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SUMMARY

The aim of is to explore whether by observing the fetus by 4D US it is possible to enter fetal behavior, emotions, mental status,
consciousness, awareness and other states connected with fetal mind and ability of self-regulation.

1t is well known that fetal motoric activity is enabling the development of central and peripheral nervous system and the muscles.
It is 4D US which enabled to investigate fetal movement patterns from the first trimester of pregnancy throughout the whole preg-
nancy. Based on the evaluation of fetal spontaneous motor activity by 4D US, a prenatal neurologic scoring test named Kurjak
Antenatal Neurodevelopmental Test (KANET) was created. This test has been used to assess almost 2000 fetuses and our results
have indicated that KANET has an ability to recognize normal, borderline, and abnormal behavior in fetuses from normal and
abnormal pregnancies.

The fetus is able to process tactile, vestibular, taste, olfactory, auditory and visual sensations. The fetus responds to painful
stimuli with a wide spectrum of reactions. Important external signs of emotion are facial expressions. The existence of a wide range
of facial expressions, including grimacing, smiling, crying, similar to emotional expressions in adults, has been revealed by 4D
sonography in the 2" and 3" trimesters of pregnancy.

1t is questionable if mental, emotional and behavioral conditions of the fetus were covered in this paper and whether we are able
to perceive the fetus as the patient who may develop communication or some other psychiatric disorders which we will be hopefully
able to recognize prenatally. Although it seems as the speculation from the point of view of our recent diagnostic possibilities, it is

apparent that the day when this will be a reality is rapidly approaching.
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INTRODUCTION

Introduction of ultrasound more than seventy years
ago into medical diagnostics was an important diag-
nostic tool in clinical medicine (Newman & Rozycki
1998, McNay & Fleming 1999). When more than sixty
years ago ultrasound was introduced to the field of
obstetrics and gynecology it has opened mysterious and
unknown world of fetal life to the eyes of clinicians and
the mothers (McNay & Fleming 1999). Advancement of
ultrasound and computer technology almost thirty years
ago enabled introduction of three- and four-dimensional
ultrasound (3D and 4D US) which has made depiction
of fetal anatomy more realistic with many details of
normal and abnormal structures of many organs and
organ systems (Baba et al. 1989, Merz 1995, Kurjak et.
al 2000). Two dimensional ultrasound (2D US) has been
used as the tool not only to depict fetal anatomical
structures, but also it’s function by introduction of
assessment of Prechtl’s fetal general movements (GMs),
reflecting the development of fetal central nervous
system (Prechtl 1990, Einspieler et al. 2004, Hadders-
Algra 2004). Some fifteen years ago 4D US has been
introduced in the field of fetal behavior with the

development of Kurjak Antenatal Neurodevelopmental
Test (KANET) aiming to detect fetuses at high
neurodevelopmental risk by the assessment not only of
fetal GMs but also some other neurological signs like
skull sutures, neurological thumb and facial move-
ments (Kurjak et al. 2003, 2004, 2008, 2010, Amiel
Tison et al. 2006, Amiel-Tison & Gosselin 2009). While
studying fetal behavior, we have been speculating
about the fetal awareness and fetal cognitive function,
trying to become familiarized with fetal emotional life
and its readiness to separate from the intrauterine envi-
ronment and begin independent life as a new individual
(Kurjak et al. 2005, Salihagic Kadic & Kurjak 2018).
This concept of looking at the fetus as a complete per-
son is very important, because only by putting together
all aspects of ones health even in utero is enabling better
results of treatment. This means that at that time we
have been thinking in the way of so called personalized
medicine, taking every fetus as a separate and unique
individual. Problem with fetus is that not all postnatal
diagnostic tools are available prenatally, and the in-
fluence of maternal environment which is quite different
from one postnatally is also disturbing and complicating
our diagnostic means and approach.
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The aim of this paper is to explore whether by
observing the fetus by 4D US we are able to enter fetal
behavior, emotions, mental status, consciousness, awa-
reness and other states connected with fetal mind and
ability of self-regulation.

DEFINITION OF HUMAN AWARENESS

Linguistic definitions of awareness are available on
the Internet. Webster dictionary defines awareness the
quality or state of being aware: knowledge and unders-
tanding that something is happening or exists
(https://www.merriam-webster.com/dictionary/awareness
(accessed 21.6.2019.)), while MacMillan dictionary pro-
vides with two aspects of awareness:

1. knowledge or understanding of a subject, issue, or
situation,

2. the ability to notice things (https:/www.
macmillandictionary.com/dictionary/british/awareness)
(accessed 21.6.2019.)). Awareness is the ability to
directly know and identify, to feel, or to be aware of
events, meaning that one is conscious of something, in-
forming environment about it through specific beha-
vioral process (https://en.wikipedia.org/wiki/Awareness).
Weather awareness is synonymous with consciousness
itself is not quite clear, although some investigators
think about awareness in that way (Hussain et al. 2009).
Many investigators believe that consciousness consists
of two components: awareness which is a content of
consciousness, and arousal describing the level of cons-
ciousness (Boly et al. 2008). Awareness and arousal are
mostly positively correlated meaning that with decre-
ased arousal awareness is decreasing as well (Boly et al.
2008). Concept of awareness has at least two aspects:
the first focused on internal state which could be
described as the intuitive feeling of something, and the
second directed toward the external events by means of
sensory perception, when the brain is activated in
certain ways enabling sensing something, which is
process distinguished from observation and perceiving
(Locke 2002). When thinking about awareness, there
can be at least two aspects of the state of awareness
depending on the subject to which awareness is direc-
ted: one is self-awareness meaning that one is aware of
one’s own awareness state, and the other component is
external awareness implicating how external world is
perceived (Boly et al. 2008). The organization of self-
awareness denotes the inner experience of the subject
which has a central role in the self-regulation (Amadei
& Bianchi 2012). One’s awareness of internal and
external world is defined as basic awareness and is
dependent on the brain stem, while higher forms of
awareness like self-awareness require cortical contribu-
tion (Amadei & Bianchi 2012). Primary consciousness
means ability to integrate sensations from the environ-
ment which are transposed to certain behavior (Amadei
& Bianchi 2012). This primary consciousness or basic
awareness consists of the capacity to generate emotions
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and awareness of surrounding without ability to talk,
label or describe this experience (Amadei & Bianchi
2012). There are interconnected regions down the brain
stem regulating the direction of the gaze, and organize
the decisions about one’s next activity (Amadei &
Bianchi 2012).

DEVELOPMENT OF CONSCIOUSNESS
AND AWARENESS

As it was pointed out before, consciousness has two
main components: arousal which involves the activity of
subcortical structures encompassing brain-stem reticular
formation, hypothalamus, and basal forebrain, and awa-
reness which is related to the activity of frontoparietal
associative areas (Boly et al. 2008). While self-awa-
reness networks include the posterior cingulate/pre-
cuneal cortices, medial frontal cortex, and bilateral tem-
poroparietal junctions, the external awareness network
encompasses lateral frontal and parietal cortices (Boly
et al. 2008).

Brain stem is formed around 7 weeks of gestation,
while cerebral hemispheres and diencephalon develop
by the end of 8 gestational week (Salihagi¢ Kadi¢ &
Predojevic 2012). Production of 250.000 neurons per
minute starts at 7 weeks of gestation (Nelson 2011). Early
in gestation neurons differentiate and migrate through
the forming cortical layers. Migration of neurons to the
cortical plate peaks around 12 to 20 weeks and is com-
plete around 26 to 29 weeks (Anderson & Thomason
2013). Approximately between 24 and 34 weeks, cortical
area differentiation begins and continues until the end of
gestation (Kostovic et al. 1995). The peak period of
synaptogenesis begins at 34 weeks and continues well
into early postnatal life (Tau & Peterson 2010). Thalamo-
cortical and cortico-cortical connections are fundamental
for cortical processing of sensory information and mental
processes. The first such connections grow at 24 to 26
weeks of gestation (Kostovic & Judas 2010). Between 26
and 28 weeks, evoked potentials can be registered from
the cortex, indicating that the functional connection bet-
ween periphery and cortex operates from that time
onwards (Klimch & Cooke 1998).

DIAGNOSTIC TOOLS
DEMONSTRATING BRAIN FUNCTION

As it was pointed out in the introduction not many
diagnostic methods are available for prenatal use due to
the technical and ethical constrains. Depicting fetal
structural brain anatomy is much easier than assessment
of fetal brain function. Methods like functional mag-
netic resonance imaging (fMRI), diffuse correlation
spectroscopy and near-infrared spectroscopy, positron
emission tomography (PET) or electroencephalography
(EEQG) can be used postnatally in premature infants and
these data can be transposed to the fetuses of the same
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gestational age, but this comparison is not quite
plausible at least because fetus and neonate are living
in quite different environments, which may have sub-
stantial influence on the findings (Laureys et al. 1999).
Most methods rely on the idea to make assumptions
about the timing or location of some activity pattern of
the activated brain system (Boly et al. 2008, Heiss 2012,
Arichi et al. 2017, Andersen et al. 2019, Giovannella et
al. 2019, O'Sullivan et al. 2019).

The EEG is more and more routinely recorded
alongside fMRI to study spontaneous brain activity
(Salek-Haddadi et al 2003, Arichi et al. 2017). The EEG
data provide access to very useful information regarding
the timing of spontaneous brain activity. There are some
differences between neonatal and adult brain activity
shown by fMRI detecting the highest activity in the
somatosensory, auditory, and visual cortex, whereas less
activity is revealed in association area and the prefrontal
cortex of the newborn brain as compared with adults
(Lagercrantz 2014).

As we can learn from the data of sophisticated neuro-
imaging and neurophysiological data used postnatally,
neither of them has been routinely used in fetuses due to
different technical and ethical constrains. At the mo-
ment one of the available methods for functional
assessment of fetal brain is 4D US.

Challenges of DOHaD models of mental health:
Fetal origins of mental disorders

It is quite clear that proper fetal brain development
requires appropriate combination of both genetic/epige-
netic and environmental factors. Dysregulation of intra-
uterine environment may result in disturbances in fetal
brain development which may be critical for different
mental disorders (ADHD, autism, anxiety, bipolar dis-
order, depression, schizophrenia, and substance abuse)
over the lifespan (O’Donell & Meaney 2017, Peterson
et al. 2019, Sonmez et al. 2019). From the perspective
of pre-emptive and preventive psychiatry studies of the
fetal origins of mental health as well as mental dis-
orders are formidable challenge. Mental disorders
develop as a cascade of events functionally linked to
each other (concept of staging), sometimes starting in
prenatal period. Predictive diagnostics followed by
targeted prevention before manifestation of pathology
has been promoted as a new promising and challen-
ging concept of precision medicine predicated on
excellent science and info-technology. Staging as pro-
ven strategy in somatic medicine involves searching
for the links between biomarkers, clinical phenotypes
and disease development as the base for personalized
pre-emptive treatment. The most challenging hypothesis
of “developmental origins of health and disease”
(DOHaD) suggests that the intrauterine signals which
compromise fetal growth also act to “program” tissue
differentiation in a manner that shapes individual diffe-
rences in the risk for chronic illness and mental dis-

orders over the lifespan (O'Donell & Meaney 2017).
According to integrative models of fetal neurodevelop-
ment, antenatal maternal adversity operates through the
biological pathways associated with fetal growth to
program neurodevelopment. Compromised fetal deve-
lopment appears to establish a “meta-plastic” state that
increases sensitivity to postnatal influences and con-
secutively to increased risk for mental disorders.
DOHaD studies provide an empirical basis for multi-
disciplinary programs across obstetrics/gynecology, neo-
natology, pediatrics, neuroscience, psychiatry, and psy-
chology and are essential for a comprehensive under-
standing of the relation between maternal health, fetal
growth, and neurodevelopment.

POSSIBILITIES OF 4D US IN
ASSESSMENT OF FETAL BEHAVIOR

Fetal motoric activity

It is well known that fetal motoric activity is enab-
ling the development of central and peripheral nervous
system and the muscles (Salihagi¢ Kadi¢ et al. 2009).
General movements (GMs) are the earliest complex,
well-organized movement pattern of the head, trunk
and limbs appearing at the 7.5 gestational weeks It is
4D US which enabled to investigate fetal movement
patterns from the first trimester of pregnancy throug-
hout the whole pregnancy (Kurjak et al. 2006, Ando-
notopo et al. 2005). At 10 weeks of gestation the fetus
begins to show the earliest signs of right- or left-
handed behavior. Stimulation of the brain influences
its organization and fetal motor activity induces the
brain to develop “handedness® and subsequent latera-
lization of the function (Salihagic Kadic & Predojevic
2009). From 13 gestational weeks onwards, the fetus
performs goal oriented targeted hand movements
(Figure 1) (Kurjak et al. 2003). Early in the 2™ tri-
mester sixteen different types of head movements can
be observed, including retroflection, anteflection, and
rotation of the head as well facial movements such as
mouthing, yawning, hiccups, sucking, and swallowing
(Salihagic Kadic & Predojevic 2009) (Figure 2). The
eye movements appear between 16 and 18 weeks of
gestation (Figures 3 and 4). In the 2™ and the 3"
trimester gradual organization of fetal movement pat-
terns is recognized with the periods of fetal quiescence
lasting more than 90 per cent of the time during the day.
Compared 2D, 4D US enabled the depiction of facial
movements and mimics like isolated eye blinking, gri-
macing, sucking and swallowing appearing mostly after
the 28 weeks of gestation (Kurjak et al. 2006). Before
28 weeks of gestation fetal mimics is almost not pre-
sent (Figure 5). The fetus can alter the frequency, pat-
terning, and coordination of movements in response to
sensory stimuli, while the memory of the motor expe-
rience and motor learning may contribute to normal
prenatal motor development (Robinson 2016).
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Figure 2. Fetus at 38 weeks of gestation. 4D HDlive surface, sequence view of the fetal face. Notice alterating mimics
on the face such as tong propulsion (tasing of the amniotic fluid) and smile on the face
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Figure 3. Fetus at 28 weeks of gestation. 4D HDlive surface mode, sequence view. Notice open eyes and alteration in
eye movement. Fetus exploring surrounding environment

Figure 4. Images of the same fetus as in the previous Figure 3. 4D HDlive surface mode, sequence view of the fetal
face. Notice fetus oppening the eyes

Kurjak Antenatal Neurodevelopmental
Test (KANET)

Based on evaluation of fetal spontaneous motor acti-
vity by 4D US, a prenatal neurologic scoring test named
KANET, was created (Kurjak et al. 2008).This test has
been used to assess almost 2000 fetuses and our results
have indicated that KANET has an ability to recognize
normal, borderline, and abnormal behavior in fetuses
from normal and abnormal pregnancies (Kurjak et al.
2012, 2017, Salihagi¢ Kadi¢ et al. 2016, Neto et al.
2017). KANET is used in everyday clinical practice as
the screening tool to discriminate fetuses with normal
motor development and those who are at risk for deve-
lopment of neurological disability after birth including
cerebral palsy (CP) (Stanojevic et al. 2011, 2015). It has
acceptable sensitivity and specificity, positive and nega-
tive predictive value and inter- and intra-observer reli-
ability. KANET became a good screening tool for the
selective screening of the fetuses with moderate and high
neurological risk. It is still not easy to answer the ques-
tion how application of KANET will affect the diagnosis
Figure 5. Fetus 24 weeks gestation. 4D surface view of and incidence of the huge group of heterogeneous, non-
the fetal face, no mimics progressive neurological disorders defined as CP.
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Fetal senses

The fetus is able to process tactile, vestibular, taste,
olfactory, auditory and visual sensations (Salihagic
Kadic & Predojevic 2009). After establishing the thala-
mocortical connections, tactile experiences can be
processed at a cortical level. It has been shown that
body awareness develops after 25 weeks of gestation,
which can be associated with the emergence of a
minimum level of consciousness (Lagercrantz 2007).
The fetus responds to painful stimuli with a wide
spectrum of reactions (Salihagi¢ Kadi¢ & Predojevié
2012). The first responses, motor reflexes appear at 7.5
weeks of gestation. Some of physiological reactions,
such as activation of the hypothalamo-hypophysial axis
and autonomic nervous system, do not reach the
cerebral cortex. Sensing pain requires a developed
neural pain system, from nociceptors to sensory areas in
the cerebral cortex. After 24 to 26 weeks the fetus has
the necessary connections to sense pain. Somatosensory
evoked potentials can be registered from the cortex at
29 weeks and they may provide evidence of pain
processing in the somatosensory cortex (Bellieni et al.
2018). According to recent findings, the cortical pain
response has been recorded by near-infrared spectro-
scopy from about 25 weeks (Lagercrantz 2014). Facial
expressions similar to those of adults sustaining pain
have been observed in preterm infants after 25 weeks of
gestation and these infants are probably conscious of
pain. On the other hand, there is an opinion that the
fetus may not be conscious of pain even after 25 weeks
due to high endogenous sedatory and analgesic sub-
stances (Lagercrantz 2014). However, fetal facial
expressions similar to those of children sustaining pain
have been noticed by 4D sonography.

Fetal emotions

Important external signs of emotion are facial ex-
pressions. The existence of a wide range of facial
expressions, including grimacing, smiling, crying,
similar to emotional expressions in adults, has been
revealed by 4D sonography in the 2" and 3™ trimesters
of pregnancy (Figure 2) (Salihagi¢ Kadi¢ & Predojevi¢
2012). As the fetus matures, the complexity of facial
expressions increases with appearance of “cry-face
gestalt™ or “laughter-face gestalt” in the third trimester.
Are facial expressions a part of reflexive behavior of the
fetus or are they signs of fetal awareness? In fact,
smiling, as well as screaming and crying can be induced
from the brainstem stimulation even with complete
forebrain transection or destruction (Joseph 1999a).
However, according to the observations obtained by 4D
ultrasound, the facial expressions and emotion-like
behaviors may represent some kind of fetal emotion and
awareness (Hata et al. 2015). The limbic forebrain is
responsible for the expression and experience of
emotions (Joseph 1999b). One of the very important
structures, the amygdala, mediates emotional memory,
attention, arousal, and the experience of love, fear,

138

pleasure and joy (Salihagi¢ Kadi¢ & Predojevi¢ 2012).
It contains facial recognition neurons which discern the
emotional significance of different facial expressions
(Salihagi¢ Kadi¢ & Predojevi¢ 2012). The evaluation of
faces in social processing is an area of cognition specific
to the amygdala (Salihagi¢ Kadi¢ & Predojevi¢ 2012).

Fetal memory and learning

Habituation, the decrement in response following
repeated presentation of the same stimulus, was demon-
strated from 22 weeks of gestation onwards (Leader et
al. 1982). Some investigators have registered develop-
mental trends in habituation to vibroacoustic stimuli,
with younger fetuses requiring more presentations of the
stimulus than older fetuses. It should be pointed out that
maternal conditions, such as depression and stress,
affect the fetal habituation in a negative way, indicating
developmental delays (Salihagi¢ Kadi¢ & Predojevié
2012). They may be linked to impaired function of the
fetal cerebral cortex (Morokuma et al. 2004). Prefrontal
and hippocampal regions are involved in rapid auto-
matic detection and habituation to unexpected environ-
mental events and are key elements of the orienting
response in humans (Yamaguchi et al. 2004).

CONCLUSION

The fetus lives in a stimulating matrix of motion as
well as tactile, chemical and auditory sensory informa-
tion, and it is exposed to hundreds of specific and pat-
terned stimuli each day. The structure and function of
the brain are shaped by these stimuli (Salihagi¢ Kadi¢ &
Predojevi¢ 2012). Fetus can identify, respond and re-
member for a relatively long time stimuli experienced
during the prenatal period (Marx & Nagy 2017). Higher
order sensory perception begins in fetal life when func-
tional thalamocortical connections are present enabling
fetal awareness of noxious stimuli. Fetus is capable of
action planning and learning. Fetal movements are
reflecting the development of the brain, but at the same
time they are stimulating the brain to develop. As we
have learned from 4D US study of fetal behavior, fetal
motor function undoubtedly reflects development of
diverse cognitive, sensory, and motor systems (Hata et
al. 2015). The face is the mirror of the brain, many
expressions can be depicted during fetal life which are
proving that fetal life in utero is very dramatic and rich
in different experiences (Kurjak et al. 2007, Reissland
etal. 2013).

It is questionable if mental, emotional and behavioral
conditions of the fetus were covered in this paper and
whether we are able to perceive the fetus as the patient
who may develop communication or some other psy-
chiatric disorders which we will be hopefully able to
recognize prenatally. Although it seems as the specu-
lation from the point of view of our recent diagnostic
possibilities, it is apparent that the day when this will be
a reality is rapidly approaching.
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