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a b s t r a c t

The ability to read emotional expressions from human face and voice is an important skill in our day-to-
day interactions with others. How this ability develops may be influenced by atypical experiences early in
life. Here, we investigated multimodal processing of fearful and happy face/voice pairs in 9-month-olds
prenatally exposed to maternal anxiety, using event-related potentials (ERPs). Infants were presented
with emotional vocalisations (happy/fearful) preceded by emotional facial expressions (happy/fearful).
The results revealed larger P350 amplitudes in response to fearful vocalisations when infants had been
exposed to higher levels of anxiety, regardless of the type of visual prime, which may indicate increased
attention to fearful vocalisations. A trend for a positive association between P150 amplitudes and mater-
nal anxiety scores during pregnancy may suggest these infants are more easily aroused by and extract
features more thoroughly from fearful vocalisations as well. These findings are compatible with the
hypothesis that prenatal exposure to maternal anxiety is related to more extensive processing of fear-
related stimuli.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction sciously recognised emotion in the corresponding face. Develop-
The ability to read each other’s emotional expression is an
important skill in our day-to-day interactions with others. In most
social situations, emotional information can be inferred from more
than one modality simultaneously, such as from both the face and
the voice of the other person. Previous research has found that
emotional information from one modality, such as a face, may
influence how emotional information from another modality, such
as a voice, is processed and perceived. For example, de Gelder and
Vroomen (2000) and de Gelder, Pourtois, and Weiskrantz (2002)
found that in adults, both recognition and judgement of emotions
from voice can be modulated by consciously as well as uncon-
mental studies have shown that in infants, too, emotional faces
may affect processing of emotional voices and the other way
around (e.g. Flom & Bahrick, 2007; Grossmann, Striano, &
Friederici, 2006; Walker-Andrews & Lennon, 1991; for a review,
see Grossmann, 2010). What has not been studied, however, is
the potential effect of early life influences on the ability to detect
and process emotional audiovisual information. If the development
of the auditory or the visual system is altered or even disrupted, for
instance by atypical maternal psychological mood during preg-
nancy, this may change how information is processed for both
modalities. The goal of the current study, therefore, was to exam-
ine whether early life experiences, in the form of prenatal exposure
to maternal anxiety, influence the ability to process emotional
information from face and voice.

Over the last decades, evidence has become available that expo-
sure to atypical or adverse environmental factors during gestation
may modulate the programming of genetically based neural
architecture of the brain, thereby changing the developmental
pathway of neurocognitive processes (part of the field ‘develop-
mental origins of behaviour, health and disease (DOBHaD)’; see
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e.g. Gluckman, Hanson, & Buklijas, 2010; Räikkönen, Seckl, Pesonen,
Simons, & Van den Bergh, 2011, and Van den Bergh, 2011 for
reviews). The DOBHAD hypothesis encompasses the short- and
long-term consequences of the conditions of the developmental
environment for health and disease risk (Gluckman et al., 2010).
For instance, iron deficiency during life in the womb, as inferred
from serum ferritin concentrations at birth, has been associated
with impaired auditory recognition memory in newborns and
infants, possibly due to disruptions of the myelination process
(Beard, 2008; Georgieff, 2008; Georgieff, Wewerka, Nelson, &
deRegnier, 2002; Nelson et al., 2000; Siddappa et al., 2004). In the
same vein, the psychological status of the mother during pregnancy
may influence offspring neurocognitive development. In evidence
of this, associations have been found between prenatal exposure
to maternal stress, depression, and anxiety, and alterations in
infant, child, and adolescent neurocognition. As an example, in a
previous study, we found that maternal anxiety during pregnancy
influences processing of rapidly presented sound sequences in both
2-month-old (Otte, Braeken, Winkler, & Van den Bergh, 2011) and
9-month-old infants (van den Heuvel, Donkers, Winkler, Otte, &
Van den Bergh, 2014). Also, Weikum, Oberlander, Hensch, &
Werker (2012) described that prenatal exposure to maternal
depressed mood shifted developmental milestones in infant speech
perception. (For other examples, see e.g. Charil, LaPlante,
Vaillancourt, & King, 2010; Entringer, Buss, & Wadhwa, 2010;
Mennes, Stiers, Lagae, & Van den Bergh, 2006; Sandman, Davis,
Buss, & Glynn, 2011; Van den Bergh, 2011; Van den Bergh,
Mulder, Mennes, & Glover, 2005). There is as yet no full understand-
ing of the exact mechanisms underlying these findings, although a
body of literature suggests that the hormone cortisol and the pla-
cental enzyme 11b-HSD2 may play a role (e.g. Harris & Seckl,
2011; Monk, Fitelson, & Werner, 2011; Wyrwoll, Holmes, & Seckl,
2011). Also, recent findings indicate that epigenetic dysregulation
is an important underlying mechanism (Gillies, Virdee, McArthur,
& Dalley, 2014; Graignic-Philippe, Dayan, Chokron, Jacquet, &
Tordjman, 2014; Hompes et al., 2013; O’Donnell et al., 2012; Van
den Bergh, 2011). Here, we pose the question whether altered
multimodal processing of emotional stimuli can also be related to
in utero exposure to maternal anxiety.

To answer this question, we studied multimodal processing of
emotional information in 9-month-old infants by means of
event-related potentials (ERPs). Until now, behavioural measures
have most often been used to study both multimodal processing
of emotional information in infants, and infant neurocognitive out-
come following prenatal exposure to maternal anxiety. ERPs, how-
ever, have a number of advantages over behavioural measures.
First, ERPs provide a continuous measure of information processing
from stimulus exposure to until after elaboration of the response,
which allows for assessment of which stage(s) of processing are
affected by a specific experimental manipulation (Luck, 2005). Sec-
ond, ERPs have a very high temporal resolution, and therefore the
timing of neurocognitive processes can be studied with millisec-
ond precision (Luck, 2005). Third, ERPs can be recorded in the
absence of a behavioural response (Nelson & Bloom, 1997), even
for unattended stimuli (Sussman, 2007). This makes them quite
suitable for studying actual brain functioning in neonates and
infants, instead of making inferences about neurocognitive func-
tioning based on behavioural measures.

The paradigm for the current study was based on an ERP study
by Grossmann et al. (2006), who investigated in 7-month-old
infants the processing of angry and happy vocalisations following
the presentation of an emotionally congruent or incongruent facial
expression (prime). The authors found that the emotionally incon-
gruent condition elicited a larger auditory Negative component
(Nc) around 500 ms post-stimulus. In contrast, the emotionally
congruent condition elicited a larger auditory Positive component
(Pc) approximately 800 ms after stimulus onset. Grossmann et al.
(2006) concluded that the attenuation of the Nc and enhancement
of the later Pc for the congruent condition reflected recognition of
the familiar/expected face/voice pairs, and that the infants had
thus recognised and processed emotions from both modalities.

To our knowledge the study by Grossmann et al. (2006) is the
only ERP study with infants in which the processing of emotional
auditory stimuli following an emotional visual prime is investi-
gated, instead of the other way around. However, since the audi-
tory system develops earlier than the visual system (Anderson &
Thomason, 2013; Anderson et al., 2001), from a developmental
perspective, emotional vocalisations may be just as relevant as
facial expressions in the first months of life. Thus, to supplement
the existing literature with data on the processing of emotional
vocalisations in infancy, in the current study (and in our twin-
paper Otte et al., 2015) we focused on effects of emotional facial
expressions on the processing of emotional auditory stimuli (in
the context of prenatal exposure to maternal anxiety).

Following Grossmann et al. (2006) we used both a positive and
a negative emotion (happiness and fear), and investigated the pro-
cessing of auditory vocalisations following an emotional (happy/
fearful) visual prime. In contrast to Grossmann et al. (2006), fear
instead of anger was used as the negative emotion. We had several
reasons for this. First, research has found that (1) exposure to
maternal anxiety is associated with more anxiety in the offspring
(Lupien, McEwen, Gunnar, & Heim, 2009; O’Connor et al., 2002;
Van den Bergh & Marcoen, 2004); (2) individuals with high state
anxiety respond stronger to fearful stimuli (Bishop, Duncan, &
Lawrence, 2004); and (3) high trait anxiety has been related to
altered processing of emotional information from face and voice
(Koizumi et al., 2011). Studying responses to fearful stimuli may
yield insights into how these findings relate to each other. Second,
infants display increased attention to fearful stimuli, at least from
7 months old onwards (Kotsoni, de Haan, & Johnson, 2001;
Montague & Walker-Andrews, 2001; Peltola, Leppänen, Mäki, &
Hietanen, 2009).

As this study represented the first effort to relate prenatal expo-
sure to maternal anxiety to processing of multimodal emotional
information, our hypotheses were of an exploratory nature. We
hypothesised that higher levels of maternal anxiety during preg-
nancy (1) would be associated with larger responses to fearful
auditory stimuli; and (2) would most strongly affect responses to
auditory stimuli which had been preceded by visual stimuli con-
veying the same (versus a different) emotion, reflecting a relation-
ship between prenatal exposure to maternal anxiety and
multimodal processing of emotional information. Leaving from
the paper by Grossmann et al. (2006), we were interested in poten-
tial modulations of the auditory Nc and Pc by prenatal exposure to
maternal anxiety. Because of the exploratory nature of the study
and the fact that infants in our study were about 2 months older
than the infants in the study by Grossmann et al. (2006), we also
examined the earlier occurring auditory ERP components P150,
N250 and P350.

2. Methods

2.1. Subjects

Subjects were 82 infants (one pair of twins) and their mothers
from a normal (i.e. non-clinical) population who have been taking
part in a longitudinal study on prenatal early life stress (PELS pro-
ject). The study was approved by the Medical Ethical Committee of
St. Elizabeth Hospital in Tilburg, The Netherlands. Informed con-
sent was obtained from all mothers and fathers in accordance with
the Declaration of Helsinki. Detailed information on the cohort and
its recruitment has been described previously in Otte et al. (2013).
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In short, the cohort consists of 190 women – and their partner
and child – who have been recruited during pregnancy, either
before 15 weeks gestational age (GA; N = 178) or between week
16 and 22 (N = 12) of gestation from a general hospital and four
midwives’ practices in Tilburg, The Netherlands. Women were fol-
lowed up three times during their pregnancies (measurement
waves T1, T2 and T3, respectively) and were invited to the lab for
postpartum observations both 2–4 months (T4) and 9–11 months
(T5) after giving birth. Here, we report the results from infants
measured at T5; data collected at T4 have been discussed else-
where (Otte et al., 2013; van den Heuvel et al., submitted for
publication).

At T5, 147 of the original 190 women came in for testing with
their infant (one pair of twins). Forty-three women did not partic-
ipate in this measurement wave, because of drop out before T5
(N = 32), because they could not be reached in time (6), they were
(N = 1) or their infant was (N = 2) too ill, they had miscarried (N = 1)
around T2 or their infant had passed away (N = 1). Three of the 147
mothers had delivered prematurely, 1 mother had delivered a baby
small for GA (e.g. birth weight <2500 g at term delivery), and 2
mothers had been under treatment for psychological problems at
T1 (depression and personality problems, respectively), potentially
influencing the questionnaire data collected at that time. Data for
infants of these mothers (N = 6) were excluded from analysis
beforehand. Data for an additional 60 of the remaining 142 infants
were later excluded because of too little remaining data after
removing invalid trials (e.g. with movement artefacts, and during
which the infant had not looked at the stimulus; N = 33), fussiness
(N = 13), and technical problems (e.g. severe problems with mas-
toids; N = 14). This attrition rate (42.2%) is similar to other infant
ERP studies (DeBoer, Scott, & Nelson, 2007). All infants were
healthy and had passed a screening test for hearing impairments
(evoked otoacoustic emission), performed by a nurse from the
infant health care clinic, between the 4th and 7th day after birth.
Demographical statistics of the infants, and their mothers, are
given in Table 1.
2.2. Predictor

Maternal anxiety during pregnancy was measured before
15 weeks GA, with Dutch versions of the anxiety subscales of the
Spielberger State-Trait Anxiety Inventory (STAI; Ploeg, Defares, &
Spielberger, 1980; Spielberger, Gorsuch, & Lushene, 1970), and
the Symptom Checklist-90-R (SCL; Arrindell & Ettema, 2003;
Derogatis & Cleary, 1977; Derogatis, Lipman, & Covi, 1973). We
specifically focused on early pregnancy, because previous research
associated exposure during early rather than late gestation with
specific changes in offspring cognitive functions as measured with
behavioural (i.e. neuropsychological) as well as with physiological
(i.e., ERP and fMRI) measures (Malaspina et al., 2008; Mennes, Van
den Bergh, Lagae, & Stiers, 2009; Mennes et al., 2006; Van den
Bergh et al., 2006).
1 Please note that we imputed the missing sum scores, not the missing item scores.
2 Development of the MacBrain Face Stimulus Set was overseen by Nim Tottenham

and supported by the John D. and Catherine T. MacArthur Foundation Research
Network on Early Experience and Brain Development. Please contact Nim Tottenham
at tott0006@tc.umn.edu for more information concerning the stimulus set.
2.2.1. Anxiety subscale from the STAI
The STAI is a self-report questionnaire with the subscales

‘‘Trait’’ and ‘‘State’’ Anxiety. Both scales consist of 20 items which
can be rated on a Lickert scale from 1 (not at all/almost never) to
4 (very much/almost always). Whereas trait anxiety refers to a dis-
position or proneness to react with anxiety, the state anxiety sub-
scale provides a valid measure of the intensity of transitory anxiety
in response to real life stress (Spielberger, 1975). Therefore, mater-
nal state (and not trait) anxiety was used as a measure of prenatal
maternal anxiety. The subscale’s Cronbach’s a was .902 in the cur-
rent study. Examples of items on the State scale are: ‘‘I feel secure’’,
‘‘I am worried’’ and ‘‘I feel indecisive’’.
2.2.2. Anxiety subscale from the SCL-90-R
The SCL, too, is a self-report instrument. The questionnaire

quantifies current psychopathological symptoms in terms of nine
primary constructs, of which anxiety is one. The anxiety subscale
measures current feelings of more generalised anxiety, with com-
plaints related to increased vegetative arousal, general symptoms
such as nervousness, more specific symptoms such as panic
attacks, and cognitive symptoms such as fearful thoughts
(Arrindell & Ettema, 2003; Derogatis & Cleary, 1977). The 10 items
are rated on a 5-point Lickert scale, ranging from 0 (not at all) to 4
(extremely). Cronbach’s a for this subscale was .861 in the current
study. Examples of items are: ‘‘Heart pounding or racing’’, ‘‘Trem-
bling’’, and ‘‘Spells of terror or panic’’.

2.2.3. Postpartum anxiety
To control for postpartum anxiety, the state anxiety subscales of

both the STAI and the SCL were also administered at T5, at about
the same time the mother and her infant were invited to the lab
for the T5 observations. Anxiety data were unavailable for 4 moth-
ers at T1 because of recruitment after this first data collection
wave. In addition, 17 mothers did not return the questionnaire at
T5. The missing anxiety sum scores were imputed,1 separately
per questionnaire, by means of the Expectation-Maximization
method as implemented in IBM SPSS Statistics 19.0.Variables used
for the EM were anxiety sum scores measured at least two other
time points; e.g. when the anxiety sum score was missing for T1,
the available anxiety sum scores from the same questionnaire (so
STAI data for imputing STAI data, and SCL data for imputing SCL
data) measured from T2, T3, T4 and/or T5 were used to estimate
the missing score.

2.3. Stimuli

2.3.1. Visual stimuli
Visual stimuli were 18 colour photos of 9 Caucasian women in

frontal view, each expressing both happiness and fear. Only female
and Caucasian identities had been chosen so as to avoid any sex or
ethnicity differences from influencing the infant ERPs (e.g. see
Ramsey, Langlois, & Marti, 2005; Vogel, Monesson, & Scott,
2012). The emotional faces had been cut out from their original
background and pasted onto a black background. Four identities
were taken from the validated NimStim Face Stimulus Set
(http://www.macbrain.org/resources.htm2). Their fearful and
happy expression had been recognised at least 75% of the time in
the validation study. Examples of a typical happy and fearful expres-
sion from the NimStim dataset can be found in Fig. 1A and B,
respectively.

An additional 5 identities were included from a database with
emotional facial stimuli from the Cognitive and Affective Neurosci-
ences Laboratory at Tilburg University, The Netherlands. This was
done because we wanted to include as many identities as possible
to minimise the possibility that potential effects would be due to
the identity itself, and the NimStim set did not offer more than 4
female Caucasian identities whose fearful and happy expression
survived the validation process. The stimuli from the Tilburg data-
base had been validated in a pilot study in which they were rated
for emotion (fear, happiness, anger, neutral, surprise, sadness and
disgust), intensity (scale from 1 to 5) and positive/negative affect
(scale from 1 to 5) by at least 8 participants. For the 5 identities
used for this study both the emotion fear and happiness were cor-

http://www.macbrain.org/resources.htm


Table 1
Sample characteristics of participating women and their infants.

N % M (SD)

Mothers 81
Age at T1 (years) 32.39 (3.80)
State anxiety at T1 32.82 (8.89)
State anxiety at T5 31.92 (7.66)
Marital status Married 45 55.6

Cohabiting 37 43.2
Single 1 1.2

Educational level Primary or secondary 7 8.0
General vocational training 18 20.7
Higher vocational training 42 48.3
University degree or higher 20 23.0

Family income (monthly, in €) <2100 3 3.4
2200–3600 19 21.8
>3600 62 71.3
Don’t want to disclose 3 3.4

Primigravida 35 40.2
Smoking during pregnancy 3 3.4
Drinking during pregnancya 7 8.0
Has been treated in the past for Depression 8 9.2

Anxiety problems 4 4.6
Personality problems 2 2.3
PDD–NOS 1 1.1

Infants 82
Sex Boy 38 46.3

Girl 44 53.7
Birth weight (grams) 3474 (569)
GA at birth (weeks) 39.9 (1.3)
Age at T5 (days) 303.1 (14.1)

GA = gestational age; PPD–NOS = Pervasive Developmental Disorder–Not Otherwise Specified.
a From 1 glass of wine or liquor during the whole pregnancy to maximally 3 glasses a month.
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rectly recognised by the raters 80% of the time or more. In Fig. 1C
and D examples of a happy and fearful face from the Tilburg data-
set can be found.
3 Since for this experiment we were interested in the infants’ responses to
emotional vocalisations, we did not prevent the mothers from seeing (and potentially
responding to) the visual stimuli.
2.3.2. Auditory stimuli
Auditory stimuli were voice recordings of six women express-

ing fear and happiness with non-verbal vocalisations. We chose
to use non-verbal vocalisations as to minimise automatic semantic
or verbal processing (Van den Stock, Grèze, & de Gelder, 2008).
Because not all vocalisations had been recognised well enough in
the validation study (see below), for two of the identities we only
used the fearful vocalisation, for two of them we only used the
happy vocalisation and for two of them we used vocalisations of
both emotions, resulting in 4 fearful and 4 happy auditory stimuli.
These auditory stimuli were provided by the Cognitive and Affec-
tive Neurosciences Laboratory at Tilburg University, too, and were
recorded, processed and validated as described by Van den Stock
et al. (2008). In short, semi-professional actors were asked to make
a frightened (e.g. sudden intake of breath) or happy (e.g. laughter)
sound, based on a specific script describing situations such as an
attack by a robber. The 800 ms audio recordings were made at a
44.1 kHz sampling rate and were shortened to 500 ms for the
experiment described here. The sounds were validated in a pilot
session by 15 participants, who were instructed to categorise as
accurately and as fast as possible the emotion expressed by the
voice (fear or happiness). All stimuli used here had been correctly
recognised 80% of the time or more.

Neither the visual nor the auditory stimuli were controlled for
low level perceptual features. However, since for each stimulus
category, 6/9 different exemplars were used, the likelihood should
be decreased that potential effects may be due to low-level fea-
tures unconnected to the emotional content (i.e., some low-level
features serve as cues for the given emotional content).
2.4. Procedure

Each of the 18 visual stimuli was paired with both the fearful
and happy auditory stimuli, resulting in 144 face/voice compounds
and four experimental conditions: happy face-happy voice (HH),
fearful face-fearful voice (FF), happy face-fearful voice (HF), and
fearful face-happy voice (FH). The compounds were presented
twice during the experiment (288 trials), divided in four blocks
of 72 stimuli, each. The presentation order within each of the
blocks was randomised, and the order between the blocks was
counter-balanced. The blocks were presented with small breaks
in between as needed.

During stimulus presentation the infant was seated on its par-
ent’s lap in a dimly lit and sound-attenuated room of the Tilburg
University Babylab. The parent-infant dyad were seated behind a
desk with a computer screen (CRT VGA, 21 in., 1280 � 1024,
100 Hz) at a distance of approximately 70 cm from the infant’s
eyes. The visual stimuli measured 18.5 � 22.5 cm and the horizon-
tal and vertical visual angles were 7.53� and 9.13�, respectively.
Auditory stimuli were presented through speakers positioned on
either side of the screen, and at a distance of approximately
90 cm from the infant’s head. To prevent the parent from influenc-
ing the infant’s ERP responses by unconsciously reacting to the
stimuli, he or she was wearing head phones through which classi-
cal music was playing.3 Two cameras filmed the experimental ses-



Fig. 1. Examples of a typical happy (A) and fearful (B) visual expression from the NimStim dataset, and of a typical happy (C) and fearful (D) visual expression from the Tilburg
dataset.
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sion and these data were later used to code whether the infant had
looked at a specific trial or not (see also Section 2.5).

Each stimulus block started with the sound of a laughing baby,
and the presentation of a red dot growing bigger and smaller in the
centre of the computer screen to attract the infant’s attention.
When the infant was looking at the screen, the experimenter
started the first trial. Each trial lasted 1400 ms and started with
the presentation of a visual stimulus that lasted 900 ms, after
which an auditory stimulus was presented. The visual stimulus
remained in place until the auditory stimulus was played out (after
500 ms). Each trial was followed by an inter-trial interval with var-
iable duration (between 600 and 1000 ms) to reduce temporal pre-
dictability. During this interval, the screen was black. When an
infant looked away from the screen, the experimenter tried to
recapture the infant’s attention by presenting an attractive moving
figure in the centre of the screen. As soon as the infant was looking
at the screen again, the experiment continued. The experiment was
concluded either after all 288 stimuli had been presented or if the
infant became too fussy to continue.

2.5. Data acquisition and analysis

EEG was recorded with BioSemi ActiveTwo amplifiers (BioSemi,
Amsterdam, The Netherlands) with a sampling rate of 512 Hz.4
4 On-line filtering options in the BioSemi software are set automatically based upon
the sampling rate. See http://www.biosemi.com/faq/adjustfilter.htm and http://
www.biosemi.com/faq/adjustsamplerate.htm.
Infants wore head caps with 64 electrode locations positioned
according to the revised version of the International 10–20 system.
The standard BioSemi reference (CMS-DRL) was used (see www.bio-
semi.com/faq/cms&drl.htm for details) and two additional elec-
trodes were placed both on the left and right mastoid. Off-line,
these were mathematically combined to produce an average mas-
toids reference derivation (Luck, 2005).

Before the data were processed further, independent raters
inspected the data and scored per infant per trial whether or not
he or she had indeed looked at the visual stimulus. All trials were
scored by 2 different raters (there were 4 raters in total) and these
scorings were afterwards compared. Agreement between raters lay
between 81% and 99% and was 95% on average. Whenever scorings
differed, the trials concerned were re-inspected and scored again. If
there was still doubt about whether the infant had actually seen
the stimulus, the trial was excluded. Trials during which an infant
was crying were also excluded. Only EEG signals from trials during
which the infant was looking at the stimulus were used for data
analysis.

The EEG data were analysed using BrainVision Analyzer soft-
ware (BrainProducts, Munich, Germany). The continuous EEG sig-
nals were filtered off-line, with a 50 Hz notch filter (to make sure
all line noise would be removed) and a 0.1–20 Hz band-pass filter
(slope 24 dB). The signals were then segmented into 1000 ms-long
epochs, time-locked to the onset of the auditory stimulus. The
200 ms before auditory stimulus onset were used as the baseline.
To make sure that this auditory baseline did not differ between
happy and fearful facial expressions, we tested it. We did this by

http://www.biosemi.com/faq/cms%26drl.htm
http://www.biosemi.com/faq/cms%26drl.htm
http://www.biosemi.com/faq/adjustfilter.htm
http://www.biosemi.com/faq/adjustsamplerate.htm
http://www.biosemi.com/faq/adjustsamplerate.htm
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first calculating – per subject, per condition – the average ampli-
tude in the auditory baseline period (�200 to 0 ms before voice
onset), using the 200 ms before face onset (so �1100 to �900 ms
before voice onset) as baseline. Then, we ran a 4-way ANOVA with
the factor ‘‘Condition’’ (4 levels: FH, FF, HF and HH) to test whether
there were differences between the 4 conditions in the auditory
baseline period. The result (F(3, 267) = 2.192, p = .089) showed no
differences between the four conditions, and we concluded the
200 ms before onset of the auditory stimulus were suitable for
use as the baseline.

The epochs were averaged separately for each of the four condi-
tions (FF, HH, HF, FH). Epochs with sample-to-sample voltage steps
exceeding 80 lV were excluded, as were epochs with amplitudes
exceeding 150 lV in any 200 ms-long window within the whole
epoch, and those where the amplitude range in any 100-ms win-
dow, was below 0.5 lV (i.e., flat lines). Data from infants with less
than 14 acceptable responses for any one of the four conditions
were removed from further analysis (33 infants, see also Sec-
tion 2.1). The average number of available trials per infant was
36.5 for condition FF (SD = 12.6), 37.5 for HH (SD = 11.9), 36.6 for
HF (SD = 11.7), and 37.1 for FH (SD = 12.7).

Time windows for analysis were selected based on visual
inspection of the grand average waveform for all responses com-
bined at electrode sites F3, Fz, F4, C3, Cz, C4 (see our related twin
paper Otte, Donkers, Braeken, and Van den Bergh (2015) for the
morphology of the overall ERP response), where responses were
largest. The following windows, each centred around a peak in
the grand average waveform, were chosen: 120–200 ms, 200–
260 ms, 290–430 ms, 380–540 ms, and 620–680 ms post-stimulus
(from this point on referred to as P150, N250, P350, N450, and
P650, respectively). The N450 and P650 can be regarded as the
approximate equivalent of the Nc and Pc, respectively, described
by Grossmann et al. (2006). Compared to their components, the
peak latency of the N450 and P650 is somewhat earlier, which
may be due to maturational changes. Together with the Nc/N450,
the P150, N250 and P350 correspond to the infant P150-N250-
P350-N450/Nc ERP pattern in response to auditory stimuli
described by Kushnerenko et al. (2002), who found that this pat-
tern is already identifiable in auditory ERPs from birthSince Nc
and Pc usually refer to visual components, in the current paper
we refer to them as N450 and P650, respectively.

To answer our research question, average amplitudes measured
from the above mentioned windows were analysed by means of a
6 � 2 � 2 repeated measures ANCOVAs design (run in IBM SPSS
19.0), separately for each window. Within-subjects factors were
‘‘Electrode’’ (F3, Fz, F4, C3, Cz, C4), ‘‘Visual Prime’’ (fearful, happy),
and ‘‘Auditory Emotion’’ (fearful, happy). Continuous predictor
variables (‘covariates’ in SPSS’s ANCOVA) were state anxiety mea-
sured with the STAI (StatAnx), and more generalised anxiety mea-
sured with the SCL (GenAnx). Separate analyses were run for both
predictor variables. We chose not to enter StateAnx and GenAnx as
between-subjects factors (e.g. high versus low anxiety), because
dichotomising the variables would result in groups of different
sizes, and because previous research has shown that dichotomisa-
tion of a continuous variable can lead to problems such as loss of
effect size, power and/or information about individual differences
(Altman & Royston, 2006; MacCallum, Zhang, Preacher, & Rucker,
2002; Royston, Altman, & Sauerbrei, 2006). Post-hoc tests were
run to further investigate any significant main/interaction effect.
We were especially interested in effects of priming by the visual
stimulus (Visual Prime) on the auditory stimulus (Auditory Emo-
tion) in the context of exposure to anxiety, because this factor rep-
resents effects of the visually presented emotion on the processing
of the emotional sounds. However, as our research question and
hypotheses were of an exploratory nature, we ran post-hoc tests
for all effects including StateAnx and GenAnx.
Previous research has shown that several factors may affect
and/or confound both infant ERPs and the association between pre-
natal exposure to atypical cues and infant cognitive outcome (e.g.
see Fellman et al., 2004; Heron, O’Connor, Evans, Golding, &
Glover, 2004; Kodituwakku, 2007; Kushnerenko et al., 2002;
Lavoie, Robaey, Stauder, Glorieux, & Lefebvre, 1998; Rodriguez &
Bohlin, 2005; Streissguth, Barr, & Martin, 1983). Therefore, we con-
trolled for the following factors by adding them, one at a time, as
covariate to the analyses: Maternal alcohol intake during preg-
nancy (continuous) and postpartum anxiety; and infant sex, birth
weight (controlled for gestational age), gestational age and age at
testing. The continuous factors were first correlated to the ERP data
and only added when significant correlations were found. The
dichotomous covariates were added as between-subjects factor
to the analyses. As only three mothers had smoked during preg-
nancy, we controlled for this factor by running the analyses with
and without infants from smoking mothers, and then examining
whether effects remained the same. Greenhouse-Geisser correc-
tion was used where necessary and the e correction factor is given,
together with the partial g2 effect size in Table 2.
3. Results

The grand-averaged auditory waveform for responses to all four
stimulus types (FF, HH, HF, FH) combined can be found in our twin
paper (see Otte et al., 2015). This figure was used to select time
windows for the statistical analyses (see ‘‘Methods’’ Section 2.5).
As there were no significant effects involving StatAnx only findings
for GenAnx will be reported here. For investigating our hypotheses,
all main and interaction effects including the latter factor will be
interpreted, including trends (see Table 2 for statistical informa-
tion). Significant results involving other factors can also be found
in Table 2.

3.1. Results for GenAnx

3.1.1. Results for the P150
There was an interaction effect trending towards being signifi-

cant between Auditory Emotion and GenAnx. As can be seen in
the plot of the interaction in Fig. 2A, it was caused by a positive
association between GenAnx and fearful vocalisations (larger
maternal state anxiety scores associated with larger positive
amplitudes) versus a negative association between GenAnx and
happy vocalisation (larger maternal state anxiety scores associated
with smaller positive amplitudes). Analyses of simple effects (i.e.
between GenAnx and fearful vocalisations and between GenAnx
and happy vocalisations) showed that the neither of these were
significant (fearful vocalisations: b = .139, p = .309. Happy vocalisa-
tions: b = �.088, p = .528). The interaction effect remained intact
after controlling for the covariates described in the methods
Section 2.5.

There were no associations between Visual Prime and GenAnx.

3.1.2. Results for the N250
The analysis yielded no effects with the factor GenAnx.

3.1.3. Results for the P350
There was a significant interaction effect between Auditory

Emotion and GenAnx, which was caused by a positive association
between GenAnx and fearful vocalisations (larger maternal state
anxiety scores associated with larger positive amplitudes versus
a negative association between GenAnx and happy vocalisation
with larger maternal state anxiety scores associated with smaller
positive amplitudes) – see a plot of the interaction in Fig. 2B. Sim-
ple effects analyses between GenAnx and fearful vocalisations and



Table 2
Significant main and interaction effects for GenAnx.

Factor(s) df F p e g2

120–200 ms latency range
Electrode (5, 400) 2.750 .048 .56 .033
Visual prime (1, 80) 3.896 .052 .046
Auditory Emotion � GenAnx (1, 80) 3.568 .063 .043
Visual prime � Auditory Emotion (1, 80) 4.215 .043 .050

200–260 ms latency range
Electrode (5, 400) 3.504 .019 .55 .042
Visual prime (1, 80) 6.408 .013 .074

290–430 ms latency range
Electrode (5, 400) 3.495 .019 .55 .042
Visual prime (1, 80) 6.040 .016 .070
Auditory Emotion � GenAnx (1, 80) 4.249 .043 .050

380–520 ms latency range
Electrode (5, 400) 2.245 .092 .55 .027
Visual prime (1, 80) 4.132 .045 .049
Auditory Emotion � GenAnx (1, 80) 2.941 .090 .035

620–680 ms latency range
Auditory Emotion � GenAnx (1, 80) 2.973 .089 .036
Visual prime � Auditory Emotion � GenAnx (1, 80) 3.167 .079 .038

Fig. 2. Significant interactions between GenAnx (measured with the SCL) and Auditory Emotion (fearful vocalisations: solid line; happy vocalisations: broken line) for the
P150 (A), the P350 (B), and the N450 (C). Maternal SCL scores have been centred on the mean.
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GenAnx and happy vocalisations showed neither of the two effects
to be significant (fearful vocalisations: b = .192, p = .367. Happy
vocalisations: b = �.142, p = .563). After controlling for post-par-
tum anxiety, the interaction effect remained, but became a trend
(p-value increased from .043 to .052). None of the other covariates
affected the interaction.

Results revealed no significant associations between Visual
Prime and GenAnx.
3.1.4. Results for the N450
Again, there was an interaction effect trending towards signifi-

cance between Auditory Emotion and GenAnx. This was caused by
the positive association between GenAnx and fearful vocalisations
(larger maternal state anxiety scores associated with smaller neg-
ative, and thus more positive, amplitudes), and the negative asso-
ciation between GenAnx and happy vocalisations (larger maternal
state anxiety scores associated with larger negative, and thus less
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positive, amplitudes), as can be seen in a plot of the interaction in
Fig. 2C. Simple effects analyses were run between GenAnx and
fearful vocalisations and GenAnx and happy vocalisations. Results
showed neither of the two to be significant (fearful vocalisations:
b = .192, p = .367. Happy vocalisations: b = �.142, p = .563). The
interaction effect remained intact after controlling for the covari-
ates mentioned.

No associations were found between Visual Prime and GenAnx.
3.1.5. Results for the P650
There was a 2-way interaction trending towards significance

between Auditory Emotion and GenAnx, and a 3-way interaction
trending towards significance between Auditory Emotion, Visual
Prime, and GenAnx. Post hoc analysis on the higher order (i.e. 3-
way) interaction showed a negative association between GenAnx
and happy vocalisations following a fearful expression (larger
maternal state anxiety scores associated with smaller positive
amplitudes). In contrast, for happy vocalisations following a happy
expression, and for all fearful vocalisations (so both following a
happy and fearful expression) a positive association with GenAnx
was found (larger maternal state anxiety scores associated with
larger positive amplitudes). After controlling for postpartum anxi-
ety, both the 2- and 3-way interaction disappeared.

The analysis did not yield associations between Visual Prime
and GenAnx.
4. Discussion

The current study investigated in 9-month-old infants the pro-
cessing of emotional (fearful and happy) face/voice compounds in
the context of prenatal exposure to maternal anxiety. For the P350
we found an association between the level of maternal anxiety, as
measured with the SCL, and processing of emotional vocalisations.
More specifically, the higher the level of maternal anxiety had
been, the larger the positivity was in response to the fearful vocali-
sations, and the smaller in response to happy vocalisations. For the
P150 and the N450 we found associations between the level of
maternal anxiety, also measured with the SCL, and processing of
emotional vocalisations that trended towards significance. These
associations remained intact after controlling for several confound-
ing variables, such GA and birth weight. The results confirmed our
first hypothesis that higher levels of maternal anxiety during preg-
nancy are associated with larger responses to fearful auditory
stimuli. The current study did not provide evidence for our second
hypothesis that the association between exposure to maternal anx-
iety and responses to the audiovisual stimuli would be stronger for
auditory stimuli that followed visual stimuli conveying the same
(versus different) emotional information.

Our results suggest that the between-subject variability in
responses to the emotional vocalisations in an audiovisual para-
digm with emotional face/voice pairs can be partially explained
by prenatal exposure to maternal anxiety. These findings are com-
patible with the DOBHAD hypothesis, which postulates that expo-
sure to an atypical or adverse environment during pregnancy may
alter the developmental pathway of the foetus and child. They are
also in line with previous studies that found associations between
prenatal exposure to maternal anxiety and offspring neurocogni-
tive outcome (e.g. Bergman, Sarkar, O’Connor, Modi, & Glover,
2007; Davis & Sandmann, 2010; Mennes et al., 2006; Otte et al.,
2011; Van den Bergh, Otte, Braeken, van den Heuvel, & Winkler,
2012, 2013; Van den Bergh et al., 2005).

The analysis revealed a positive association between prenatal
exposure to higher levels of maternal anxiety and P350 amplitudes
elicited by the fearful auditory stimuli (regardless of the type of
visual prime). Kushnerenko et al. (2002) suggested that infant
P350 component is a precursor to the P3a in adults and children.
The P3a is thought to be involved in stimulus-driven (exogenous)
attention mechanisms during task processing (e.g. Polich, 2007).
For the current study, this suggests that the higher the level of
maternal anxiety the infants were exposed to in the womb, the
more attention they allocated to the processing of fearful sounds.
In addition, for the P150 a trend towards a significant positive
association with prenatal exposure to maternal anxiety was found.
This infant component is proposed to be a precursor of the adult P1
(Kushnerenko et al., 2002), which shows poor sound-feature spec-
ificity, but is sensitive to arousal (Erwin & Buchwald, 1986;
Čeponienė et al., 2003). The adult P1 is therefore assumed to be
involved in feature non-specific aspects of stimulus processing, like
stimulus detection, facilitation/inhibition, and sensorimotor inte-
gration (Čeponienė et al., 2003). As such, the association between
higher levels of maternal anxiety and larger infant P1 responses
to fearful auditory stimuli may reflect a higher level of arousability
(i.e. being more easily aroused) and pre-attentiveness (more thor-
ough/elaborate feature extraction). Interpretations for both the
P350 and P150 results are in line with the finding that infants
who have been exposed to higher compared to lower levels of
maternal anxiety display more anxiety themselves (Lupien et al.,
2009; O’Connor et al., 2002; Van den Bergh & Marcoen, 2004),
and may therefore be more easily aroused by threatening stimuli
(Kim et al., 2011; Rosen & Schulkin, 1998). In this sense they are
also compatible with the finding that a heightened sensitivity to
threat-related information is associated with anxiety-related
symptoms (Bar-Haim, 2010; Leppänen & Nelson, 2012).

For the N450 we found smaller (negative-going) responses to
the fearful stimuli. This may be because infants are generally more
familiar with happy than fearful emotions (see e.g. Grossmann,
2010). Therefore, a ‘negative shift’ in response to the more familiar
stimuli, indicating increased attention (Purhonen, Kilpeläinen-
Lees, Valkonen-Korhonen, Karhu, & Lehtonen, 2004), may have
yielded the smaller positive P350 and larger negative-going N450
amplitudes in response to the happy stimuli – and conversely
the larger positive P350 and smaller negative-going N450 in
response to fearful stimuli. Alternatively, it is possible that N450
responses to the fearful voice (especially when following a fearful
face) originated from higher positive values, and were not strong
enough to result in a larger negativity compared to the happy
vocalisations.

What are possible mechanisms underlying the associations we
observed in the current study? As mentioned in the introduction,
a large body of literature has investigated the effects of the mater-
nal hormone cortisol and the placental enzyme 11b-HSD2 as pos-
sible mediators between prenatal exposure to anxiety and infant
(neurocognitive) outcome. During pregnancy, maternal cortisol
(which may be released in response to stress and anxiety) is essen-
tial for foetal development, but excess levels may adversely affect
the foetus (for reviews see e.g. Charil et al., 2010; Harris & Seckl,
2011; Weinstock, 2008). A function of 11b-HSD2 is to convert cor-
tisol into its inactive metabolite cortisone, protecting the foetus
from over-exposure to maternal cortisol (e.g. O’Donnell et al.,
2012). Maternal anxiety during pregnancy, however, has been
found to down-regulate placental 11b-HSD2 activity, resulting in
increased exposure of the placenta and foetus to maternal cortisol
(Harris & Seckl, 2011; O’Donnell et al., 2012; Wyrwoll et al., 2011).
This may up-regulate placental corticotropin-releasing hormone
(CRH), which upon reaching the foetal brain can influence neuronal
differentiation and function by affecting areas rich in CRH recep-
tors, such as para-hippocampal and limbic areas (e.g. hippocam-
pus, amygdala; Charil et al., 2010; Weinstock, 2008). In addition,
exposure to excess maternal cortisol has been associated with
alterations in synaptogenesis, neurotransmitter function, and glu-
cocorticoid receptor expression in the developing brain (De Kloet,
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Joëls, & Holsboer, 2005; Monk et al., 2011; Oitzl, Champagne, van
der Veen, & de Kloet, 2010), which might eventually lead to altered
infant neurocognitive outcome.

In addition, epigenetic changes in gene expression (i.e. poten-
tially heritable changes without modifications in the DNA
sequence) resulting from prenatal exposure to maternal anxiety
– possibly in conjunction with altered levels of (placental) CRH
and 11b-HSD2 and neurotransmitter activity – may underlie the
results observed in this study (Gillies et al., 2014; Graignic-
Philippe et al., 2014; Hompes et al., 2013; Van den Bergh, 2011).
In other words, prenatal exposure to maternal anxiety might alter
the typical pattern of gene expression, in that commonly expressed
genes remain un-expressed or are silenced, while genes that
should be silenced become expressed.

Another (complementary) mechanism potentially explaining
our findings may comprise genetically inherited pathways, in that
genetically heritable factors may influence both a maternal predis-
position to experiencing anxiety, and offspring outcomes (Rice
et al., 2010). As no genetic material has been analysed in this study,
no direct evidence can be given for this explanation of the results.
Indirect evidence is the association between exposure to higher
levels of maternal anxiety and a trend for larger P150 amplitudes,
possibly pointing to elevated levels of arousal or pre-attentiveness
in the infants after exposure to threatening stimuli. However, low
or complete lack of correlations between maternal and infant anx-
iety scores found in the current study do not support heritability of
anxiety. A possible explanation of this discrepancy is that the
infant anxiety measure was not sensitive enough.

Interestingly, whereas we found effects for anxiety as measured
with the anxiety subscale of the SCL, we did not find effects with
the state anxiety subscale of the STAI. In two former studies, how-
ever, significant associations were found in both 2- and 9-month-
old infants between anxiety measured with the STAI and the pro-
cessing of less informative sounds (Otte, Winkler, Braeken, & Van
den Bergh, submitted for publication; Van den Bergh et al., 2012,
2013). These differential findings are actually not very surprising,
since the state anxiety subscale of the STAI and the anxiety sub-
scale of the SCL appear to measure an overlapping, yet distinct anx-
iety construct (see ‘‘Methods’’ Section 2.2). Taking the present and
former results together suggests that prenatal exposure to high
levels of feelings of more generalised maternal anxiety may affect
processing of familiar emotional vocalisations, while prenatal
exposure to high levels of state anxiety may affect processing of
sounds with low(er) information contents. However, replication
or follow-up studies are needed to test whether this hypothesis
holds true.

In our introduction we suggested that studying responses to
fearful stimuli might yield insights into the relation between (pre-
natal exposure to) state and trait anxiety. Bishop et al. (2004)
found that individuals with high state anxiety respond stronger
to fearful stimuli. Based on our P350 and – albeit to a lesser extent
– P150 findings, one may suggest that not only individuals with
high(er) levels of state anxiety, but also individuals with high(er)
levels of general anxiety may respond stronger to fearful stimuli.
In addition, combining the association we found between exposure
to general anxiety and alterations in multimodal emotion process-
ing, with the finding that high trait anxiety has also been linked to
altered audio-visual processing (Koizumi et al., 2011), one might
deduce that general anxiety and trait anxiety have (some) similar
characteristics and/or related underlying mechanisms.

In the current study, no evidence was found for an association
between prenatal exposure to maternal anxiety and alterations in
the processing of multimodal emotional information. One possible
explanation is that the present paradigm was not sensitive enough
to measure the association. In evidence of this, only for the P150,
instead of for all areas under investigation, a (small) interaction
between Visual Prime and Auditory Emotion was found (see
Table 2), indicating integration of the emotional information from
face and voice. In other words, maybe no multimodal processing
had taken place, precluding conclusions on how prenatal exposure
to maternal anxiety may affect the processes involved. Future stud-
ies could develop a more sensitive paradigm, so that firmer conclu-
sions may be drawn about the possible association between
prenatal exposure to anxiety and processing of emotional informa-
tion from face and voice.

A drawback of the study is that the effects we found were not
very large; The partial g2 values ranged between .034 and .050.
However, results remained intact after controlling for a number
of potential confounders, including postpartum anxiety levels. In
addition, we investigated a rather large group of infants (N = 82),
who attended the visual stimuli quite well (73.2% on average),
and we were able to retain a relatively large average number of
stimuli per condition (37.3). This suggests that although the effects
we found may be small, they appear to be robust.

In summary, the current study investigated multimodal pro-
cessing of fearful and happy face/voice pairs in infants in the con-
text of prenatal exposure to maternal anxiety. Analysis revealed
higher P350 and, to a lesser extent, P150 amplitudes in response
to fearful vocalisations when infants had been exposed to higher
levels of anxiety, irrespective of the emotion in the visual prime.
This suggest that these infants may allocate more attention to fear-
ful stimuli and that they may be aroused more easily than infants
exposed to lower levels of anxiety These findings are compatible
with the hypothesis that prenatal exposure to maternal anxiety
may lead to more extensive processing of fear-related stimuli.
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