a break. I am so 
grateful for your friendship but also for your enormous work in recording the 
EEGs and eye-tracking tests of the studies. I also want to thank Laura Sinisalo 
for your assistance with the recordings. 
 

I warmly thank Anton Tokariev, PhD, an excellent mathematician whose 
knowledge on the mathematical processing of the EEG signals was invaluable 
for my thesis. His prudent ideas and stimulating conversations really kept my 
brain busy.  
 

I had the privilege of working with inspiring co-authors and co-researchers. 
First, I wish to thank Docent Outi Mantere for her invaluable expertise in 
psychiatry. You were the key person in the serotonin reuptake study. Second, 
I would like to express my deepest gratitude to Docent Jukka Leppänen who 
introduced the facinating world of eye tracking to me and who helped with the 
analyses and the interpreting of the results of the eye-tracking data, and 



Summary and Conclusions 

84 

without whom we would not have the eye-tracking methodology in 
Babacenter.  
 

Furthermore, I would like to express my warmest thanks to Taina Nybo, 
Ph.D Psych, excellent neuropsychologist who examined the mothers of the 
studies concerning antiepileptic drug exposure, and to Dr. Heini Saikkonen 
for your considerable work with the psychiatric assessments of the mothers in 
the serotonin reuptake study. I am also in dept to Eero Ahtola, Lic. Sc, for his 
great contribution to the eye-tracking methodology, and Kirsi Palmu, D. Sc, 
for her help with the EEG software.  
 

I also want to warmly thank everyone working in the BabaCenter and in the 
Department of Child Neurology in Lastenlinna. It has always been a pleasure 
to work with you. Especially the conversations and laughter I have experienced 
with “Neuromammat” Dr. Henna Jonsson, Dr. Margit Overmyer, Docent 
Leena Lauronen, and Dr. Maria Peltola have brought so much positive energy 
in my life, thank you. Support from Dr. Anne Sarajuuri, Dr. Tuuli Immonen, 
and Dr. Marita Hovi has greatly relieved the anxiety sometimes present while 
working with the thesis. My warmhearted thanks to you all. 
 

I am deeply grateful to the patients and their families for allowing us to 
study their children. 
 

I express my warmest thanks to my beloved mother Seija and my late father 
Matti for providing me with an environment where studying was appreciated 
and also for their endless help throughout my life. I sincerely thank all my dear 
friends, especially Minna, Eeva, Päivi, Riitta, and “Hiidenhelmet” for their 
friendship throughout the years. We have experienced a lot together and 
discussed everything without exception. Your views and support have 
encouraged me to seize new projects and follow my instincts in all aspects of 
life. I also want to express my genuine thanks to my sisters and brothers as 
well as my “Videman family”. You are all very dear to me. 
 

Finally, I dedicate all my love and gratitude to my husband Vidi and our 
children Tua, Emil, Ada-Maria, and August. You are the “Love of my life” and 
you give me so much joy. Nothing is more important to me than you.   
 
 
Vihti, July 2016 
 
 
Mari Videman 
 

 
 



 

85 

 



Summary and Conclusions 

86 

 

Aberg, E., Holst, S., Neagu, A., Ogren, S.O., Lavebratt, C., 2013. Prenatal exposure to carbamazepine 
reduces hippocampal and cortical neuronal cell population in new-born and young mice without 
detectable effects on learning and memory. PLoS One 8, e80497. 

Abou-Khalil, B.W., 2016. Antiepileptic Drugs. Continuum (Minneapolis, Minn.) 22, 132-156. 

Ackers, R., Besag, F.M., Wade, A., Murray, M.L., Wong, I.C., 2009. Changing trends in antiepileptic 
drug prescribing in girls of child-bearing potential. Arch Dis Child 94, 443-447. 

Adab, N., Kini, U., Vinten, J., Ayres, J., Baker, G., Clayton-Smith, J., Coyle, H., Fryer, A., Gorry, J., 
Gregg, J., Mawer, G., Nicolaides, P., Pickering, L., Tunnicliffe, L., Chadwick, D.W., 2004. The 
longer term outcome of children born to mothers with epilepsy. J Neurol Neurosurg Psychiatry 75, 
1575-1583. 

Adams Waldorf, K.M., McAdams, R.M., 2013. Influence of infection during pregnancy on fetal 
development. Reproduction (Cambridge, England) 146, R151-162. 

Ahtola, E., Stjerna, S., Yrttiaho, S., Nelson, C.A., Leppänen, J.M., Vanhatalo, S., 2014. Dynamic eye 
tracking based metrics for infant gaze patterns in the face-distractor competition paradigm. PloS one 
9, e97299. 

Aicardi, J., 2009. Diseases of the nervous system in childhood. Mac Keith press, London. 

Aiel-Tison, C., Grenier, A., 1980. Aiel-Tison C, Grenier A. 1980. Evaluation neurologique du 
nouveau-ne et du nourisson. Paris: Masson. Masson, Paris. 

An, S., Kilb, W., Luhmann, H.J., 2014. Sensory-evoked and spontaneous gamma and spindle bursts 
in neonatal rat motor cortex. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 34, 10870-10883. 

Andersen, S.L., 2003. Trajectories of brain development: point of vulnerability or window of 
opportunity? Neuroscience and biobehavioral reviews 27, 3-18. 

Anderson, A.L., Thomason, M.E., 2013. Functional plasticity before the cradle: a review of neural 
functional imaging in the human fetus. Neurosci Biobehav Rev 37, 2220-2232. 

Anderson, C.M., Torres, F., Faoro, A., 1985. The EEG of the early premature. 
Electroencephalography and clinical neurophysiology 60, 95-105. 

Anderson, G.M., 2004. Peripheral and central neurochemical effects of the selective serotonin 
reuptake inhibitors (SSRIs) in humans and nonhuman primates: assessing bioeffect and mechanisms 
of action. International journal of developmental neuroscience : the official journal of the 
International Society for Developmental Neuroscience 22, 397-404. 

Andre, M., Lamblin, M.D., d'Allest, A.M., Curzi-Dascalova, L., Moussalli-Salefranque, F., T, S.N.T., 
Vecchierini-Blineau, M.F., Wallois, F., Walls-Esquivel, E., Plouin, P., 2010. Electroencephalography 
in premature and full-term infants. Developmental features and glossary. Neurophysiol Clin 40, 59-
124. 



 

87 

Arreola, R., Becerril-Villanueva, E., Cruz-Fuentes, C., Velasco-Velazquez, M.A., Garces-Alvarez, 
M.E., Hurtado-Alvarado, G., Quintero-Fabian, S., Pavon, L., 2015. Immunomodulatory effects 
mediated by serotonin. Journal of immunology research 2015, 354957. 

Artama, M., Gissler, M., Malm, H., Ritvanen, A., Drug, Pregnancy, G., 2013. Effects of maternal 
epilepsy and antiepileptic drug use during pregnancy on perinatal health in offspring: nationwide, 
retrospective cohort study in Finland. Drug Saf 36, 359-369. 

Auyeung, B., Lombardo, M.V., Heinrichs, M., Chakrabarti, B., Sule, A., Deakin, J.B., Bethlehem, 
R.A., Dickens, L., Mooney, N., Sipple, J.A., Thiemann, P., Baron-Cohen, S., 2015. Oxytocin 
increases eye contact during a real-time, naturalistic social interaction in males with and without 
autism. Translational psychiatry 5, e507. 

Babor, T.F., Higgins-Biddle, J.C., Saunders, J.B., Monteiro, M.G., 2001. AUDIT The Alcohol Use 
Disorders Identification Test Guidelines for Use in Primary Care. WHO. General Department of 
Mental Health and Substance Dependence, Geneva, Switzerland. 

Baker, G.A., Bromley, R.L., Briggs, M., Cheyne, C.P., Cohen, M.J., Garcia-Finana, M., Gummery, 
A., Kneen, R., Loring, D.W., Mawer, G., Meador, K.J., Shallcross, R., Clayton-Smith, J., Liverpool, 
Manchester Neurodevelopment, G., 2015. IQ at 6 years after in utero exposure to antiepileptic drugs: 
a controlled cohort study. Neurology 84, 382-390. 

Bale, T.L., 2015. Epigenetic and transgenerational reprogramming of brain development. Nature 
reviews.Neuroscience 16, 332-344. 

Ball, G., Aljabar, P., Zebari, S., Tusor, N., Arichi, T., Merchant, N., Robinson, E.C., Ogundipe, E., 
Rueckert, D., Edwards, A.D., Counsell, S.J., 2014. Rich-club organization of the newborn human 
brain. Proceedings of the National Academy of Sciences of the United States of America 111, 7456-
7461. 

Barnett, A.L., Guzzetta, A., Mercuri, E., Henderson, S.E., Haataja, L., Cowan, F., Dubowitz, L., 
2004. Can the Griffiths scales predict neuromotor and perceptual-motor impairment in term infants 
with neonatal encephalopathy? Archives of Disease in Childhood 89, 637-643. 

Baulac, M., de Boer, H., Elger, C., Glynn, M., Kalviainen, R., Little, A., Mifsud, J., Perucca, E., 
Pitkanen, A., Ryvlin, P., 2015. Epilepsy priorities in Europe: A report of the ILAE-IBE Epilepsy 
Advocacy Europe Task Force. Epilepsia 56, 1687-1695. 

Bayley, N., 1993. Bayley Scales of Infant Development. Psychological Corporation, San Antonio, 
TX. 

Bayley, N., 2006. Bayley scales of infant and toddler development: Administration manual. Harcourt 
Assessment, San Antonio, TX. 

Beardslee, W.R., Gladstone, T.R., O'Connor, E.E., 2011. Transmission and prevention of mood 
disorders among children of affectively ill parents: a review. Journal of the American Academy of 
Child and Adolescent Psychiatry 50, 1098-1109. 

Beck, A.T., Epstein, N., Brown, G., Steer, R.A., 1988. An inventory for measuring clinical anxiety: 
psychometric properties. Journal of consulting and clinical psychology 56, 893-897. 

Beck, A.T., Ward, C.H., Mendelson, M., Mock, J., Erbaugh, J., 1961. An inventory for measuring 
depression. Archives of General Psychiatry 4, 561-571. 



Summary and Conclusions 

88 

Bedford, R., Pickles, A., Gliga, T., Elsabbagh, M., Charman, T., Johnson, M.H., Team, B., 2014. 
Additive effects of social and non-social attention during infancy relate to later autism spectrum 
disorder. Developmental science 17, 612-620. 

Bennett, H.A., Einarson, A., Taddio, A., Koren, G., Einarson, T.R., 2004. Depression during 
Pregnancy : Overview of Clinical Factors. Clinical drug investigation 24, 157-179. 

Biagioni, E., Frisone, M.F., Laroche, S., Kapetanakis, B.A., Ricci, D., Adeyi-Obe, M., Lewis, H., 
Kennea, N., Cioni, G., Cowan, F., Rutherford, M., Azzopardi, D., Mercuri, E., 2007a. Maturation of 
cerebral electrical activity and development of cortical folding in young very preterm infants. Clinical 
neurophysiology : official journal of the International Federation of Clinical Neurophysiology 118, 
53-59. 

Biagioni, E., Frisone, M.F., Laroche, S., Kapetanakis, B.A., Ricci, D., Adeyi-Obe, M., Lewis, H., 
Kennea, N., Cioni, G., Cowan, F., Rutherford, M., Azzopardi, D., Mercuri, E., 2007b. Maturation of 
cerebral electrical activity and development of cortical folding in young very preterm infants. Clin 
Neurophysiol 118, 53-59. 

Bittigau, P., Sifringer, M., Genz, K., Reith, E., Pospischil, D., Govindarajalu, S., Dzietko, M., 
Pesditschek, S., Mai, I., Dikranian, K., Olney, J.W., Ikonomidou, C., 2002. Antiepileptic drugs and 
apoptotic neurodegeneration in the developing brain. Proc Natl Acad Sci U S A 99, 15089-15094. 

Bittigau, P., Sifringer, M., Ikonomidou, C., 2003. Antiepileptic drugs and apoptosis in the developing 
brain. Ann N Y Acad Sci 993, 103-114; discussion 123-104. 

Bolte, S., Bartl-Pokorny, K.D., Jonsson, U., Berggren, S., Zhang, D., Kostrzewa, E., Falck-Ytter, T., 
Einspieler, C., Pokorny, F.B., Jones, E., Roeyers, H., Charman, T., Marschik, P.B., 2016. How can 
clinicians detect and treat autism early? Methodological trends of technology use in research. Acta 
Paediatrica (Oslo, Norway : 1992) 105, 137-144. 

Bonifacio, S.L., Glass, H.C., Peloquin, S., Ferriero, D.M., 2011. A new neurological focus in neonatal 
intensive care. Nature reviews.Neurology 7, 485-494. 

Booth, R., Kim, H., 2014. Permeability analysis of neuroactive drugs through a dynamic microfluidic 
in vitro blood-brain barrier model. Annals of Biomedical Engineering 42, 2379-2391. 

Borthen, I., 2015. Obstetrical complications in women with epilepsy. Seizure 28, 32-34. 

Borue, X., Chen, J., Condron, B.G., 2007. Developmental effects of SSRIs: lessons learned from 
animal studies. Int J Dev Neurosci 25, 341-347. 

Bourke, C.H., Capello, C.F., Rogers, S.M., Yu, M.L., Boss-Williams, K.A., Weiss, J.M., Stowe, Z.N., 
Owens, M.J., 2013. Prenatal exposure to escitalopram and/or stress in rats: a prenatal stress model of 
maternal depression and its treatment. Psychopharmacology (Berl) 228, 231-241. 

Bourke, C.H., Stowe, Z.N., Owens, M.J., 2014. Prenatal antidepressant exposure: clinical and 
preclinical findings. Pharmacological reviews 66, 435-465. 

Bowen, J.R., Paradisis, M., Shah, D., 2010. Decreased aEEG continuity and baseline variability in the 
first 48 hours of life associated with poor short-term outcome in neonates born before 29 weeks 
gestation. Pediatric research 67, 538-544. 

Braddick, O., Atkinson, J., 2011. Development of human visual function. Vision research 51, 1588-
1609. 



 

89 

Brandt, I., Sticker, E.J., 2001. GES Griffiths Entwicklungsskalen: Zur Beurteilung der Entwicklung in 
den ersten beiden Lebensjahren. Hogrefe Verlag, Deutchland. 

Brockmann, M.D., Poschel, B., Cichon, N., Hanganu-Opatz, I.L., 2011. Coupled oscillations mediate 
directed interactions between prefrontal cortex and hippocampus of the neonatal rat. Neuron 71, 332-
347. 

Bromley, R.L., Mawer, G.E., Briggs, M., Cheyne, C., Clayton-Smith, J., Garcia-Finana, M., Kneen, 
R., Lucas, S.B., Shallcross, R., Baker, G.A., Liverpool, Manchester Neurodevelopment, G., 2013. The 
prevalence of neurodevelopmental disorders in children prenatally exposed to antiepileptic drugs. 
Journal of neurology, neurosurgery, and psychiatry 84, 637-643. 

Brooks, R., Meltzoff, A.N., 2015. Connecting the dots from infancy to childhood: a longitudinal study 
connecting gaze following, language, and explicit theory of mind. J Exp Child Psychol 130, 67-78. 

Campbell, E., Kennedy, F., Russell, A., Smithson, W.H., Parsons, L., Morrison, P.J., Liggan, B., 
Irwin, B., Delanty, N., Hunt, S.J., Craig, J., Morrow, J., 2014. Malformation risks of antiepileptic 
drug monotherapies in pregnancy: updated results from the UK and Ireland Epilepsy and Pregnancy 
Registers. Journal of neurology, neurosurgery, and psychiatry 85, 1029-1034. 

Campbell, S.K., 2005. The Test of Infant Motor Performance. Test User’s Manual Version 2.0. 
Chicago: Infant Motor Performance Scales, LLC. LLC, Chicago. 

Casper, R.C., Fleisher, B.E., Lee-Ancajas, J.C., Gilles, A., Gaylor, E., DeBattista, A., Hoyme, H.E., 
2003. Follow-up of children of depressed mothers exposed or not exposed to antidepressant drugs 
during pregnancy. The Journal of pediatrics 142, 402-408. 

Casper, R.C., Gilles, A.A., Fleisher, B.E., Baran, J., Enns, G., Lazzeroni, L.C., 2011. Length of 
prenatal exposure to selective serotonin reuptake inhibitor (SSRI) antidepressants: effects on neonatal 
adaptation and psychomotor development. Psychopharmacology 217, 211-219. 

Charlton, R.A., Jordan, S., Pierini, A., Garne, E., Neville, A.J., Hansen, A.V., Gini, R., Thayer, D., 
Tingay, K., Puccini, A., Bos, H.J., Nybo Andersen, A.M., Sinclair, M., Dolk, H., de Jong-van den 
Berg, L.T., 2015. Selective serotonin reuptake inhibitor prescribing before, during and after 
pregnancy: a population-based study in six European regions. BJOG 122, 1010-1020. 

Chawarska, K., Volkmar, F., Klin, A., 2010. Limited attentional bias for faces in toddlers with autism 
spectrum disorders. Archives of General Psychiatry 67, 178-185. 

Chen, Y.H., Chiou, H.Y., Lin, H.C., Lin, H.L., 2009. Affect of seizures during gestation on pregnancy 
outcomes in women with epilepsy. Arch Neurol 66, 979-984. 

Cherian, P.J., Swarte, R.M., Visser, G.H., 2009. Technical standards for recording and interpretation 
of neonatal electroencephalogram in clinical practice. Annals of Indian Academy of Neurology 12, 
58-70. 

Chita-Tegmark, M., 2016. Social attention in ASD: A review and meta-analysis of eye-tracking 
studies. Research in developmental disabilities 48, 79-93. 

Christensen, J., Gronborg, T.K., Sorensen, M.J., Schendel, D., Parner, E.T., Pedersen, L.H., 
Vestergaard, M., 2013. Prenatal valproate exposure and risk of autism spectrum disorders and 
childhood autism. JAMA 309, 1696-1703. 

Chugani, D.C., Muzik, O., Behen, M., Rothermel, R., Janisse, J.J., Lee, J., Chugani, H.T., 1999. 
Developmental changes in brain serotonin synthesis capacity in autistic and nonautistic children. 
Annals of Neurology 45, 287-295. 



Summary and Conclusions 

90 

Cioni, G., Prechtl, H.F., Ferrari, F., Paolicelli, P.B., Einspieler, C., Roversi, M.F., 1997. Which better 
predicts later outcome in full-term infants: quality of general movements or neurological 
examination? Early human development 50, 71-85. 

Cirelli, I., Bickle Graz, M., Tolsa, J.F., 2015. Comparison of Griffiths-II and Bayley-II tests for the 
developmental assessment of high-risk infants. Infant behavior & development 41, 17-25. 

Clark-Gambelunghe, M.B., Clark, D.A., 2015. Sensory development. Pediatric clinics of North 
America 62, 367-384. 

Collin, G., Sporns, O., Mandl, R.C., van den Heuvel, M.P., 2014. Structural and functional aspects 
relating to cost and benefit of rich club organization in the human cerebral cortex. Cerebral cortex 
(New York, N.Y.: 1991) 24, 2258-2267. 

Colonnese, M.T., Khazipov, R., 2010. "Slow activity transients" in infant rat visual cortex: a 
spreading synchronous oscillation patterned by retinal waves. J Neurosci 30, 4325-4337. 

Cossa, A.C., Lima, D.C., do Vale, T.G., de Alencar Rocha, A.K., da Graca Naffah-Mazzacoratti, M., 
da Silva Fernandes, M.J., Amado, D., 2016. Maternal seizures can affect the brain developing of 
offspring. Metabolic brain disease. 

Croen, L.A., Grether, J.K., Yoshida, C.K., Odouli, R., Hendrick, V., 2011. Antidepressant use during 
pregnancy and childhood autism spectrum disorders. Archives of General Psychiatry 68, 1104-1112. 

Cusmano, D.M., Mong, J.A., 2014. In utero exposure to valproic acid changes sleep in juvenile rats: a 
model for sleep disturbances in autism. Sleep 37, 1489-1499. 

Dawson, G., Bernier, R., Ring, R.H., 2012. Social attention: a possible early indicator of efficacy in 
autism clinical trials. Journal of neurodevelopmental disorders 4, 11-1955-1954-1911. 

de Groot, L., Hopkins, B., Touwen, B.C., 1992. A method to assess the development of muscle power 
in preterms after term age. Neuropediatrics 23, 172-179. 

Deshmukh, U., Adams, J., Macklin, E.A., Dhillon, R., McCarthy, K.D., B., D., A., K., B., H.L., 2016. 
Behavioral outcomes in children exposed prenatally to lamotrigine, valproate, or carbamazepine.  . 
Neurotoxicol Teratol Mar-Apr, 5-14. 

Diego, M.A., Field, T., Hernandez-Reif, M., Cullen, C., Schanberg, S., Kuhn, C., 2004. Prepartum, 
postpartum, and chronic depression effects on newborns. Psychiatry 67, 63-80. 

Diego, M.A., Jones, N.A., Field, T., 2010. EEG in 1-week, 1-month and 3-month-old infants of 
depressed and non-depressed mothers. Biological psychology 83, 7-14. 

Domes, G., Heinrichs, M., Kumbier, E., Grossmann, A., Hauenstein, K., Herpertz, S.C., 2013. Effects 
of intranasal oxytocin on the neural basis of face processing in autism spectrum disorder. Biological 
psychiatry 74, 164-171. 

Dougherty, T.M., Haith, M.M., 1997. Infant expectations and reaction time as predictors of childhood 
speed of processing and IQ. Developmental psychology 33, 146-155. 

Dubois, J., Dehaene-Lambertz, G., Kulikova, S., Poupon, C., Huppi, P.S., Hertz-Pannier, L., 2014. 
The early development of brain white matter: a review of imaging studies in fetuses, newborns and 
infants. Neuroscience 276, 48-71. 

Dubowitz, L., Dubowitz, V., Mercuri, E., 1999. The Neurological Assessment of the Preterm & Full-
term Newborn Infant. Mac Keith Press, London, United Kingdom. 



 

91 

Dubowitz, L., Mercuri, E., Dubowitz, V., 1998. An optimality score for the neurologic examination of 
the term newborn. The Journal of pediatrics 133, 406-416. 

Dubowitz, L., Ricciw, D., Mercuri, E., 2005. The Dubowitz neurological examination of the full-term 
newborn. Ment Retard Dev Disabil Res Rev 11, 52-60. 

Dubowitz, L.M.S., Dubowitz, V., 1981. The neurological assessment of the preterm and full-term 
newborn infant. Clinics in Developmental Medicine, No. 79. Spastics International Medical 
Publications/William Heinemann Medical Books, London (UK). 

Edey, S., Moran, N., Nashef, L., 2014. SUDEP and epilepsy-related mortality in pregnancy. Epilepsia 
55, e72-74. 

Eeles, A.L., Olsen, J.E., Walsh, J.M., McInnes, E.K., Molesworth, C.M., Cheong, J.L., Doyle, L.W., 
Spittle, A.J., 2016. Reliability of Neurobehavioral Assessments from Birth to Term Equivalent Age in 
Preterm and Term Born Infants. Physical & Occupational Therapy in Pediatrics, 1-11. 

Einspieler, C., Prechtl, H.F., 2005. Prechtl's assessment of general movements: a diagnostic tool for 
the functional assessment of the young nervous system. Mental retardation and developmental 
disabilities research reviews 11, 61-67. 

Elison, J.T., Paterson, S.J., Wolff, J.J., Reznick, J.S., Sasson, N.J., Gu, H., Botteron, K.N., Dager, 
S.R., Estes, A.M., Evans, A.C., Gerig, G., Hazlett, H.C., Schultz, R.T., Styner, M., Zwaigenbaum, L., 
Piven, J., Network, I., 2013. White matter microstructure and atypical visual orienting in 7-month-
olds at risk for autism. The American Journal of Psychiatry 170, 899-908. 

Engel, A.K., Gerloff, C., Hilgetag, C.C., Nolte, G., 2013. Intrinsic coupling modes: multiscale 
interactions in ongoing brain activity. Neuron 80, 867-886. 

Erzurumlu, R.S., Gaspar, P., 2012. Development and critical period plasticity of the barrel cortex. The 
European journal of neuroscience 35, 1540-1553. 

Evans, T.M., Kochalka, J., Ngoon, T.J., Wu, S.S., Qin, S., Battista, C., Menon, V., 2015. Brain 
Structural Integrity and Intrinsic Functional Connectivity Forecast 6 Year Longitudinal Growth in 
Children's Numerical Abilities. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 35, 11743-11750. 

Farmen, A.H., Grundt, J., Tomson, T., Nakken, K.O., Nakling, J., Mowinchel, P., Lossius, M., 2015. 
Intrauterine growth retardation in foetuses of women with epilepsy. Seizure 28, 76-80. 

Field, T., 2011. Prenatal depression effects on early development: a review. Infant Behav Dev 34, 1-
14. 

Field, T., Diego, M., 2008. Maternal depression effects on infant frontal EEG asymmetry. The 
International journal of neuroscience 118, 1081-1108. 

Field, T., Diego, M., Hernandez-Reif, M., 2010. Prenatal depression effects and interventions: a 
review. Infant behavior & development 33, 409-418. 

Finnegan, L., Kaltenbach, K., 1992. Neonatal abstinence syndrome, in: Hoekelman, R., Friedman, S., 
Nelson, N., Seidel, H. (Eds.), Pediatric Primary Care, vol. 2nd. Mosby, St. Louis, MO, pp. 141-158. 

Forcelli, P.A., Soper, C., Lakhkar, A., Gale, K., Kondratyev, A., 2012. Anticonvulsant effect of 
retigabine during postnatal development in rats. Epilepsy Res 101, 135-140. 



Summary and Conclusions 

92 

Forsberg, L., Naver, L., Gustafsson, L.L., Wide, K., 2014. Neonatal adaptation in infants prenatally 
exposed to antidepressants--clinical monitoring using Neonatal Abstinence Score. PLoS One 9, 
e111327. 

Fransson, P., Aden, U., Blennow, M., Lagercrantz, H., 2011. The functional architecture of the infant 
brain as revealed by resting-state fMRI. Cerebral cortex (New York, N.Y.: 1991) 21, 145-154. 

Frisone, M.F., Mercuri, E., Laroche, S., Foglia, C., Maalouf, E.F., Haataja, L., Cowan, F., Dubowitz, 
L., 2002. Prognostic value of the neurologic optimality score at 9 and 18 months in preterm infants 
born before 31 weeks' gestation. The Journal of pediatrics 140, 57-60. 

Gaily, E., Kantola-Sorsa, E., Hiilesmaa, V., Isoaho, M., Matila, R., Kotila, M., Nylund, T., Bardy, A., 
Kaaja, E., Granstrom, M.L., 2004. Normal intelligence in children with prenatal exposure to 
carbamazepine. Neurology 62, 28-32. 

Gao, W., Lin, W., Grewen, K., Gilmore, J.H., 2016. Functional Connectivity of the Infant Human 
Brain: Plastic and Modifiable. The Neuroscientist : a review journal bringing neurobiology, neurology 
and psychiatry. 

Gentile, S., 2005. The safety of newer antidepressants in pregnancy and breastfeeding. Drug safety 
28, 137-152. 

Gentile, S., 2015a. Early pregnancy exposure to selective serotonin reuptake inhibitors, risks of major 
structural malformations, and hypothesized teratogenic mechanisms. Expert Opin Drug Metab 
Toxicol 11, 1585-1597. 

Gentile, S., 2015b. Prenatal antidepressant exposure and the risk of autism spectrum disorders in 
children. Are we looking at the fall of Gods? J Affect Disord 182, 132-137. 

Gentile, S., 2015c. Untreated depression during pregnancy: Short- and long-term effects in offspring. 
A systematic review. Neuroscience. 

Gerard, E.E., Meador, K.J., 2016. Managing Epilepsy in Women. Continuum (Minneap Minn) 22, 
204-226. 

Gidaya, N.B., Lee, B.K., Burstyn, I., Yudell, M., Mortensen, E.L., Newschaffer, C.J., 2014. In utero 
exposure to selective serotonin reuptake inhibitors and risk for autism spectrum disorder. Journal of 
Autism and Developmental Disorders 44, 2558-2567. 

Gilmore, J.H., Lin, W., Corouge, I., Vetsa, Y.S., Smith, J.K., Kang, C., Gu, H., Hamer, R.M., 
Lieberman, J.A., Gerig, G., 2007. Early postnatal development of corpus callosum and corticospinal 
white matter assessed with quantitative tractography. AJNR.American journal of neuroradiology 28, 
1789-1795. 

Glover, M.E., Clinton, S.M., 2016. Of rodents and humans: A comparative review of the 
neurobehavioral effects of early life SSRI exposure in preclinical and clinical research. International 
journal of developmental neuroscience : the official journal of the International Society for 
Developmental Neuroscience 51, 50-72. 

Gogtay, N., Giedd, J.N., Lusk, L., Hayashi, K.M., Greenstein, D., Vaituzis, A.C., Nugent, T.F., 3rd, 
Herman, D.H., Clasen, L.S., Toga, A.W., Rapoport, J.L., Thompson, P.M., 2004. Dynamic mapping 
of human cortical development during childhood through early adulthood. Proceedings of the 
National Academy of Sciences of the United States of America 101, 8174-8179. 

Goldstein, B.L., Klein, D.N., 2014. A review of selected candidate endophenotypes for depression. 
Clin Psychol Rev 34, 417-427. 



 

93 

Graignic-Philippe, R., Dayan, J., Chokron, S., Jacquet, A.Y., Tordjman, S., 2014. Effects of prenatal 
stress on fetal and child development: a critical literature review. Neuroscience and biobehavioral 
reviews 43, 137-162. 

Grandjean, P., Landrigan, P.J., 2014. Neurobehavioural effects of developmental toxicity. The 
Lancet.Neurology 13, 330-338. 

Gredeback, G., Johnson, S., von Hofsten, C., 2010. Eye tracking in infancy research. Developmental 
neuropsychology 35, 1-19. 

Green, C.R., Mihic, A.M., Brien, D.C., Armstrong, I.T., Nikkel, S.M., Stade, B.C., Rasmussen, C., 
Munoz, D.P., Reynolds, J.N., 2009. Oculomotor control in children with fetal alcohol spectrum 
disorders assessed using a mobile eye-tracking laboratory. The European journal of neuroscience 29, 
1302-1309. 

Griffiths, R., Huntley, M., 1996. The Griffiths Mental Development Scales: From birth to 2 years. 
The 1996 Revision. High Wycombe. ARICD, UK. ARICD. 

Grzeskowiak, L.E., Morrison, J.L., Henriksen, T.B., Bech, B.H., Obel, C., Olsen, J., Pedersen, L.H., 
2015. Prenatal antidepressant exposure and child behavioural outcomes at 7 years of age: a study 
within the Danish National Birth Cohort. BJOG : an international journal of obstetrics and 
gynaecology. 

Haataja, L., 2016. The challenge of predicting cerebral palsy. Developmental medicine and child 
neurology 58, 219. 

Haataja, L., Cowan, F., Mercuri, E., Bassi, L., Guzzetta, A., Dubowitz, L., 2003. Application of a 
scorable neurologic examination in healthy term infants aged 3 to 8 months. J Pediatr 143, 546. 

Haataja, L., Mercuri, E., Guzzetta, A., Rutherford, M., Counsell, S., Flavia Frisone, M., Cioni, G., 
Cowan, F., Dubowitz, L., 2001. Neurologic examination in infants with hypoxic-ischemic 
encephalopathy at age 9 to 14 months: use of optimality scores and correlation with magnetic 
resonance imaging findings. The Journal of pediatrics 138, 332-337. 

Haataja, L., Mercuri, E., Regev, R., Cowan, F., Rutherford, M., Dubowitz, V., Dubowitz, L., 1999. 
Optimality score for the neurologic examination of the infant at 12 and 18 months of age. J Pediatr 
135, 153-161. 

Hack, M., Taylor, H.G., Drotar, D., Schluchter, M., Cartar, L., Wilson-Costello, D., Klein, N., 
Friedman, H., Mercuri-Minich, N., Morrow, M., 2005. Poor predictive validity of the Bayley Scales 
of Infant Development for cognitive function of extremely low birth weight children at school age. 
Pediatrics 116, 333-341. 

Hagberg, H., Mallard, C., Ferriero, D.M., Vannucci, S.J., Levison, S.W., Vexler, Z.S., Gressens, P., 
2015. The role of inflammation in perinatal brain injury. Nature reviews.Neurology 11, 192-208. 

Hahn, J.S., Tharp, B.R., 1990. Winner of the Brazier Award. The dysmature EEG pattern in infants 
with bronchopulmonary dysplasia and its prognostic implications. Electroencephalogr Clin 
Neurophysiol 76, 106-113. 

Halliday, A.J., Moulton, S.E., Wallace, G.G., Cook, M.J., 2012. Novel methods of antiepileptic drug 
delivery -- polymer-based implants. Advanced Drug Delivery Reviews 64, 953-964. 

Hanley, G.E., Brain, U., Oberlander, T.F., 2013. Infant developmental outcomes following prenatal 
exposure to antidepressants, and maternal depressed mood and positive affect. Early Hum Dev 89, 
519-524. 



Summary and Conclusions 

94 

Hanley, G.E., Brain, U., Oberlander, T.F., 2015. Prenatal exposure to serotonin reuptake inhibitor 
antidepressants and childhood behavior. Pediatr Res 78, 174-180. 

Hanley, G.E., Oberlander, T.F., 2014. The effect of perinatal exposures on the infant: antidepressants 
and depression. Best Pract Res Clin Obstet Gynaecol 28, 37-48. 

Harden, C.L., 2014. Pregnancy and epilepsy. Continuum (Minneap Minn) 20, 60-79. 

Harden, C.L., Pennell, P.B., Koppel, B.S., Hovinga, C.A., Gidal, B., Meador, K.J., Hopp, J., Ting, 
T.Y., Hauser, W.A., Thurman, D., Kaplan, P.W., Robinson, J.N., French, J.A., Wiebe, S., Wilner, 
A.N., Vazquez, B., Holmes, L., Krumholz, A., Finnell, R., Shafer, P.O., Le Guen, C.L., American 
Academy of, N., American Epilepsy, S., 2009. Management issues for women with epilepsy--focus 
on pregnancy (an evidence-based review): III. Vitamin K, folic acid, blood levels, and breast-feeding: 
Report of the Quality Standards Subcommittee and Therapeutics and Technology Assessment 
Subcommittee of the American Academy of Neurology and the American Epilepsy Society. Epilepsia 
50, 1247-1255. 

Harrington, R.A., Lee, L.C., Crum, R.M., Zimmerman, A.W., Hertz-Picciotto, I., 2013. Serotonin 
hypothesis of autism: implications for selective serotonin reuptake inhibitor use during pregnancy. 
Autism research : official journal of the International Society for Autism Research 6, 149-168. 

Hayakawa, M., Okumura, A., Hayakawa, F., Watanabe, K., Ohshiro, M., Kato, Y., Takahashi, R., 
Tauchi, N., 2001. Background electroencephalographic (EEG) activities of very preterm infants born 
at less than 27 weeks gestation: a study on the degree of continuity. Archives of disease in 
childhood.Fetal and neonatal edition 84, F163-167. 

Hayashi-Kurahashi, N., Kidokoro, H., Kubota, T., Maruyama, K., Kato, Y., Kato, T., Natsume, J., 
Hayakawa, F., Watanabe, K., Okumura, A., 2012. EEG for predicting early neurodevelopment in 
preterm infants: an observational cohort study. Pediatrics 130, e891-897. 

Heineman, K.R., Hadders-Algra, M., 2008. Evaluation of neuromotor function in infancy-A 
systematic review of available methods. J Dev Behav Pediatr 29, 315-323. 

Hellstrom-Westas, L., Rosen, I., 2005. Electroencephalography and brain damage in preterm infants. 
Early human development 81, 255-261. 

Hendrick, V., Stowe, Z.N., Altshuler, L.L., Hwang, S., Lee, E., Haynes, D., 2003. Placental passage 
of antidepressant medications. The American Journal of Psychiatry 160, 993-996. 

Hermansen, T.K., Melinder, A., 2015. Prenatal SSRI exposure: Effects on later child development. 
Child Neuropsychol 21, 543-569. 

Hernandez-Diaz, S., Smith, C.R., Shen, A., Mittendorf, R., Hauser, W.A., Yerby, M., Holmes, L.B., 
North American, A.E.D.P.R., North American, A.E.D.P.R., 2012. Comparative safety of antiepileptic 
drugs during pregnancy. Neurology 78, 1692-1699. 

Hiilesmaa, V.K., Bardy, A., Teramo, K., 1985. Obstetric outcome in women with epilepsy. Am J 
Obstet Gynecol 152, 499-504. 

Hirano, T., Fujioka, K., Okada, M., Iwasa, H., Kaneko, S., 2004. Physical and psychomotor 
development in the offspring born to mothers with epilepsy. Epilepsia 45 Suppl 8, 53-57. 

Holmes, L.B., Rosenberger, P.B., Harvey, E.A., Khoshbin, S., Ryan, L., 2000. Intelligence and 
physical features of children of women with epilepsy. Teratology 61, 196-202. 



 

95 

Homberg, J.R., Schubert, D., Gaspar, P., 2010. New perspectives on the neurodevelopmental effects 
of SSRIs. Trends Pharmacol Sci 31, 60-65. 

Hunnius, S., 2007. The early development of visual attention and its implications for social and 
cognitive development. Progress in brain research 164, 187-209. 

Hyafil, A., Giraud, A.L., Fontolan, L., Gutkin, B., 2015. Neural Cross-Frequency Coupling: 
Connecting Architectures, Mechanisms, and Functions. Trends Neurosci 38, 725-740. 

Ikonomidou, C., 2010. Prenatal effects of antiepileptic drugs. Epilepsy Curr 10, 42-46. 

Inoyama, K., Meador, K.J., 2015. Cognitive outcomes of prenatal antiepileptic drug exposure. 
Epilepsy Res 114, 89-97. 

Italiano, D., Perucca, E., 2013. Clinical pharmacokinetics of new-generation antiepileptic drugs at the 
extremes of age: an update. Clin Pharmacokinet 52, 627-645. 

Iyer, K.K., Roberts, J.A., Hellstrom-Westas, L., Wikstrom, S., Hansen Pupp, I., Ley, D., Vanhatalo, 
S., Breakspear, M., 2015. Cortical burst dynamics predict clinical outcome early in extremely preterm 
infants. Brain : a journal of neurology 138, 2206-2218. 

Jarde, A., Morais, M., Kingston, D., Giallo, R., MacQueen, G.M., Giglia, L., Beyene, J., Wang, Y., 
McDonald, S.D., 2016. Neonatal Outcomes in Women With Untreated Antenatal Depression 
Compared With Women Without Depression: A Systematic Review and Meta-analysis. JAMA 
psychiatry. 

Jervis, B.W., Nichols, M.J., Johnson, T.E., Allen, E., Hudson, N.R., 1983. A fundamental 
investigation of the composition of auditory evoked potentials. IEEE transactions on bio-medical 
engineering 30, 43-50. 

Johansson, M., Marciszko, C., Gredeback, G., Nystrom, P., Bohlin, G., 2015. Sustained attention in 
infancy as a longitudinal predictor of self-regulatory functions. Infant behavior & development 41, 1-
11. 

Johnson, M.H., 2005. Subcortical face processing. Nature reviews.Neuroscience 6, 766-774. 

Johnson, M.H., Senju, A., Tomalski, P., 2015. The two-process theory of face processing: 
modifications based on two decades of data from infants and adults. Neuroscience and biobehavioral 
reviews 50, 169-179. 

Jonassen, R., Chelnokova, O., Harmer, C., Leknes, S., Landro, N.I., 2015. A single dose of 
antidepressant alters eye-gaze patterns across face stimuli in healthy women. Psychopharmacology 
232, 953-958. 

Jones, P.R., Kalwarowsky, S., Atkinson, J., Braddick, O.J., Nardini, M., 2014. Automated 
measurement of resolution acuity in infants using remote eye-tracking. Investigative ophthalmology 
& visual science 55, 8102-8110. 

Kanat, M., Heinrichs, M., Mader, I., van Elst, L.T., Domes, G., 2015. Oxytocin Modulates Amygdala 
Reactivity to Masked Fearful Eyes. Neuropsychopharmacology : official publication of the American 
College of Neuropsychopharmacology 40, 2632-2638. 

Kepser, L.J., Homberg, J.R., 2015. The neurodevelopmental effects of serotonin: a behavioural 
perspective. Behavioural brain research 277, 3-13. 



Summary and Conclusions 

96 

Kilic, D., Pedersen, H., Kjaersgaard, M.I., Parner, E.T., Vestergaard, M., Sorensen, M.J., Olsen, J., 
Bech, B.H., Christensen, J., Pedersen, L.H., 2014. Birth outcomes after prenatal exposure to 
antiepileptic drugs--a population-based study. Epilepsia 55, 1714-1721. 

Kim, J.S., Kondratyev, A., Tomita, Y., Gale, K., 2007. Neurodevelopmental impact of antiepileptic 
drugs and seizures in the immature brain. Epilepsia 48 Suppl 5, 19-26. 

Kirkby, L.A., Sack, G.S., Firl, A., Feller, M.B., 2013. A role for correlated spontaneous activity in the 
assembly of neural circuits. Neuron 80, 1129-1144. 

Kiryanova, V., McAllister, B.B., Dyck, R.H., 2013. Long-term outcomes of developmental exposure 
to fluoxetine: a review of the animal literature. Dev Neurosci 35, 437-439. 

Klin, A., Shultz, S., Jones, W., 2015. Social visual engagement in infants and toddlers with autism: 
early developmental transitions and a model of pathogenesis. Neuroscience and biobehavioral reviews 
50, 189-203. 

Koch, S., Jager-Roman, E., Losche, G., Nau, H., Rating, D., Helge, H., 1996. Antiepileptic drug 
treatment in pregnancy: drug side effects in the neonate and neurological outcome. Acta Paediatr 85, 
739-746. 

Konijnenberg, C., Melinder, A., 2015. Visual selective attention is impaired in children prenatally 
exposed to opioid agonist medication. European addiction research 21, 63-70. 

Koolen, N., Dereymaeker, A., Rasanen, O., Jansen, K., Vervisch, J., Matic, V., De Vos, M., Naulaers, 
G., Van Huffel, S., Vanhatalo, S., 2015. Data-driven metric representing the maturation of preterm 
EEG. Conference proceedings : ...Annual International Conference of the IEEE Engineering in 
Medicine and Biology Society.IEEE Engineering in Medicine and Biology Society.Annual 
Conference 2015, 1492-1495. 

Koolen, N., Dereymaeker, A., Rasanen, O., Jansen, K., Vervisch, J., Matic, V., De Vos, M., Van 
Huffel, S., Naulaers, G., Vanhatalo, S., 2014. Interhemispheric synchrony in the neonatal EEG 
revisited: activation synchrony index as a promising classifier. Front Hum Neurosci 8, 1030. 

Korner, A.F., Constantinou, J.C., 2001. The Neurobehavioral Assessment of the Preterm Infant: 
Reliability and Developmental and Clinical Validity. Guilford Press, New York, NY. 

Kostovic, I., Jovanov-Milosevic, N., 2006. The development of cerebral connections during the first 
20-45 weeks' gestation. Seminars in fetal & neonatal medicine 11, 415-422. 

Kostovic, I., Judas, M., 2010. The development of the subplate and thalamocortical connections in the 
human foetal brain. Acta Paediatrica (Oslo, Norway : 1992) 99, 1119-1127. 

Kubota, T., Okumura, A., Hayakawa, F., Kato, T., Itomi, K., Kuno, K., Watanabe, K., 2002. 
Combination of neonatal electroencephalography and ultrasonography: sensitive means of early 
diagnosis of periventricular leukomalacia. Brain & development 24, 698-702. 

Kulke, L., Atkinson, J., Braddick, O., 2015. Automatic Detection of Attention Shifts in Infancy: Eye 
Tracking in the Fixation Shift Paradigm. PloS one 10, e0142505. 

Lachaux, J.P., Rodriguez, E., Martinerie, J., Varela, F.J., 1999. Measuring phase synchrony in brain 
signals. Human brain mapping 8, 194-208. 

Le Bihannic, A., Beauvais, K., Busnel, A., de Barace, C., Furby, A., 2012. Prognostic value of EEG 
in very premature newborns. Archives of disease in childhood.Fetal and neonatal edition 97, F106-
109. 



 

97 

Lee, L.J., 2009. Neonatal fluoxetine exposure affects the neuronal structure in the somatosensory 
cortex and somatosensory-related behaviors in adolescent rats. Neurotoxicity research 15, 212-223. 

Leppänen, J.M., In press. Using eye tracking to understand infants’ attentional bias for faces. Child 
Dev Perspect. 

Leppänen, J.M., Forssman, L., Kaatiala, J., Yrttiaho, S., Wass, S., 2015. Widely applicable MATLAB 
routines for automated analysis of saccadic reaction times. Behavior research methods 47, 538-548. 

Leppänen, J.M., Nelson, C.A., 2009. Tuning the developing brain to social signals of emotions. 
Nature reviews.Neuroscience 10, 37-47. 

Lesch, K.P., 2007. Linking emotion to the social brain. The role of the serotonin transporter in human 
social behaviour. EMBO reports 8 Spec No, S24-29. 

Lesch, K.P., Waider, J., 2012. Serotonin in the modulation of neural plasticity and networks: 
implications for neurodevelopmental disorders. Neuron 76, 175-191. 

Lester, B.M., Tronick, E.Z., 2004. History and description of the Neonatal Intensive Care Unit 
Network Neurobehavioral Scale. Pediatrics 113, 634-640. 

Lester, B.M., Tronick, E.Z., Brazelton, T.B., 2004. The Neonatal Intensive Care Unit Network 
Neurobehavioral Scale procedures. Pediatrics 113, 641-667. 

Liao, C.C., Lee, L.J., 2011. Neonatal fluoxetine exposure affects the action potential properties and 
dendritic development in cortical subplate neurons of rats. Toxicol Lett 207, 314-321. 

Lischke, A., Berger, C., Prehn, K., Heinrichs, M., Herpertz, S.C., Domes, G., 2012. Intranasal 
oxytocin enhances emotion recognition from dynamic facial expressions and leaves eye-gaze 
unaffected. Psychoneuroendocrinology 37, 475-481. 

Lombroso, C.T., 1979. Quantified electrographic scales on 10 pre-term healthy newborns followed up 
to 40-43 weeks of conceptional age by serial polygraphic recordings. Electroencephalography and 
clinical neurophysiology 46, 460-474. 

Lombroso, C.T., Matsumiya, Y., 1985. Stability in waking-sleep states in neonates as a predictor of 
long-term neurologic outcome. Pediatrics 76, 52-63. 

Lusby, C.M., Goodman, S.H., Bell, M.A., Newport, D.J., 2014. Electroencephalogram patterns in 
infants of depressed mothers. Developmental psychobiology 56, 459-473. 

MacDonald, S.C., Bateman, B.T., McElrath, T.F., Hernandez-Diaz, S., 2015. Mortality and Morbidity 
During Delivery Hospitalization Among Pregnant Women With Epilepsy in the United States. JAMA 
neurology 72, 981-988. 

Malk, K., Metsäranta, M., Vanhatalo, S., 2014. Drug effects on endogenous brain activity in preterm 
babies. Brain Dev 36, 116-123. 

Malm, H., Artama, M., Gissler, M., Ritvanen, A., 2011. Selective serotonin reuptake inhibitors and 
risk for major congenital anomalies. Obstet Gynecol 118, 111-120. 

Malm, H., Brown, A.S., Gissler, M., Gyllenberg, D., Hinkka-Yli-Salomaki, S., McKeague, I.W., 
Weissman, M., Wickramaratne, P., Artama, M., Gingrich, J.A., Sourander, A., 2016. Gestational 
Exposure to Selective Serotonin Reuptake Inhibitors and Offspring Psychiatric Disorders: A National 
Register-Based Study. J Am Acad Child Adolesc Psychiatry 55, 359-366. 



Summary and Conclusions 

98 

Malm, H., Klaukka, T., Neuvonen, P.J., 2005. Risks associated with selective serotonin reuptake 
inhibitors in pregnancy. Obstet Gynecol 106, 1289-1296. 

Malm, H., Sourander, A., Gissler, M., Gyllenberg, D., Hinkka-Yli-Salomaki, S., McKeague, I.W., 
Artama, M., Brown, A.S., 2015. Pregnancy Complications Following Prenatal Exposure to SSRIs or 
Maternal Psychiatric Disorders: Results From Population-Based National Register Data. Am J 
Psychiatry 172, 1224-1232. 

Man, K.K., Tong, H.H., Wong, L.Y., Chan, E.W., Simonoff, E., Wong, I.C., 2015. Exposure to 
selective serotonin reuptake inhibitors during pregnancy and risk of autism spectrum disorder in 
children: a systematic review and meta-analysis of observational studies. Neurosci Biobehav Rev 49, 
82-89. 

McCorry, D., Bromley, R., 2015. Does in utero exposure of antiepileptic drugs lead to failure to reach 
full cognitive potential? Seizure 28, 51-56. 

Meador, K.J., Baker, G.A., Browning, N., Clayton-Smith, J., Combs-Cantrell, D.T., Cohen, M., 
Kalayjian, L.A., Kanner, A., Liporace, J.D., Pennell, P.B., Privitera, M., Loring, D.W., Group, N.S., 
2009. Cognitive function at 3 years of age after fetal exposure to antiepileptic drugs. N Engl J Med 
360, 1597-1605. 

Meador, K.J., Baker, G.A., Browning, N., Cohen, M.J., Bromley, R.L., Clayton-Smith, J., Kalayjian, 
L.A., Kanner, A., Liporace, J.D., Pennell, P.B., Privitera, M., Loring, D.W., Group, N.S., 2012. 
Effects of fetal antiepileptic drug exposure: outcomes at age 4.5 years. Neurology 78, 1207-1214. 

Meador, K.J., Baker, G.A., Browning, N., Cohen, M.J., Bromley, R.L., Clayton-Smith, J., Kalayjian, 
L.A., Kanner, A., Liporace, J.D., Pennell, P.B., Privitera, M., Loring, D.W., Group, N.S., 2013. Fetal 
antiepileptic drug exposure and cognitive outcomes at age 6 years (NEAD study): a prospective 
observational study. Lancet Neurol 12, 244-252. 

Menache, C.C., Bourgeois, B.F., Volpe, J.J., 2002. Prognostic value of neonatal discontinuous EEG. 
Pediatric neurology 27, 93-101. 

Merchant, N., Azzopardi, D., 2015. Early predictors of outcome in infants treated with hypothermia 
for hypoxic-ischaemic encephalopathy. Developmental medicine and child neurology 57 Suppl 3, 8-
16. 

Mercuri, E., Cowan, F., 1999. Cerebral infarction in the newborn infant: review of the literature and 
personal experience. Eur J Paediatr Neurol 3, 255-263. 

Mercuri, E., Guzzetta, A., Haataja, L., Cowan, F., Rutherford, M., Counsell, S., Papadimitriou, M., 
Cioni, G., Dubowitz, L., 1999. Neonatal neurological examination in infants with hypoxic ischaemic 
encephalopathy: correlation with MRI findings. Neuropediatrics 30, 83-89. 

Miceli, S., Negwer, M., van Eijs, F., Kalkhoven, C., van Lierop, I., Homberg, J., Schubert, D., 2013. 
High serotonin levels during brain development alter the structural input-output connectivity of neural 
networks in the rat somatosensory layer IV. Frontiers in cellular neuroscience 7, 88. 

Millan, M.J., Marin, P., Bockaert, J., Mannoury la Cour, C., 2008. Signaling at G-protein-coupled 
serotonin receptors: recent advances and future research directions. Trends in pharmacological 
sciences 29, 454-464. 

Minlebaev, M., Ben-Ari, Y., Khazipov, R., 2007. Network mechanisms of spindle-burst oscillations 
in the neonatal rat barrel cortex in vivo. J Neurophysiol 97, 692-700. 



 

99 

Misri, S., Reebye, P., Kendrick, K., Carter, D., Ryan, D., Grunau, R.E., Oberlander, T.F., 2006. 
Internalizing behaviors in 4-year-old children exposed in utero to psychotropic medications. The 
American Journal of Psychiatry 163, 1026-1032. 

Moret, C., Briley, M., 2011. The importance of norepinephrine in depression. Neuropsychiatric 
disease and treatment 7, 9-13. 

Mueller, A., Brocke, B., Fries, E., Lesch, K.P., Kirschbaum, C., 2010. The role of the serotonin 
transporter polymorphism for the endocrine stress response in newborns. Psychoneuroendocrinology 
35, 289-296. 

Mukhopadhyay, S., Ray, G., 1998. A new interpretation of nonlinear energy operator and its efficacy 
in spike detection. IEEE Trans Biomed Eng 45(2), 180-187. 

Murphy, D.L., Lesch, K.P., 2008. Targeting the murine serotonin transporter: insights into human 
neurobiology. Nature reviews.Neuroscience 9, 85-96. 

Murray, I.C., Fleck, B.W., Brash, H.M., Macrae, M.E., Tan, L.L., Minns, R.A., 2009. Feasibility of 
saccadic vector optokinetic perimetry: a method of automated static perimetry for children using eye 
tracking. Ophthalmology 116, 2017-2026. 

Myers, M.M., Grieve, P.G., Izraelit, A., Fifer, W.P., Isler, J.R., Darnall, R.A., Stark, R.I., 2012. 
Developmental profiles of infant EEG: overlap with transient cortical circuits. Clinical 
neurophysiology : official journal of the International Federation of Clinical Neurophysiology 123, 
1502-1511. 

Nguyen The Tich, S., Vecchierini, M.F., Debillon, T., Pereon, Y., 2003. Effects of sufentanil on 
electroencephalogram in very and extremely preterm neonates. Pediatrics 111, 123-128. 

Noble, Y., Boyd, R., 2012. Neonatal assessments for the preterm infant up to 4 months corrected age: 
a systematic review. Developmental medicine and child neurology 54, 129-139. 

Nordquist, N., Oreland, L., 2010. Serotonin, genetic variability, behaviour, and psychiatric disorders--
a review. Ups J Med Sci 115, 2-10. 

Nunes, M.L., Khan, R.L., Gomes Filho, I., Booij, L., da Costa, J.C., 2014. Maturational changes of 
neonatal electroencephalogram: a comparison between intra uterine and extra uterine development. 
Clin Neurophysiol 125, 1121-1128. 

Oakes, L.M., 2012. Advances in eye tracking in infancy research. Infancy 17, 1-8. 

Oberlander, T.F., 2012. Fetal serotonin signaling: setting pathways for early childhood development 
and behavior. The Journal of adolescent health : official publication of the Society for Adolescent 
Medicine 51, S9-16. 

Oberlander, T.F., Gingrich, J.A., Ansorge, M.S., 2009. Sustained neurobehavioral effects of exposure 
to SSRI antidepressants during development: molecular to clinical evidence. Clin Pharmacol Ther 86, 
672-677. 

Ogura, H., Yasuda, M., Nakamura, S., Yamashita, H., Mikoshiba, K., Ohmori, H., 2002. Neurotoxic 
damage of granule cells in the dentate gyrus and the cerebellum and cognitive deficit following 
neonatal administration of phenytoin in mice. J Neuropathol Exp Neurol 61, 956-967. 

Okumura, A., Hayakawa, F., Kato, T., Kuno, K., Watanabe, K., 2002. Developmental outcome and 
types of chronic-stage EEG abnormalities in preterm infants. Developmental medicine and child 
neurology 44, 729-734. 



Summary and Conclusions 

100 

Okumura, A., Hayakawa, F., Kato, T., Maruyama, K., Kubota, T., Suzuki, M., Kidokoro, H., Kuno, 
K., Watanabe, K., 2003. Abnormal sharp transients on electroencephalograms in preterm infants with 
periventricular leukomalacia. The Journal of pediatrics 143, 26-30. 

Olivier, J.D., Akerud, H., Sundstrom Poromaa, I., 2015. Antenatal depression and antidepressants 
during pregnancy: unraveling the complex interactions for the offspring. European journal of 
pharmacology 753, 257-262. 

Omidvarnia, A., Azemi, G., Boashash, B., O'Toole, J.M., Colditz, P.B., Vanhatalo, S., 2014a. 
Measuring time-varying information flow in scalp EEG signals: orthogonalized partial directed 
coherence. IEEE transactions on bio-medical engineering 61, 680-693. 

Omidvarnia, A., Fransson, P., Metsäranta, M., Vanhatalo, S., 2014b. Functional bimodality in the 
brain networks of preterm and term human newborns. Cerebral cortex (New York, N.Y.: 1991) 24, 
2657-2668. 

Palmu, K., Kirjavainen, T., Stjerna, S., Salokivi, T., Vanhatalo, S., 2013. Sleep wake cycling in early 
preterm infants: comparison of polysomnographic recordings with a novel EEG-based index. Clin 
Neurophysiol 124, 1807-1814. 

Paolozza, A., Titman, R., Brien, D., Munoz, D.P., Reynolds, J.N., 2013. Altered accuracy of saccadic 
eye movements in children with fetal alcohol spectrum disorder. Alcoholism, Clinical and 
Experimental Research 37, 1491-1498. 

Papageorgiou, K.A., Smith, T.J., Wu, R., Johnson, M.H., Kirkham, N.Z., Ronald, A., 2014. Individual 
differences in infant fixation duration relate to attention and behavioral control in childhood. 
Psychological science 25, 1371-1379. 

Partanen, E., Kujala, T., Naatanen, R., Liitola, A., Sambeth, A., Huotilainen, M., 2013. Learning-
induced neural plasticity of speech processing before birth. Proceedings of the National Academy of 
Sciences of the United States of America 110, 15145-15150. 

Patel, S.I., Pennell, P.B., 2016. Management of epilepsy during pregnancy: an update. Therapeutic 
advances in neurological disorders 9, 118-129. 

Peltola, M.J., Bakermans-Kranenburg, M.J., Alink, L.R., Huffmeijer, R., Biro, S., van, I.M.H., 2014. 
Resting frontal EEG asymmetry in children: meta-analyses of the effects of psychosocial risk factors 
and associations with internalizing and externalizing behavior. Dev Psychobiol 56, 1377-1389. 

Peltola, M.J., Forssman, L., Puura, K., van Ijzendoorn, M.H., Leppänen, J.M., 2015. Attention to 
Faces Expressing Negative Emotion at 7 Months Predicts Attachment Security at 14 Months. Child 
development 86, 1321-1332. 

Pennell, P.B., Klein, A.M., Browning, N., Baker, G.A., Clayton-Smith, J., Kalayjian, L.A., Liporace, 
J.D., Privitera, M., Crawford, T., Loring, D.W., Meador, K.J., Group, N.S., 2012. Differential effects 
of antiepileptic drugs on neonatal outcomes. Epilepsy & behavior : E&B 24, 449-456. 

Perez-Caballero, L., Torres-Sanchez, S., Bravo, L., Mico, J.A., Berrocoso, E., 2014. Fluoxetine: a 
case history of its discovery and preclinical development. Expert opinion on drug discovery 9, 567-
578. 

Persico, A.M., Baldi, A., Dell'Acqua, M.L., Moessner, R., Murphy, D.L., Lesch, K.P., Keller, F., 
2003. Reduced programmed cell death in brains of serotonin transporter knockout mice. Neuroreport 
14, 341-344. 



 

101 

Persico, A.M., Mengual, E., Moessner, R., Hall, F.S., Revay, R.S., Sora, I., Arellano, J., DeFelipe, J., 
Gimenez-Amaya, J.M., Conciatori, M., Marino, R., Baldi, A., Cabib, S., Pascucci, T., Uhl, G.R., 
Murphy, D.L., Lesch, K.P., Keller, F., 2001. Barrel pattern formation requires serotonin uptake by 
thalamocortical afferents, and not vesicular monoamine release. J Neurosci 21, 6862-6873. 

Pierce, K., Marinero, S., Hazin, R., McKenna, B., Barnes, C.C., Malige, A., 2016. Eye Tracking 
Reveals Abnormal Visual Preference for Geometric Images as an Early Biomarker of an Autism 
Spectrum Disorder Subtype Associated With Increased Symptom Severity. Biological psychiatry 79, 
657-666. 

Pluess, M., Velders, F.P., Belsky, J., van Ijzendoorn, M.H., Bakermans-Kranenburg, M.J., Jaddoe, 
V.W., Hofman, A., Arp, P.P., Verhulst, F.C., Tiemeier, H., 2011. Serotonin transporter polymorphism 
moderates effects of prenatal maternal anxiety on infant negative emotionality. Biological psychiatry 
69, 520-525. 

Pratesi, A., Cecchi, F., Beani, E., Sgandurra, G., Cioni, G., Laschi, C., Dario, P., 2015. A new system 
for quantitative evaluation of infant gaze capabilities in a wide visual field. Biomed Eng Online 14, 
83. 

Preskorn, S.H., 2004. Classification of neuropsychiatric medications by principal mechanism of 
action: a meaningful way to anticipate pharmacodynamically mediated drug interactions (part II). 
Journal of psychiatric practice 10, 177-181. 

Provenzale, J.M., Liang, L., DeLong, D., White, L.E., 2007. Diffusion tensor imaging assessment of 
brain white matter maturation during the first postnatal year. AJR.American journal of roentgenology 
189, 476-486. 

Qiu, A., Mori, S., Miller, M.I., 2015. Diffusion tensor imaging for understanding brain development 
in early life. Annual Review of Psychology 66, 853-876. 

Rampono, J., Simmer, K., Ilett, K.F., Hackett, L.P., Doherty, D.A., Elliot, R., Kok, C.H., Coenen, A., 
Forman, T., 2009. Placental transfer of SSRI and SNRI antidepressants and effects on the neonate. 
Pharmacopsychiatry 42, 95-100. 

Rasalam, A.D., Hailey, H., Williams, J.H., Moore, S.J., Turnpenny, P.D., Lloyd, D.J., Dean, J.C., 
2005. Characteristics of fetal anticonvulsant syndrome associated autistic disorder. Dev Med Child 
Neurol 47, 551-555. 

Rauchenzauner, M., Kiechl-Kohlendorfer, U., Rostasy, K., Luef, G., 2011. Old and new antiepileptic 
drugs during pregnancy and lactation--report of a case. Epilepsy Behav 20, 719-720. 

Ray, S., Stowe, Z.N., 2014. The use of antidepressant medication in pregnancy. Best Pract Res Clin 
Obstet Gynaecol 28, 71-83. 

Rayen, I., van den Hove, D.L., Prickaerts, J., Steinbusch, H.W., Pawluski, J.L., 2011. Fluoxetine 
during development reverses the effects of prenatal stress on depressive-like behavior and 
hippocampal neurogenesis in adolescence. PloS one 6, e24003. 

Reefhuis, J., Devine, O., Friedman, J.M., Louik, C., Honein, M.A., National Birth Defects Prevention, 
S., 2015. Specific SSRIs and birth defects: Bayesian analysis to interpret new data in the context of 
previous reports. BMJ 351, h3190. 

Rey, A., 1941. Psychological examination of traumatic encephalopathy. Arch Psychol. Translated by 
J.Corwin & F.W. Bylsma (1993) The Clinical Neuropsychologist, 7, 4-9. 



Summary and Conclusions 

102 

Ricci, D., Romeo, D.M., Haataja, L., van Haastert, I.C., Cesarini, L., Maunu, J., Pane, M., Gallini, F., 
Luciano, R., Romagnoli, C., de Vries, L.S., Cowan, F.M., Mercuri, E., 2008. Neurological 
examination of preterm infants at term equivalent age. Early human development 84, 751-761. 

Rihtman, T., Parush, S., Ornoy, A., 2012. Preliminary findings of the developmental effects of in 
utero exposure to topiramate. Reproductive toxicology (Elmsford, N.Y.) 34, 308-311. 

Romeo, D.M., Ricci, D., Brogna, C., Mercuri, E., 2016. Use of the Hammersmith Infant Neurological 
Examination in infants with cerebral palsy: a critical review of the literature. Developmental medicine 
and child neurology 58, 240-245. 

Rose, S.A., Feldman, J.F., Jankowski, J.J., 2003. The building blocks of cognition. The Journal of 
pediatrics 143, S54-61. 

Ross, L.E., McLean, L.M., 2006. Anxiety disorders during pregnancy and the postpartum period: A 
systematic review. The Journal of clinical psychiatry 67, 1285-1298. 

Roullet, F.I., Lai, J.K., Foster, J.A., 2013. In utero exposure to valproic acid and autism--a current 
review of clinical and animal studies. Neurotoxicol Teratol 36, 47-56. 

Räsänen, O., Metsäranta, M., Vanhatalo, S., 2013. Development of a novel robust measure for 
interhemispheric synchrony in the neonatal EEG: activation synchrony index (ASI). Neuroimage 69, 
256-266. 

Sabers, A., Bertelsen, F.C., Scheel-Kruger, J., Nyengaard, J.R., Moller, A., 2014. Long-term valproic 
acid exposure increases the number of neocortical neurons in the developing rat brain. A possible new 
animal model of autism. Neurosci Lett 580, 12-16. 

Sacrey, L.A., Armstrong, V.L., Bryson, S.E., Zwaigenbaum, L., 2014. Impairments to visual 
disengagement in autism spectrum disorder: a review of experimental studies from infancy to 
adulthood. Neuroscience and biobehavioral reviews 47, 559-577. 

Salisbury, A.L., O'Grady, K.E., Battle, C.L., Wisner, K.L., Anderson, G.M., Stroud, L.R., Miller-
Loncar, C.L., Young, M.E., Lester, B.M., 2016. The Roles of Maternal Depression, Serotonin 
Reuptake Inhibitor Treatment, and Concomitant Benzodiazepine Use on Infant Neurobehavioral 
Functioning Over the First Postnatal Month. The American Journal of Psychiatry 173, 147-157. 

Salisbury, A.L., Wisner, K.L., Pearlstein, T., Battle, C.L., Stroud, L., Lester, B.M., 2011. Newborn 
neurobehavioral patterns are differentially related to prenatal maternal major depressive disorder and 
serotonin reuptake inhibitor treatment. Depression and anxiety 28, 1008-1019. 

Salo, S., Munck, P., Uusitalo, N., Korja, R., 2009. Bayley III – suomalainen käsikirja. Hogrefe, 
Psykologien Kustannus oy, Helsinki. 

Savitzky, A., Golay, M.J.E., 1964. Smoothing and differentiation of data by simplified least squares 
procedures. Anal. Chem. 36, 1627-1627. 

Scher, M.S., Ludington-Hoe, S., Kaffashi, F., Johnson, M.W., Holditch-Davis, D., Loparo, K.A., 
2009. Neurophysiologic assessment of brain maturation after an 8-week trial of skin-to-skin contact 
on preterm infants. Clinical neurophysiology : official journal of the International Federation of 
Clinical Neurophysiology 120, 1812-1818. 

Scher, M.S., Turnbull, J., Loparo, K., Johnson, M.W., 2005. Automated state analyses: proposed 
applications to neonatal neurointensive care. J Clin Neurophysiol 22, 256-270. 



 

103 

Seelke, A.M., Blumberg, M.S., 2010. Developmental appearance and disappearance of cortical events 
and oscillations in infant rats. Brain research 1324, 34-42. 

Selton, D., Andre, M., Hascoet, J.M., 2000. Normal EEG in very premature infants: reference criteria. 
Clinical neurophysiology : official journal of the International Federation of Clinical 
Neurophysiology 111, 2116-2124. 

Senju, A., Johnson, M.H., 2009. Atypical eye contact in autism: models, mechanisms and 
development. Neuroscience and biobehavioral reviews 33, 1204-1214. 

Setänen, S., Lahti, K., Lehtonen, L., Parkkola, R., Maunu, J., Saarinen, K., Haataja, L., 2014. 
Neurological examination combined with brain MRI or cranial US improves prediction of 
neurological outcome in preterm infants. Early human development 90, 851-856. 

Shallcross, R., Bromley, R.L., Cheyne, C.P., Garcia-Finana, M., Irwin, B., Morrow, J., Baker, G.A., 
Liverpool, Manchester Neurodevelopment, G., Epilepsy, U.K., Pregnancy, R., 2014. In utero 
exposure to levetiracetam vs valproate: development and language at 3 years of age. Neurology 82, 
213-221. 

Shallcross, R., Bromley, R.L., Irwin, B., Bonnett, L.J., Morrow, J., Baker, G.A., Liverpool 
Manchester Neurodevelopment, G., Epilepsy, U.K., Pregnancy, R., 2011. Child development 
following in utero exposure: levetiracetam vs sodium valproate. Neurology 76, 383-389. 

Simpson, K.L., Weaver, K.J., de Villers-Sidani, E., Lu, J.Y., Cai, Z., Pang, Y., Rodriguez-Porcel, F., 
Paul, I.A., Merzenich, M., Lin, R.C., 2011. Perinatal antidepressant exposure alters cortical network 
function in rodents. Proceedings of the National Academy of Sciences of the United States of 
America 108, 18465-18470. 

Smith, M.V., Sung, A., Shah, B., Mayes, L., Klein, D.S., Yonkers, K.A., 2013. Neurobehavioral 
assessment of infants born at term and in utero exposure to serotonin reuptake inhibitors. Early human 
development 89, 81-86. 

Smyser, C.D., Inder, T.E., Shimony, J.S., Hill, J.E., Degnan, A.J., Snyder, A.Z., Neil, J.J., 2010. 
Longitudinal analysis of neural network development in preterm infants. Cerebral cortex (New York, 
N.Y.: 1991) 20, 2852-2862. 

Smyser, C.D., Snyder, A.Z., Neil, J.J., 2011. Functional connectivity MRI in infants: exploration of 
the functional organization of the developing brain. NeuroImage 56, 1437-1452. 

Snider, L.M., Majnemer, A., Mazer, B., Campbell, S., Bos, A.F., 2008. A comparison of the general 
movements assessment with traditional approaches to newborn and infant assessment: concurrent 
validity. Early human development 84, 297-303. 

Sonuga-Barke, E.J., Oades, R.D., Psychogiou, L., Chen, W., Franke, B., Buitelaar, J., Banaschewski, 
T., Ebstein, R.P., Gil, M., Anney, R., Miranda, A., Roeyers, H., Rothenberger, A., Sergeant, J., 
Steinhausen, H.C., Thompson, M., Asherson, P., Faraone, S.V., 2009. Dopamine and serotonin 
transporter genotypes moderate sensitivity to maternal expressed emotion: the case of conduct and 
emotional problems in attention deficit/hyperactivity disorder. Journal of child psychology and 
psychiatry, and allied disciplines 50, 1052-1063. 

Sotero, R.C., Bortel, A., Naaman, S., Mocanu, V.M., Kropf, P., Villeneuve, M., Shmuel, A., 2015. 
Laminar Distribution of Phase-Amplitude Coupling of Spontaneous Current Sources and Sinks. 
Frontiers in neuroscience 9, 454. 

Stjerna, S., Sairanen, V., Grohn, R., Andersson, S., Metsäranta, M., Lano, A., Vanhatalo, S., 2015. 
Visual fixation in human newborns correlates with extensive white matter networks and predicts 



Summary and Conclusions 

104 

long-term neurocognitive development. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 35, 4824-4829. 

Stroop, J., 1935. Studies of interference in serial verbal reactions. J Exp Psychol 18, 643-662. 

Studholme, C., 2015. Mapping the developing human brain in utero using quantitative MR imaging 
techniques. Seminars in perinatology 39, 105-112. 

Suri, D., Teixeira, C.M., Cagliostro, M.K., Mahadevia, D., Ansorge, M.S., 2015. Monoamine-
sensitive developmental periods impacting adult emotional and cognitive behaviors. 
Neuropsychopharmacology 40, 88-112. 

Sveberg, L., Svalheim, S., Tauboll, E., 2015. The impact of seizures on pregnancy and delivery. 
Seizure 28, 35-38. 

Tau, G.Z., Peterson, B.S., 2010. Normal development of brain circuits. Neuropsychopharmacology 
35, 147-168. 

Tenke, C.E., Kayser, J., 2012. Generator localization by current source density (CSD): implications of 
volume conduction and field closure at intracranial and scalp resolutions. Clinical neurophysiology : 
official journal of the International Federation of Clinical Neurophysiology 123, 2328-2345. 

Ter Horst, P.G., Jansman, F.G., van Lingen, R.A., Smit, J.P., de Jong-van den Berg, L.T., Brouwers, 
J.R., 2008. Pharmacological aspects of neonatal antidepressant withdrawal. Obstet Gynecol Surv 
63(4), 267-279. 

Thibodeau, R., Jorgensen, R.S., Kim, S., 2006. Depression, anxiety, and resting frontal EEG 
asymmetry: a meta-analytic review. Journal of abnormal psychology 115, 715-729. 

Thompson, B.L., Levitt, P., Stanwood, G.D., 2009. Prenatal exposure to drugs: effects on brain 
development and implications for policy and education. Nature reviews.Neuroscience 10, 303-312. 

Tich, S.N., d'Allest, A.M., Villepin, A.T., de Belliscize, J., Walls-Esquivel, E., Salefranque, F., 
Lamblin, M.D., 2007. Pathological features of neonatal EEG in preterm babies born before 30 weeks 
of gestationnal age. Neurophysiol Clin 37, 325-370. 

Tokariev, A., Palmu, K., Lano, A., Metsäranta, M., Vanhatalo, S., 2012. Phase synchrony in the early 
preterm EEG: development of methods for estimating synchrony in both oscillations and events. 
Neuroimage 60, 1562-1573. 

Tokariev, A., Vanhatalo, S., Palva, J.M., 2016. Analysis of infant cortical synchrony is constrained by 
the number of recording electrodes and the recording montage. Clin Neurophysiol 127, 310-323. 

Tomson, T., Battino, D., 2009. Teratogenic effects of antiepileptic medications. Neurologic clinics 
27, 993-1002. 

Tomson, T., Battino, D., 2012. Teratogenic effects of antiepileptic drugs. The Lancet.Neurology 11, 
803-813. 

Tomson, T., Battino, D., Bonizzoni, E., Craig, J., Lindhout, D., Perucca, E., Sabers, A., Thomas, S.V., 
Vajda, F., Group, E.S., 2015a. Dose-dependent teratogenicity of valproate in mono- and polytherapy: 
an observational study. Neurology 85, 866-872. 

Tomson, T., Battino, D., Perucca, E., 2015b. Valproic acid after five decades of use in epilepsy: time 
to reconsider the indications of a time-honoured drug. The Lancet.Neurology. 



 

105 

Tomson, T., Xue, H., Battino, D., 2015c. Major congenital malformations in children of women with 
epilepsy. Seizure 28, 46-50. 

Tomson, T., Marson A., Boon P., Canevini MP., Covanis A., Gaily E., Kälviäinen R., Trinka E., 
2015d. Valproate in the treatment of epilepsy in girls and women of childbearing potential. Epilepsia 
56(7), 1006-19. 

Tronick, E., Reck, C., 2009. Infants of depressed mothers. Harvard review of psychiatry 17, 147-156. 

Vajda, F.J., Hollingworth, S., Graham, J., Hitchcock, A.A., O'Brien, T.J., Lander, C.M., Eadie, M.J., 
2010. Changing patterns of antiepileptic drug use in pregnant Australian women. Acta Neurol Scand 
121, 89-93. 

Vajda, F.J., O'Brien, T.J., Lander, C.M., Graham, J., Roten, A., Eadie, M.J., 2013. Teratogenesis in 
repeated pregnancies in antiepileptic drug-treated women. Epilepsia 54, 181-186. 

van Baar, A.L., Fleury, P., Soepatmi, S., Ultee, C.A., Wesselman, P.J., 1989. Neonatal behavior after 
drug dependent pregnancy. Archives of Disease in Childhood 64, 235-240. 

van Putten, M.J., 2007. The revised brain symmetry index. Clinical neurophysiology : official journal 
of the International Federation of Clinical Neurophysiology 118, 2362-2367. 

van Putten, M.J., Tavy, D.L., 2004. Continuous quantitative EEG monitoring in hemispheric stroke 
patients using the brain symmetry index. Stroke; a journal of cerebral circulation 35, 2489-2492. 

Vanhatalo, S., Kaila, K., 2006. Development of neonatal EEG activity: from phenomenology to 
physiology. Semin Fetal Neonatal Med 11, 471-478. 

Vanhatalo, S., Palva, J.M., Andersson, S., Rivera, C., Voipio, J., Kaila, K., 2005a. Slow endogenous 
activity transients and developmental expression of K+-Cl- cotransporter 2 in the immature human 
cortex. The European journal of neuroscience 22, 2799-2804. 

Vanhatalo, S., Voipio, J., Kaila, K., 2005b. Full-band EEG (fbEEG): a new standard for clinical 
electroencephalography. Clin EEG Neurosci 36, 311-317. 

Verrotti, A., Mencaroni, E., Castagnino, M., Zaccara, G., 2015. Foetal safety of old and new 
antiepileptic drugs. Expert opinion on drug safety 14, 1563-1571. 

Viale, L., Allotey, J., Cheong-See, F., Arroyo-Manzano, D., McCorry, D., Bagary, M., Mignini, L., 
Khan, K.S., Zamora, J., Thangaratinam, S., Collaboration, E.C., 2015. Epilepsy in pregnancy and 
reproductive outcomes: a systematic review and meta-analysis. Lancet (London, England) 386, 1845-
1852. 

Viinikainen, K., Heinonen, S., Eriksson, K., Kalviainen, R., 2006. Community-based, prospective, 
controlled study of obstetric and neonatal outcome of 179 pregnancies in women with epilepsy. 
Epilepsia 47, 186-192. 

Viinikainen, K., Heinonen, S., Eriksson, K., Kalviainen, R., 2007. Fertility in women with active 
epilepsy. Neurology 69, 2107-2108. 

Vinten, J., Adab, N., Kini, U., Gorry, J., Gregg, J., Baker, G.A., Liverpool, Manchester 
Neurodevelopment Study, G., 2005. Neuropsychological effects of exposure to anticonvulsant 
medication in utero. Neurology 64, 949-954. 



Summary and Conclusions 

106 

Volkert, J., Schulz, H., Harter, M., Wlodarczyk, O., Andreas, S., 2013. The prevalence of mental 
disorders in older people in Western countries - a meta-analysis. Ageing research reviews 12, 339-
353. 

Warburton, W., Hertzman, C., Oberlander, T.F., 2010. A register study of the impact of stopping third 
trimester selective serotonin reuptake inhibitor exposure on neonatal health. Acta Psychiatr.Scand. 
121(6), 471-479. 

Wass, S.V., Forssman, L., Leppänen, J.M., 2014. Robustness and precision. How data quality may 
influence key dependent variables in infant eyetracker analyses. Infancy 19, 427-460. 

Wechsler, D., 1997. Wechsler Adult Intelligence Scale—3rd Edition (WAIS-3®). . The Psychological 
Corporation. [Finnish edition: Psykologien Kustannus Oy, Helsinki, 2005], San Antonio, TX. 

Weissman, A.M., Levy, B.T., Hartz, A.J., Bentler, S., Donohue, M., Ellingrod, V.L., Wisner, K.L., 
2004. Pooled analysis of antidepressant levels in lactating mothers, breast milk, and nursing infants. 
The American Journal of Psychiatry 161, 1066-1078. 

Wemakor, A., Casson, K., Garne, E., Bakker, M., Addor, M.C., Arriola, L., Gatt, M., Khoshnood, B., 
Klungsoyr, K., Nelen, V., O'Mahoney, M., Pierini, A., Rissmann, A., Tucker, D., Boyle, B., de Jong-
van den Berg, L., Dolk, H., 2015. Selective serotonin reuptake inhibitor antidepressant use in first 
trimester pregnancy and risk of specific congenital anomalies: a European register-based study. Eur J 
Epidemiol 30, 1187-1198. 

Wood, A.G., Nadebaum, C., Anderson, V., Reutens, D., Barton, S., O'Brien, T.J., Vajda, F., 2015. 
Prospective assessment of autism traits in children exposed to antiepileptic drugs during pregnancy. 
Epilepsia 56, 1047-1055. 

Woodward, L.J., Mogridge, N., Wells, S.W., Inder, T.E., 2004. Can neurobehavioral examination 
predict the presence of cerebral injury in the very low birth weight infant? Journal of developmental 
and behavioral pediatrics : JDBP 25, 326-334. 

Wusthoff, C.J., 2013. How to use: the neonatal neurological examination. Arch Dis Child Educ Pract 
Ed 98, 148-153. 

Xu, Y., Sari, Y., Zhou, F.C., 2004. Selective serotonin reuptake inhibitor disrupts organization of 
thalamocortical somatosensory barrels during development. Brain research.Developmental brain 
research 150, 151-161. 

Yerby, M.S., 2000. Special considerations for women with epilepsy. Pharmacotherapy 20, 159S-
170S. 

Youdim, M.B., Edmondson, D., Tipton, K.F., 2006. The therapeutic potential of monoamine oxidase 
inhibitors. Nature reviews.Neuroscience 7, 295-309. 

Young, G.B., da Silva, O.P., 2000. Effects of morphine on the electroencephalograms of neonates: a 
prospective, observational study. Clinical neurophysiology : official journal of the International 
Federation of Clinical Neurophysiology 111, 1955-1960. 

Zhao, J., Chen, Y., Xu, Y., Pi, G., 2013. Effect of intrauterine infection on brain development and 
injury. International journal of developmental neuroscience : the official journal of the International 
Society for Developmental Neuroscience 31, 543-549. 

Zhou, X., Lu, J.Y., Darling, R.D., Simpson, K.L., Zhu, X., Wang, F., Yu, L., Sun, X., Merzenich, 
M.M., Lin, R.C., 2015. Behavioral training reverses global cortical network dysfunction induced by 



 

107 

perinatal antidepressant exposure. Proceedings of the National Academy of Sciences of the United 
States of America 112, 2233-2238. 

Zimmermann, P., Mohr, C., Spangler, G., 2009. Genetic and attachment influences on adolescents' 
regulation of autonomy and aggressiveness. J Child Psychol Psychiatry 50, 1339-1347. 

 




	ABSTRACT
	TIIVISTELMÄ
	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	1 INTRODUCTION
	2 REVIEW OF THE LITERATURE
	3 AIMS OF THE STUDY
	4 METHODS
	5 RESULTS
	6 DISCUSSION
	7 SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

