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A B S T R A C T

Background: Maternal pregnancy-related anxiety (PRA) is reportedly related to neurodevelopmental outcomes of
infants. However, the relationship between maternal PRA and the processing of emotions in the infant brain has
not been extensively studied with neuroimaging. The objective of the present pilot study is to investigate the
relationship between maternal PRA and infant hemodynamic responses to emotional speech at two months of
age.
Methods: The study sample included 19 mother-infant dyads from a general sample of a population of Caucasian
mothers. Self-reported Pregnancy-Related Anxiety Questionnaire (PRAQ-R2) data was collected from mothers
during pregnancy at gestational weeks (gwks) 24 (N=19) and 34 (N=18). When their infants were two
months old, the infants’ brains functional responses to emotional speech in the left fronto-temporoparietal cortex
were recorded using diffuse optical tomography (DOT).
Results: Maternal PRAQ-R2 scores at gwk 24 correlated negatively with the total hemoglobin (HbT) responses to
sad speech on both sides of the temporoparietal junction (Spearman's rank correlation coefficient ρ= -0.87). The
correlation was significantly greater at gwk 24 than gwk 34 (ρ= -0.42).
Limitations: The field of view of the measurement did not include the right hemisphere or parts of the frontal
cortex. The sample size is moderate and the mothers were relatively highly educated, thus there may be some
differences between the study sample and the general population.
Conclusions: Maternal pregnancy-related anxiety may affect child brain emotion processing development.
Further research is needed to understand the functional and developmental significance of the findings.

1. Introduction

Recent behavioral (e.g., neuropsychological) and physiological
(e.g., event-related potential (ERP) and functional magnetic resonance
imaging (fMRI)) studies indicate that maternal anxiety during preg-
nancy is related to neurodevelopmental changes in the offspring
(Schetter and Tanner, 2012), including impulsivity (Van den Bergh
et al., 2005a), alterations in auditory attention (Harvinson et al., 2009;

Hunter et al., 2012; Otte et al., 2015; Van den Heuvel et al., 2015) and
cognitive control (Mennes et al., 2006, 2009; Van den Bergh et al.,
2005a). Moreover, maternal anxiety symptoms during pregnancy have
been associated with behavioral/emotional problems in children
(Martin et al., 1999; O'Connor et al., 2002a, 2002b, 2003; Van den
Bergh et al., 2004; Wachs et al., 2009; Goodman et al., 2011;
Herba et al., 2016). Different from general anxiety, pregnancy-related
anxiety (or pregnancy-specific anxiety) refers to worries specifically
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concerning the pregnancy, changes in appearance, labor and birth, the
health of the developing child and future parenting (Huizink et al.,
2004; Blackmore et al., 2016). Albeit not representing any maternal
medical condition as the actual anxiety disorders, maternal pregnancy-
related anxiety has been consistently linked with child neurodevelop-
mental outcomes, such as cognitive development, anxiety and brain
morphology (Buss et al., 2010, 2011; Davis and Sandman, 2010, 2012;
Huizink et al., 2003; Nolvi et al., 2016; Korja et al., 2017).

An important domain of neurodevelopment in humans is the pro-
cessing of emotional stimuli and signals. Emotional messages are car-
ried, for example, by vocal expressions along with the meaning of the
words, and these messages are crucial for social communication in
humans, likely important for survival and social cohesion
(Scherer, 1986, 1995; Bachorowski, 1999). Acoustic cues are helpful in
conveying the intended emotion by the speaker while the perception of
these cues helps in the inference of the expressed emotion (Johar,
2015). Emotion-specific patterns of acoustic cues can be used to com-
municate discrete emotions in vocal expression (Juslin and Laukka,
2003). Furthermore, the ability to decode basic emotions (fear, anger,
happiness, sadness, and love) from vocal expression seems to develop
already in infancy as identified by neuroimaging studies (Juslin and
Laukka, 2003; Grossmann et al., 2010; Blasi et al., 2011).

In infants, the processing of auditory stimuli has been previously
studied using near-infrared spectroscopy (NIRS), which is a safe, quiet
and non-invasive neuroimaging tool (Kotilahti et al., 2005;
Telkemeyer et al., 2009; Armitisu et al., 2011; Zhang et al., 2017;
Maria et al., 2018). High-density diffuse optical tomography (DOT) is a
three-dimensional (3D) imaging method with better spatial and quan-
titative accuracy than the basic NIRS technique (Zeff et al., 2007;
Heiskala et al., 2009; Näsi et al., 2013; Lee et al., 2017, Jönsson et al.,
2018; Shekhar et al., 2019). Previous NIRS studies have demonstrated
that the left frontal and temporal areas are activated in infants while
processing infant-directed speech (IDS) (Peña et al., 2003; Saito et al.,
2009; Kotilahti et al., 2010; Naoi et al., 2012). Additionally, bilateral
activation of these areas has been observed in response to IDS (Saito
et al., 2007; Naoi et al., 2013).

In particular, emotional speech prosodies (suprasegmental char-
acteristics of speech like intonation, rhythm and stress) have also been
investigated using NIRS in children. Zhang et al. reported greater ac-
tivation in the right temporal cortex (mainly the middle temporal gyrus
and superior temporal gyrus) to emotional compared to neutral prosody
in neonates as early as 2–8 days of age. Furthermore, a right parietal
area (approximately located in the supramarginal gyrus) was noted to
show a heightened sensitivity to fearful relative to happy and neutral
prosodies (Zhang et al., 2017). Grossmann et al. (2010) observed that
hearing words with emotional prosody (happy and angry), but not
neutral prosody, caused activation in the right temporal cortex in 7-
month-old infants. Besides, hearing angry prosody caused more acti-
vation in the right temporal cortex than happy prosody. Happy prosody
(but not angry or neutral) caused activation in the right inferior frontal
cortex of 7-month-old infants, which implies the engagement of frontal
lobes in the evaluation of happy speech (Grossmann et al., 2010).
Shekhar et al. reported greater activation to happy than neutral speech
in temporoparietal regions of the left hemisphere (LHS) of two-month-
old-infants using DOT, illustrating that also the LHS is involved in the
processing of emotion in speech stimuli (Shekhar et al., 2019). Blasi
et al. reported differential blood oxygenation level dependent (BOLD)
responses to sad vs. neutral vocalizations in areas of the LHS
(Blasi et al., 2011).

Recent neuroimaging studies have begun to explore the relationship
between prenatal exposures, such as maternal stress on infant brain
function and development. Using fMRI, Graham et al. found that ma-
ternal reports of inter-parental conflict were positively correlated with
6- to 12-month-old infants’ blood oxygen-level dependent (BOLD) re-
sponses to angry speech relative to neutral speech in several brain areas
(rostral anterior cingulate cortex and subcortical areas including the

hypothalamus) involved in emotion and stress reactivity and regulation
(Graham et al., 2013). An ERP study by Van den Heuvel et al. reported
that maternal general anxiety at the beginning of the second trimester
of pregnancy affects infant brain responses to sounds at 9 months of age
(Van den Heuvel et al., 2014). A review by Van den Bergh et al.
highlighted that maternal prenatal stress experienced during different
time periods of gestation seems to be linked with infant neurodeve-
lopmental outcomes, such as changes in cerebral processing and in
structural and functional brain connectivity involving the amygdalae
and prefrontal cortex (Van den Bergh et al., 2017).

However, there are no reported studies on whether pregnancy-
specific anxiety experienced by mothers during pregnancy is related to
infant brain responses to different emotions in speech. Therefore, in this
exploratory study, we wanted to investigate the effects of maternal self-
reported pregnancy-related anxiety on two-month-old infants’ neural
responses to emotional speech. We used DOT to measure the total he-
moglobin (HbT) responses to happy, neutral, angry and sad speech in
the infant's frontal, temporal and parietal areas of the left hemisphere
and correlated the responses with the maternal prenatal pregnancy-
related anxiety questionnaire data collected during gestational weeks
(gwks) 24 and 34 of the pregnancy. As highlighted above, recent studies
have shown that maternal pregnancy-related anxiety is associated with
altered neurocognitive outcomes of the infants, we hypothesized that
maternal pregnancy-related anxiety is related to the patterns of infant
processing of emotional speech.

2. Methods

The Ethics Committee of the University of Turku approved the study
protocol, and the study was conducted according to the Declaration of
Helsinki.

2.1. Recruitment and selection of study participants

The study sample consisted of Caucasian mother-infant dyads re-
cruited randomly from the FinnBrain Birth Cohort Study, from the fa-
milies in which the children were born between June 2012 and October
2014 (Karlsson et al., 2018). Informed written consent was obtained
from the parents on behalf of the infants before the measurement. All
families were Finnish-speaking. Exclusion criteria included prenatal
cigarette smoking, preterm birth, major physical disabilities and birth
complications.

Measurements using DOT were attempted on 46 infants, however,
because of the subject restlessness (25) and missing questionnaire data
(2), only the high-quality data from 19 subjects were used in this study.
To be included, minimum requirements for data quality were set so that
at least four artifact-free time courses for the responses to each of the
four emotional speech stimulus conditions (happy, angry, sad and
neutral) were acquired.

2.2. Questionnaire data

Pregnancy-Related Anxiety Questionnaire-Revised (PRAQ-R2) was
used as a measure of pregnancy-related anxiety (Huizink et al., 2016).
This self-reported questionnaire data was gathered with postal/elec-
tronic questionnaires at two time points during pregnancy at gwks 24
and 34 (Karlsson et al., 2018). PRAQ-R2 is a questionnaire based on
PRAQ and it was revised to be applicable for pregnant women re-
gardless of parity. It consists of ten items rated from 1 to 5 and mea-
sures the same constructs repeatedly during pregnancy (Huizink et al.,
2016). The questions reflect concern about one's own appearance, fear
of giving birth and worries about the physical or mental health of the
baby. The mothers had to choose from options 1 to 5 (1=Absolutely
not relevant, 2=Hardly ever relevant, 3= Sometimes relevant,
4=Reasonably relevant and 5=Very relevant). Higher PRAQ-R2 va-
lues indicate higher levels of pregnancy-related anxiety. PRAQ-R2
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appears to be a strong predictor of birth-related and childhood out-
comes, independent of general anxiety measures (Huizink et al., 2002,
2003, 2016; Reck et al., 2013). The mean maternal PRAQ-R2 scores
corresponding to the successfully measured and rejected dyads were
compared statistically in the Supplement.

2.3. Instrumentation

A 16-channel DOT system developed at Aalto University was used in
this study (Nissilä et al., 2002; Nissilä et al., 2005). We report only HbT
in the present study, as changes in HbT have been reported to be more
specific to arteriolar and capillary areas and therefore more accurately
reflect the site of neuronal activity than oxygenated (HbO2) and
deoxygenated hemoglobin (HbR), which include significant contribu-
tions from venous drain areas (Culver et al., 2005; Hillman et al., 2007).

2.4. Measurement session

The measurements were carried out in a room with dimmed am-
bient lighting. During the session, the mother was sitting in a comfor-
table chair and the infant was lying on the mother's lap. Before and
during the neuroimaging session, the infant was fed by the mother, if
needed, to help them stay calm during the measurement.
Photogrammetry markers were placed on the infant's head and images
were taken from five to seven different directions using a stereo camera
setup. Fig. 1a illustrates the measurement setup.

We used a silicone (Accutrans, Ultronics/Coltène) based high-den-
sity fiberoptic probe with 15 source fibers and 15 detector fiber bun-
dles. The probe was placed over the left fronto-temporal cortex of the
infants using a self-adhesive bandage (Fig. 1b). The approximate field of
view (FOV) of the probe is illustrated using contour lines that represent
the falloff of measurement sensitivity in Fig. 1c and d. The FOV is de-
fined as the region where the measurement sensitivity for at least one
source-detector pair is greater than 1/1000th of the maximum value of
the sensitivity for each of the 19 subjects (dark gray contour line in
Fig. 1c and d). We decided to limit the measurement to one hemisphere
to make it easier for the mother to support and take care of the infant
during the recording. The left hemisphere was selected based on our
previous studies (Kotilahti et al., 2010) and the findings in
Blasi et al. (2011). After the probe was attached, additional stereo
images were taken to record the probe position relative to the external
landmarks. The entire measurement session was video recorded to as-
sist in the detection of motion artifacts. If the infant was crying or
uncomfortable, the measurement was paused to console the infant. If
the infant continued to be uncomfortable, or the mother asked for the
measurement to stop, the session was terminated.

2.5. Stimuli

The stimuli consisted of 11-s trains of four short phrases spoken in a
happy, angry, sad or neutral tone of voice. These phrases were spoken
in Finnish by an actress and were presented using a computer running
Presentation (Neurobehavioral Systems©) software and a loudspeaker.
The stimuli had different words and short pharases with appropriate
semantic content fitting to each emotion. Each block contained stimu-
lation from only one emotional category. The silent rest period was
randomized in duration from 20 s to 30 s between each stimulation
block. The loudspeaker was placed at approximately two meters from
the infant. The sound intensity was set to approximately 65 dB. One to
three runs of 25min duration were measured for each infant.

2.6. Signal processing

The modulation amplitude was the data type used in this study. The
amplitude signal was band-pass filtered with −3 dB cutoff frequencies
of 0.007 Hz and 0.2 Hz. Motion artifacts were identified by thresholding

the filtered amplitude signal at a manually selected threshold from 3.5
to 7 times the standard deviation of the signal, and stimulus triggers
inside or near epochs with suprathreshold filtered amplitude values
were removed to avoid the impact of motion artifacts on the calculated
average. The threshold was selected by visual inspection of the signal.
Vigorous limb movement or head movement identified from the video
were also used to reject the affected responses. Out of the 46 subjects
measured, data from 25 were considered insufficient quantity and
quality to be used, and questionnaire data from two of the remaining
subjects were not available for gwk 24 (three for gwk 34). The analysis
was based on the remaining 19 subjects (8 females and 11 males) for
PRAQ-R2 gwk 24 and for 18 subjects (7 females and 11 males) for gwk
34. The successful measurements included PRAQ-R2 values across a
broad range (10–45). After removal of motion artifacts, 8 ± 2
(mean± SD) presentations of each stimulus type remained for aver-
aging, which was performed using deconvolution. Prior to reconstruc-
tion, the mean value in the interval [−1 s, 0 s] was subtracted from the
averaged time courses for each source-detector pair.

2.7. Anatomical model

A representative 1.5-month-old infant's magnetic resonance image
(MRI) was segmented into tissue types (see Jönsson et al., 2018 for the
optical properties assigned to each tissue type) and photogrammetry
marker coordinates were used to scale the model for each child (see
Section 2.8). The resulting voxel-based anatomical model was used in
the calculation of the Jacobians and the reconstructed images as well as
to visualize the location of the clusters found (Fig. 2).

2.8. Photogrammetry

Five to seven pairs of stereo images were captured from different
orientations while the infant was wearing a colored glass pearl marker
mesh and additional markers on the face and at landmarks (left and
right pre-auricular points and the nasion). The 3D positions of the
landmarks from the photogrammetry were used to co-register the op-
tode positions on the surface of the scalp of the voxel-based anatomical
model. The voxel side length of the anatomical model was adjusted to
minimize the squared radial distance between photogrammetry mar-
kers and the outer surface of the scalp in the anatomical model.

2.9. Image reconstruction

A linear approximation for the dependency between changes in the
logarithm of amplitude and absorption coefficient was used to re-
construct the changes in the absorption coefficient. The Jacobian ma-
trices were calculated from Monte Carlo simulations using the Monte
Carlo eXtreme (MCX) open source software (Fang et al., 2009) on a
NVIDIA Tesla K80 graphics processing unit (GPU)-card. We simulated
109 photon packets for 9×10−8 s per source using source and detector
radii of 1.25mm and 1.82mm, respectively. Voxel-wise absorption
coefficient changes were reconstructed as the least-squares solution to
the difference between measured and estimated difference data in-
cluding Tikhonov regularization with the Laplacian matrix
(Heiskala et al., 2009; Näsi et al., 2013). Only data from source-detector
pairs with separation under 45mm was used (Fig. 1e). The performance
of the reconstruction algorithm was validated via simulations and
phantom experiments. The absorption coefficient changes were con-
verted to HbT changes using the extinction coefficients from
Cope (1991).

2.10. Voxel-based clustering analysis

To search for the regions that exhibited a statistically significant
correlation between the HbT responses to emotional speech and the
maternal pregnancy-related anxiety scores, we calculated Spearman's
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rank correlation coefficient and the corresponding p-value for each
voxel within the field of view (FOV) of the measurement probe for each
pair of stimulus condition and maternal distress score. Spearman's rank
correlation was used because the relationship may be nonlinear. The
HbT response magnitude was calculated by averaging the time course
from 2 s to 18 s post stimulus train onset. Adjacent gray matter (GM)
voxels with p < 0.001 were combined into clusters and the voxel re-
sponse values within the cluster were averaged. After this, the cluster
was expanded to include adjacent voxels with p < 0.0033 and finally p
< 0.01. Finally, cluster-level correlation coefficients and cluster-level
p-values were calculated for each of the voxel-level p-value thresholds
and the extent of the cluster was decided based on the lowest cluster-
wise p-value. Multiple comparison correction using the Bonferroni

method was applied to the cluster p-value based on the following
considerations: The GM volume within the FOV of measurement was
approximately 101 cm3. Our imaging method is considered to be able to
distinguish between regions of 1 cm3 in volume, which leads to a cor-
rection factor of 101. The number of source-detector pairs with source-
detector separation (SDS) > 12mm was 120, leading to our selection of
the correction factor as 120. A second, more stringent correction factor
was calculated by considering also the number of conditions (4) and the
number of questionnaire pregnancy time points (2), leading to a factor
of 120×4×2=960. A validation procedure was applied to de-
termine the dependency of the false positive rate on the minimum
cluster size threshold in the following way: A large quantity of synthetic
resting state data that matches the spatiotemporal cross-correlation

Fig. 1. Illustration of a) the measurement session, b) the position of the probe, c) the axial and d) coronal views of the approximate field-of-view, and e) the source
(red dot) and detector (blue dot) arrangement with active pairs marked with interconnecting lines. The measurement sensitivity is indicated using the white, light
gray and dark gray contour lines (in c-d) representing thresholds where the sensitivity exceeds 1/10th, 1/100th, and 1/1000th of the maximum value of the Jacobian
for all subjects.
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structure of measured infant resting state data was generated using
autoregressive modeling. The analysis pipeline was applied to the
synthetic resting state data generated and the number of clusters that
were classified as statistically significant was counted along with the
cluster size. A false positive rate of 0.05 was achieved when the
minimum cluster size was set to 674 voxels.

2.11. Identification of anatomical regions

Using visual inspection, the anatomical regions corresponding to the
clusters were identified using the anatomical images and automatic
anatomical labeling (AAL) maps of the newborn atlas published by
Shi et al. (2011). The approximate infant and adult Montreal Neuro-
logical Institute (MNI) coordinates corresponding to the centers of
gravity of each cluster were determined using the Shi and MNI atlases
with MRIcron and are shown in Table 2.

2.12. Analysis of the contribution of potentially confounding factors

On the cluster found to have a statistically significant Spearman's
rank correlation coefficient between PRAQ-R2 and HbT response to the
emotional speech, we performed a linear regression analysis to evaluate
possible confounding effects of PRAQ-R2 with maternal prenatal de-
pression and general anxiety symptoms. Maternal postnatal depression
and general anxiety recorded at 3 months after birth were also tested as
potential confounders. Finally, we tested the gestational age at birth as
a possible confound due to the rapid anatomical functional changes that
occur towards the end of pregnancy. This analysis is presented in the
Supplement.

3. Results

3.1. Characteristics of the successfully measured dyads

Table 1 shows descriptive statistics of the 19 mother-infant dyads
that were included in the analysis of our study. The participant mothers
had a median age of 32.1 (range 21.4 – 37.3) years at the time of the
DOT measurement of their infants. The mothers’ education was char-
acterized using a three-step scale (1= lower or middle level education
(up to 12 years of education), 2= vocational/applied university degree
(up to 15 years of education), 3= university degree (more than 15
years of education)). The mothers had an average monthly income of
2000 to 2500 euros, which could be considered as middle-class income
in Finland (Statistics Finland 2017). The study sample was generally
highly educated: 58% of the mothers had a university degree and the
symptom levels were generally low. None of the mothers in the study
sample reported smoking during pregnancy. None of the mothers were

under antidepressant or antipsychotic medication during pregnancy.
The age of the participant infants (8 females and 11 males) ranged from
6 weeks to 10 weeks (mean 55 ± 9 days standard deviation (SD)).
Additional information on the participants is included in the Supple-
ment.

3.2. Statistically significant clusters

A cluster (1928 voxels; approximate infant MNI coordinates
x=−31, y=−31 and z=4; Fig. 2a and b) in the left temporoparietal
junction (TPJ) was observed with a strong negative correlation
(Spearman's rank correlation coefficient ρ=−0.87; N=19;
p=1.9× 10−4 Bonferroni corrected for 120 regions) between the
PRAQ-R2 scores at gwk 24 and the infant HbT responses to sad speech
(Fig. 2c; Table 2). Spearman's rank correlation coefficient for the re-
sponse to sad speech in the TPJ cluster vs. PRAQ-R2 at gwk 24
(ρ=−0.87; N=18) was statistically significantly greater than for gwk
34 (ρ=−0.42; N=18); p=0.0091 from permutation test. Neither
maternal pre- or postnatal general anxiety or depression symptoms, nor
the gestational age at birth was statistically significant as confound
factors together with the main regressor (PRAQ-R2 at gwk 24) in the
multiple regression analysis (as presented in the Supplement).

4. Discussion

The present study investigated the correlation between maternal
pregnancy-specific anxiety symptom scores collected at gestational
weeks 24 and 34 and infant hemodynamic responses to emotional
speech stimuli in the left hemisphere at two months of age recorded
using diffuse optical tomography (DOT). We found that at gestational
week 24, PRAQ-R2 scores correlated negatively with total hemoglobin
responses to sad speech in areas inferior and superior to the left tem-
poroparietal junction (TPJ; MTG=Middle Temporal Gyrus,
ITG= Inferior Temporal Gyrus, FFG= Fusiform Gyrus,
STG=Superior Temporal Gyrus, SMG=Supramarginal Gyrus) (Fig. 2;
Table 2).

Our results are in line with the developmental origins of behavior,
health and disease (DOHaD) hypothesis (Barker, 1998) which proposes
that intrauterine and maternal conditions during pregnancy may affect
the neurodevelopmental pathways of the fetus and child (Van den
Bergh, 2011; Gluckman et al., 2009; Räikkönen et al., 2011). Previous
research suggests a connection between maternal prenatal anxiety
(psychological distress, life event stress and objective exposure) and
neurocognitive outcomes of the infants (Mulder et al., 2002; Van den
Bergh et al., 2005b; Van den Heuvel et al., 2015; Van den Bergh et al.,
2017). Otte et al. (2015) studied ERP responses to happy and fearful
face/voice pairs in 9-month-old infants and reported larger P350

Fig. 2. Temporoparietal junction (TPJ) cluster with statistically significant negative correlation between infant response to sad speech and pregnancy-related anxiety
(PRAQ-R2) at gwk 24. Cluster location (a) in the axial slice through the center of gravity, (b) coronal slice. White line shows cluster outline for voxel-level p < 0.01
and solid yellow area corresponds to voxel-level p < 0.001. c) Scatter plot showing the individual subject HbT responses to sad speech and the infant's mothers’
PRAQ-R2 scores for gwk 24.
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amplitudes in response to fearful vocalizations and smaller P350 am-
plitudes in response to happy vocalizations when the infants had been
exposed to higher levels of anxiety (maternal state anxiety score mea-
sured before gwk 15). As TPJ has been involved in the “theory of mind”,
or reasoning about another person's mental states (Saxe and
Kanwisher, 2003), and the superior temporal sulcus (STS) has been
proposed to be involved in both speech and social perception (Frith and
Frith, 2007; Blakemore, 2008; Redcay, 2008), reduced processing of sad
speech in these areas could reflect the influence of maternal pregnancy-
specific anxiety on the infants’ social cognitive processes although the
functional relevance of these observations remains to be investigated.

Comparison with earlier studies using pregnancy-related anxiety
questionnaires when measuring maternal prenatal stress prior to infant
neuroimaging is precluded by the scarcity of such studies. However, our
findings are in line with recent studies that have reported the associa-
tion of maternal generalized anxiety with behavioral and emotional
outcomes in children. For example, it has been found that maternal
generalized anxiety (assessed using the anxiety items from the Crown-
Crisp index) is a predictor of behavioral problems (inattentivity/hy-
peractivity) in 4-year-olds and behavioral and/or emotional problems
in 7-year-olds (O'Connor et al., 2002a, 2002b). Kataja et al. found that
maternal pre- but not postnatal general anxiety symptoms were asso-
ciated with higher threat bias in infants (as reflected by the probability
of disengagement from fearful faces in an eye movement tracking task).
Furthermore, the relationship between maternal generalized anxiety
symptoms in early pregnancy (gestational week 14) and higher threat
bias in infants remained significant even after controlling for maternal
postnatal symptoms (at 6 months post-partum) (Kataja et al., 2019).
Huizink et al. found that maternal anxiety at 15–17 weeks and preg-
nancy-specific anxiety at 27–28 weeks were associated with infant at-
tention-regulation problems at 3 months and 8 months (Huizink et al.,
2002, 2003). Van den Bergh et al. found that maternal state anxiety at
12–22 weeks of gestation was a significant predictor of anxiety and
externalizing problems in 8- to 9-year-old children and cognitive

functioning at age 14–15, whereas anxiety at 32–40 weeks was not
(Van den Bergh and Marconen, 2004; Van den Bergh et al., 2005a).
Taken together with our results, maternal anxiety and maternal preg-
nancy-related anxiety at different time points during pregnancy might
be variably associated with behavioral and emotional outcomes in
children; however, more research is needed to form conclusive evi-
dence. To link our observations on infant brain responses to emotional
speech and socio-emotional development of children, further research
is needed to make any conclusions about the relationship between the
TPJ sensitivity to sad stimuli and later behavioral outcomes in children.

Animal studies have suggested that permanent alterations in hy-
pothalamic-pituitary-axis (HPA axis) can occur in the offspring, if they
are exposed prenatally to maternal stress (Lucas, 1991; Weinstock et al.,
1992; Clarke et al., 1994; Henry et al., 1994; Barbazanges et al., 1996;
Maccari et al., 2003; Grant et al., 2009). Maternal prenatal State and
Trait anxiety increases the fetal exposure to cortisol by down-regulating
the enzyme called placental 11β-hydroxysteroid dehydrogenase type-2
(O'Donnell et al., 2012). In addition, there might be genetic factors that
mediate the effects of maternal anxiety on the infant responses to
emotional speech. The precise mechanism by which maternal prenatal
anxiety would affect fetal neural programming in humans is not yet
fully understood (Van den Bergh et al., 2005b; Buss et al., 2011) and
warrants more research.

Due to the neurovascular coupling, increased synaptic activity leads
to an increase in arteriolar and possibly capillary diameter and in-
creased cerebral blood volume (CBV), flow (CBF), and HbT
(Hillman et al., 2007; Mishra et al., 2016). Since arteriolar blood has a
higher oxygen saturation than venous blood, the tissue oxygen satura-
tion increases in the affected region, leading to increased HbO2 and
decreased HbR, which is sometimes referred to as the typical or cano-
nical hemodynamic response (Issard and Gervain, 2018). Responses
which show the opposite polarity (either negative HbO2, HbT and/or
positive HbR changes) are called inverted responses (Issard and
Gervain, 2018). In the present study, we observed negative HbT

Table 1
Descriptive statistics of the mother-infant dyad sample (N=19). Instead of median and range, for the education level we indicate frequencies and percentages
(L1= lower or middle level education (up to 12 years of education), L2= vocational/applied university degree (up to 15 years of education), L3= university degree
(more than 15 years of education)).

Subject Characteristic Median Range

Infants (N=19) Age at measurement calculated from the birthdate (days) 53 43 - 71
Head circumference at birth (cm) 38.5 33.0 – 41.9
Birth weight (g) 3500 2525 – 4175
Birth height (cm) 51 47 – 54
Gestational age at delivery (weeks) 39.7 37.3 – 41.9

Mothers (N=19) Maternal age at measurement (years) 32.1 21.4 – 37.3
Maternal Body Mass Index, kg/m2 (BMI) 22.5 19.5 – 35.4
PRAQ-R2 total score at gestational week 24$$ 20.0 10.0 – 45.0
PRAQ-R2 total score at gestational week 34 (N=18) 20.0 Level 13.0 – 40.0 Frequency (%)

Education level (3-step scale) L1
L2
L3

6 (32%)
2 (11%)
11 (58%)

Table 2
Regions with statistically significant correlations between pregnancy-related anxiety (PRAQ-R2) and infant response to emotional speech. Nvox= number of voxels in
the cluster, Gwk= gestational week. ρ=Spearman's rank correlation coefficient. Multiple comparison performed to achieve the corrected p-value using the
Bonferroni method with 120 regions. *= statistically significant with corrected p-value < 0.05 using a correction factor NMC=120. **= Statistically significant
with Bonferroni correction for 120 regions, 4 emotions and 2 stress scores. MTG=Middle Temporal Gyrus, ITG= Inferior Temporal Gyrus, FFG= Fusiform Gyrus,
STG= Superior Temporal Gyrus, SMG=Supramarginal Gyrus. The infant MNI coordinates were calculated from the infant template by Shi et al., 2011.

Region Nvox Emotion Gwk Coordinates ρ p-value(uncorrected) p-value(corrected)

Temporoparietal junction (MTG-L, ITG-L, FFG-L, STG-L, SMG-L) 1928 Sad 24 Infant
(−31,−31,4)
Adult
(−45,−37,21)

−0.87** 1.6×10−6 1.9× 10−4**
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responses to sad speech in the TPJ cluster in the infants of mothers who
reported higher levels of pregnancy-related anxiety and positive HbT
responses in the infants of mothers who reported lower levels of preg-
nancy-specific anxiety during pregnancy. Responses to auditory stimuli
in the temporal and parietal cortices with both positive and negative
sign have been reported in adults (while awake) using NIRS
(Bauernfeind et al., 2018), and reduced or negative BOLD responses in
the temporal cortex are found in adult subjects during sleep
(Czisch et al., 2002, 2004). Although we were not able to determine the
infant's the sleep stage in the present study, most of the stimuli accepted
into averaging were likely presented during sleep. The infants are more
active during awake periods, potentially leading to frequent artifacts
and epoch rejection (Jönsson et al., 2018). It is possible that sleep stage
is a contributing factor to reduced or negative responses to auditory
stimuli. The variability in the hemodynamic response in infant fNIRS
measurements is discussed, e.g., in Issard and Gervain (2018). In the
temporal cortex, both inverted and typical responses to auditory stimuli
are reported in newborn infants between subjects using the same sti-
mulus conditions as well as within participants between different sti-
mulus conditions (Issard and Gervain, 2018). In adults, both typical and
inverted responses to auditory stimuli are also reported
(Bauernfeind et al., 2018). The inverted response may be a sign of de-
activation, in which case the neuronal activity may be reduced due to
inhibitory inputs, a reduction of the resting state activity (Raichle and
Mintun, 2006; Hayes and Huxtable, 2012), or due to habituation when
the stimulus is repeated or several stimuli are presented in a quick
succession (Kusherenko et al., 2013; Guiraud et al., 2011). Deactivation
may occur when the stimulus is regarded irrelevant (Grossmann et al.,
2010). Another possible explanation for negative responses is blood
stealing, i.e., activation in a different area may lead to reduced blood
flow to the surrounding areas without central control due to the finite
overall capacity of the cardiovascular system (Tomasi et al., 2006). Due
to the limited spatial resolution of DOT, it is possible that regions with
negative HbT responses may affect the reconstructed values also in
adjacent regions with positive HbT responses, as both polarities of re-
sponses are seen in temporal and parietal cortex (Issard and
Gervain, 2018; Bauernfeind et al., 2018). If a region of the brain is
activated to a stimulus in a PRA-modulated way, adjacent regions
(which may be deactivated or show otherwise negative responses) may
pull down the reconstructed values leading to a range of negative to
positive values instead of a range from zero to positive values because
the reconstruction is not able to resolve such fine details between re-
gions. Furthermore, differences across subjects in the spatial location of
activated areas may contribute to the loss of fine detail when in-
vestigating group-level phenomena such as the correlation analysis in
the present study. If we assume that more positive HbT responses in-
dicate greater activity and more negative responses reduced activity,
then the result suggests that the healthy mothers’ infants have greater
activation in the TPJ due to the processing of sad speech and the infants
born to anxious mothers have suppressed processing of sad speech in
this area. Comparison of electrophysiological and hemodynamic re-
sponses using the same subjects and stimulus protocols may also be help
understand the meaning of positive and negative HbT responses in
general, and specifically, if the infant responses differ from those of
adult subjects.

4.1. Limitations

Although the questionnaire data were collected at specific points of
gestation, we cannot be certain about the exact duration of pregnancy-
related anxiety experienced by the mothers in our study. Despite the
fact that the effects of maternal generalized anxiety cannot be com-
pletely disentangled from pregnancy-related anxiety, our study speci-
fically illustrates the association between pregnancy-related anxiety
and infant neural hemodynamic responses to emotional speech. A
limitation of this study was that we did not control for anxiety

symptoms in fathers during pregnancy. Maternal pre- and postnatal
generalized anxiety and depression were not found to be significant co-
explanatory factors in a linear multiple regression analysis (see the
Supplement for details). Although individual subject specific MRI's of
each subject would have made modeling light propagation and visua-
lization of results more precise, it was not realistic to require each
subject to undergo both studies in quick succession. The use of a
newborn atlas based on averaging a large number of subjects was re-
jected because of the large differences in head shapes between new-
borns and infants of two months of age. Because of the diffusive nature
of light propagation, and the solution of the inverse problem, perfect
localization of the resulting changes is not possible and the results
should be viewed as estimates based on the information available.
Lastly, the imaging method used in this study is not sensitive to the
deepest parts of the brain, the probe was positioned mainly over tem-
poral and parietal regions, and a large part of the frontal cortex and the
right hemisphere entirely were outside of the FOV. Additional studies
are called for to investigate responses in areas of the brain not covered
in this study. A larger data set would have been desirable to provide a
more comprehensive analysis of the effects of the different stress factors
and to better represent a larger population, but this was not possible in
the current study. The effect found was, however, highly statistically
significant within such a large volume of the cortex that it should be
easily reproducible using similar methods. Due to the rejection of over
one-half of the recruited subjects, the representativeness of the sample
may be questioned. We did not find statistically significant differences
in the maternal education, pregnancy-related anxiety, prenatal or
postnatal general anxiety, or postnatal depression scores between the
successfully measured and rejected subject groups. Prenatal depression
scores were slightly higher for the successfully measured than the re-
jected subject groups (see Supplement for details). The influence of the
infant-mother interaction on the measured data was not investigated in
this study, which can be considered a limitation. However, coding of
the infant-mother interaction events and coupling them with coinciding
emotional speech stimuli would lead to difficulties in obtaining suffi-
cient number of averages for each event to achieve a reliable analysis.
The study population included a relatively large proportion of highly
educated mothers; 58% of the mothers had university degrees.

5. Conclusion

In this pilot study, we looked into the relationship between maternal
pregnancy-related anxiety (PRA) in mid- and late pregnancy and infant
responses to emotional speech at two months of age. We discovered that
in areas around the temporoparietal junction (TPJ), the infant response
to sad speech correlates negatively with maternal PRA in mid-preg-
nancy and that this correlation is stronger in mid- than late pregnancy.
The TPJ receives inputs from the auditory cortex as well as the limbic
system, thus it is logical that if exposure to PRA alters the development
of the limbic system in the fetus, this would lead to a correlation be-
tween PRA and responses to emotional speech in this area of the child's
brain. In infants, the observed large inter-subject variability between
responses to stimuli is sometimes interpreted as a sign of the im-
maturity of the brain, or a result of flaws in the research or neuroi-
maging methodology. The results in this study suggest that maternal
PRA in mid-pregnancy may explain a large part of the inter-subject
variability in infant responses to affective stimuli. The stronger effect
observed for PRA in mid- rather than late pregnancy may indicate a
biochemical rather than sensory mechanism as more likely. Future
studies of maternal PRA at different phases of gestation and the child's
neurodevelopmental outcomes with a larger number of subjects are
needed to understand the implications of exposure to maternal preg-
nancy-related anxiety on the child's cognitive and emotional develop-
ment. As instrumentation, modeling and analysis techniques for the
neuroimaging of children evolve, more detailed information of the
child's brain development can be obtained. Finally, the long-term socio-
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emotional significance of the observed variation in emotional speech
processing during infancy needs to be further investigated by long-
itudinal studies.
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