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Shedding light on excessive crying in babies

Alexandra Adam-Darque'?, Lorena Freitas', Fredéric Grouiller*>, Julien Sauser®’, Francois Lazeyras*, Dimitri Van De Ville®*,
Philippe Pollien, Clara L. Garcia-Rodenas®, Gabriela Bergonzelli®, Petra S. Huppi' and Russia Ha-Vinh Leuchter’

BACKGROUND: Excessive and inconsolable crying behavior in otherwise healthy infants (a condition called infant colic (IC)) is very
distressing to parents, may lead to maternal depression, and in extreme cases, may result in shaken baby syndrome. Despite the
high prevalence of this condition (20% of healthy infants), the underlying neural mechanisms of IC are still unknown.
METHODS: By employing the latest magnetic resonance imaging (MRI) techniques in newborns, we prospectively investigated
whether newborns’ early brain responses to a sensory stimulus (smell) is associated with a subsequent crying behavior.
RESULTS: In our sample population of 21 healthy breastfed newborns, those who developed IC at 6 weeks exhibited brain
activation and functional connectivity in primary and secondary olfactory brain areas that were distinct from those in babies that
did not develop IC. Different activation in brain regions known to be involved in sensory integration was also observed in colicky
babies. These responses measured shortly after birth were highly correlated with the mean crying time at 6 weeks of age.
CONCLUSIONS: Our results offer novel insights into IC pathophysiology by demonstrating that, shortly after birth, the central
nervous system of babies developing IC has already greater reactivity to sensory stimuli than that of their noncolicky peers.
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IMPACT:

® Shortly after birth, the central nervous system of colicky infants has a greater sensitivity to olfactory stimuli than that of their
noncolicky peers. This early sensitivity explains as much as 48% of their subsequent crying behavior at 6 weeks of life.

® Brain activation patterns to olfactory stimuli in colicky infants include not only primary olfactory areas but also brain regions
involved in pain processing, emotional valence attribution, and self-regulation.

® This study links earlier findings in fields as diverse as gastroenterology and behavioral psychology and has the potential of
helping healthcare professionals to define strategies to advise families.

INTRODUCTION

Why do some infants cry so much more than others? Crying is a
part of typical infant behavior'? as it is a form of communication
between caregivers and babies®. At 6 weeks of age, some babies
cry very little and are easily soothed by their caregivers, but
approximately 20% of infants cry for >3 h a day for multiple days®.
Excessive crying in otherwise healthy infants (also called infant
colic (IQ)) is very distressing to parents, may lead to early weaning,
maternal anxiety, and maternal depression; and in extreme cases,
may result in shaken baby syndrome with severe consequences>®.
Health care professionals are frustrated by the lack of solutions
they can offer’ as the etiology of this extreme behavior is largely
unknown®,

Different hypotheses have been proposed to explain why some
babies cry so much more than their peers. Psychosocial,
gastrointestinal, and neurological factors seem to contribute to
the pathophysiology of IC. Stressed parents, maternal anxiety, and
paternal depression have been linked to excessive crying behavior
in different studies®. Literature also provides evidence for an

interplay between IC and intestinal microbiota dysbiosis with
specific microbial signature in infants with excessive crying
behavior'®, which could in turn lead to more gas production in
the gut and/or cause gut inflammation. Other gastrointestinal
factors such as a leaky gut barrier, altered hepatic bile acid
production and regulation, enteric nervous system immaturity,
and visceral hypersensitivity may also play a role'". Finally, some
hypotheses suggest that excessive crying is simply the upper end
of the spectrum of early developmental crying behavior and may
be related to differences in the functioning of the central nervous
system'2, Central sensory integration may be a key element for
the understanding of behavioral differences observed shortly after
birth as sensory experiences and reactions to stimuli are essential
elements regulating behavior'?. St James-Roberts and colleagues
confirmed this hypothesis by showing that babies who have
increased reactivity after sensory stimuli (e.g., undressing, hand-
ling, and a heel prick) shortly after birth subsequently display
longer episodes of crying'®. Tauman and colleagues used a
parental questionnaire and found that children with behavioral
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Table 1. Demographic data.
All infants enrolled,  All infants analyzed, Infants with IC, Infants without IC, p Value (infants with
N=36 N=21 N=11 N=10 IC versus without)

Birth weight, mean (SD) (g) 3399 (310) 3460 (340) 3420 (411) 3500 (260) 0.612°

Birth length, mean (SD) (cm) 50.62 (1.0) 50.6 (1.1) 50.8 (1.3) 50.5 (0.8) 0.713°

Head circumference, mean 34,5 (1.2) 34.9 (0.3) 34.86 (1.1) 34.95 (0.8) 0.844

(SD) (cm)

APGAR score at 5 min 9.8 (0.4) 9.85 (0.3) 9.8 (0.4) 9.9 (0.3) 0.557°

% of girls (n) 44 (16) 42 (9) 36 (4) 50 (5) 0.67°

% of cesarean deliveries (n) 28 (6) 27 (3) 30 (3) 10

EPDS score at birth >10.5 (n) 5 2 2 0 0.47°

EPDS score at 6 weeks >10.5 (n) 4 2 2 0 0.48°

% of first born 25 (16) 42 (9) 72 (8) 10 (1) 0.009?

Largo score (mother), mean (SD) 3.86 (2.2) 3.95 (0.3) 3.36 (1.8) 4.6 (2.9) 0.2°

*Two sample t test.

PFisher’s exact test.

sleep and eating disorders during early childhood have hyper-
sensitive profiles'>. This finding led to the conclusion that children
who are more sensitive or reactive to sensory stimulation may be
more difficult to care for during their entire childhood, starting
with excessive crying early in life. Being hyperreactive or
hyporeactive to sensory stimulation depends on detection
thresholds, self-regulation strategies'®, variations in emotional
valence attribution, and pain thresholds'’.

Drawing on these hypotheses, we aimed to investigate whether
infants with IC already have a different reactivity to sensory stimuli at
birth. We therefore enrolled healthy full-term infants at birth and
investigated their cerebral reactivity to olfactory stimuli with
functional magnetic resonance imaging (fMRI) during their first
week of life. Their daily crying time was measured at 6 weeks of age
using parental diaries. We hypothesized that early brain response to
olfactory odorants, which reflects early sensory reactivity, would be
correlated to crying behavior after 6 weeks of age.

Studying the neural correlates of these high-level brain functions
is challenging. Advanced neuroimaging techniques, especially fMRI,
enable investigations of brain activity after the presentation of
standardized sensory stimuli in a noninvasive manner and may
therefore provide insight into what babies feel'®'°,

METHODS
Subjects
In total, 36 full-term newborns born between 37 and 42
gestational weeks without signs of neurological disorders,
congenital abnormality, or illness since birth were prospectively
enrolled in this study during their first 24-72 h of life, i.e., well
before their excessive crying behavior (IC) started. All babies were
exclusively breastfed at enrollment. The newborns underwent an
fMRI between their first and sixth day after birth during natural
sleep or quiet resting in the scanner, and no pharmacological
sedation was used. The fMRI procedure is widely used, and no side
effects have been described in healthy or sick babies®’; thus fMRI
is very unlikely to have caused crying. The study followed the
Declaration of Helsinki's guidelines. The local ethical committee
(CER-approval number: 10-202) approved the study, and all
parents provided written informed consent before enrollment.
Of the 36 infants enrolled in the study, 15 infants were excluded
from the analysis due to technical difficulties (7 infants), excessive
motion during the MRI (4 infants), health issues unrelated to the
study (1 infant with meningitis), or incomplete crying diaries (3
infants). In total, 21 infants completed the study (see Table 1).

SPRINGERNATURE

Crying behavior at 6 weeks

The parents kept a crying diary [adapted from Barr et al.?'] for
14 days starting from week 5-6 of life. Each 24-h period was
divided into 96 intervals of 15 min during which the parents noted
whether their baby was awake and calm, crying/fussing, being fed,
or sleeping. A baby was considered to have IC if the baby cried for
>3 h a day for at least 3 days within a consecutive 7-day period
(according to the Rome Il criteria®?). The mean crying time (MCT)
was calculated over a 2-week recording period. In Barr's original
diary, each 24-h period was divided into 288 intervals of 5 min and
time sucking was also being noted by parents. We chose to use a
simplified diary as parents were asked to fill it for 14 consecutive
days. As not all parents would fill it reqularly during the day, we
feared that some would not recall short bouts of crying behavior.
We did not ask about sucking behavior as it was not part of our
hypothesis.

At 6 weeks of life, a trained pediatric nurse visited all infants at
home and registered any undercurrent illness appearance since
birth. The feeding situation, growth, and medical data from the
first month visit by a pediatrician were also observed and
recorded. All infants had normal growth and clinical examination.

Stimulation protocol

As previously described by our group'®, the following three
olfactory stimuli were selected for the experiment: a rotten
cabbage-like (dimethyl trisulfide) odor, banana-like (isoamyl
acetate (IAA)) odor, and eucalyptus-like (eucalyptol (EU)) odor,
which is a bimodal (olfactory and trigeminal) odor. All odorants
were considered food grade and also natural for IAA and EU
(Sigma-Aldrich, Flavours and Fragrances). Furthermore, the
odorants needed to fulfill the following criteria: an airborne
odorant not biologically relevant for newborns (different from
breast milk, formula, or amniotic fluid); have a hedonic value, i.e.,
pleasant (banana) or unpleasant (rotten cabbage), or a trigeminal
property (EU); have no absorption in the tube used in the delivery
system; and have nonirritant compounds (for safety reasons). Each
odorant was delivered using a homemade four-way odorant
delivery system (three odorants and neutral stimulus) in contin-
uous air flow.

The odorants were presented for 20's in a pseudo-randomized
order to minimize interaction effects between the substances.
Each odorant stimulation was repeated 5 times per run and was
separated by 20s of odorless stimulation from a water flask
containing sterile water (neutral condition). This block-design
stimulation was preferred over an event-related design due to the
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rapid breathing of newborns. The stimulation protocol is
described in detail in our previous study'®.

MRI acquisition

All infants were fed immediately before testing to increase their
chance of sleeping or staying quiet throughout the procedure. After
the infants were fed and quiet, they were swaddled in a blanket with
noise protection placed on their ears (adhesive earmuffs (Minimuffs;
Natus Medical Inc,, San Carlos, CA, USA)). Then the infants were
positioned on a vacuum pillow (VacFix, Par Scientific, Odense,
Denmark) longer than their bodies that surrounded the head to
prevent movements and attenuate noise. The infants’ well-being
and behavior during the experiments were monitored using pulse
oxymetry, a camera, and a microphone, and a nurse was present
during the entire MRI acquisition. If the infants showed signs of
restlessness, scanning was immediately interrupted.

The acquisition was performed using a 3-T MRI (Siemens
Magnetom Trio, Erlangen, Germany) with an 8-channel neohead
coil (LMT medical systems, Liibeck, Germany). The total duration
of the acquisition was between 30 and 50 min depending on the
newborns’ compliance. Two runs of 350 functional images were
acquired during the olfactory stimulation using a single-shot T2*-
weighted gradient-echo echo planar imaging (EPl) sequence
(repetition time (TR) = 1800 ms, echo time (TE) = 25 ms, flip angle
=85° 30 slices, and voxel size=22x22x35mm’. A T2-
weighted structural image was acquired for anatomical reference
(TR=4990 ms, TE = 160 ms, flip angle = 150°, 113 coronal slices,
and voxel size =0.78 x 0.78 x 1.2 mm?).

fMRI preprocessing
The preprocessing of the functional images was performed with
SPM8 (Wellcome Department of Imaging Neuroscience, UCL,
London, UK) and included (i) realignment, (i) slice timing, (iii)
rigid-body coregistration of functional images on the T2 structural
image, (iv) normalization of subject anatomical T2 image (1x 1x 1
mm) and EPI (2 x 2x 2 mm) to a T2 template of newborns created
from 28 infants’ anatomical T2 images acquired in this study, and (v)
spatial smoothing (full width at half maximum 6 mm).

To accommodate the high level of motion in the infants, images
with framewise displacement >6 mm were excluded along with
the previous and two following images®.

fMRI analysis

The functional time series were analyzed voxel by voxel with a
general linear model (GLM). The six realignment parameters and
their Volterra expansion®* were reduced using singular value
decomposition (SVD). The NC (number of components) of first SVD
components explaining at least 99% of the variance or the first six
SVD components if NC>6 were included in the GLM model as
covariate regressors. This SVD reduction allows for the considera-
tion of the 24 realignment parameters to remove any residual
motion-related variance without greatly decreasing the number of
degrees of freedom while ensuring the orthogonality of the
model. The block stimulation design of each odor was convolved
by the canonical hemodynamic response function and used as a

Insula

Piriform cortex
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regressor. Sessions without motion >6 mm including a minimum
of 2 repetitions of each condition were used in the analysis, and
regressors associated with the odorant stimulation and confounds
were accordingly excluded. The low-frequency noise and signal
drift were removed using a discrete cosine transform basis set
with a filter cut-off period of 256 s.

The first-level contrast images of each of the 21 subjects were
then entered into two second-level group analyses (random
effects) using t test statistics and a linear regression. The
significance threshold was set at p <0.005 uncorrected with a
minimum of 10 voxels extent to identify the regions involved in
the processing of each odorant separately in contrast with the
neutral condition (water) and their association with subsequent
crying behavior.

To study the association between sensory (olfactory) reactivity
at birth and subsequent crying behavior, we conducted the
following two different analyses: first, we compared the brain
responses between the groups (the babies were assigned to the
group “colicky” or “noncolicky” depending on their total time of
crying) using a two-sample t test analysis; and second, we
assessed the correlation between each contrast of interest and the
mean daily crying time (in minutes) of each baby.

Psychophysiological interaction (PPI) analysis

To further characterize cerebral responses to olfactory stimuli in
newborns, we performed a PPl analysis®® that evaluated the
modaulation of functional connectivity. This seed-based method
identifies regions whose activity becomes more closely related
to the activity of a seed region (physiological aspect) under a
specific condition or task (psychological aspect). In this analysis,
we used the piriform cortex as a seed due to its well-
documented role in olfaction®® and selected the Cabbage>-
Water contrast as it elicited the greatest cortical response. In
addition to the seed time course and task regressor reflecting
the contrast of interest, the model included an interaction term,
which was calculated as an element-by-element multiplication
of the seed and task regressors, and movement confounds as
described in the previous session. The second-level analysis of
the contribution of this interaction term to the model identifies
regions whose functional connectivity with the seed is
modulated by the experimental conditions. Continuous run
segments without motion >6 mm were used for the analysis,
and all regressors associated with the odorant stimulation or
movement were accordingly excluded. The correlation between
the strength of the PPI effect in each individual and the MCT was
calculated used Pearson correlation coefficients.

RESULTS

The crying time ranged from 0 (i.e., the parents reported no crying/
fussing episodes lasting =15 min) to a maximum of 326.2 min/24 h.
Eleven infants were considered to have excessive crying or IC at
6 weeks according to Rome III?*? criteria. The MCT in the infants with
colic was 175.8 +62.6 min/24 h, while the MCT in the infants without
colic was 62.4 +43.9 min/24 h (mean = SD, p = 0.001).

Caudate

Amygdala

Fig. 1 Comparison of the activated areas in response to the cabbage-like odor stimulus between the colicky and noncolicky groups.
Newborns who develop IC at 6 weeks (n = 11) show a statistically significant difference in the activation of the bilateral piriform cortex, the left
insula, the left amygdala, and the caudate nucleus (display threshold p < 0.005 uncorrected) when they smell a cabbage-like odor compared to
newborns who do not develop IC (n = 10). Activations are overlaid on a T2-weighted newborn template. Color bar indicates the t values.
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Fig.2 Linear regression of the activated areas in response to a cabbage-like odor stimulus. a Linear regression of the activated areas under
the cabbage condition (n = 21) showing a significant positive correlation (p < 0.005, uncorrected) between the mean daily crying time and the
level of activation in the right piriform cortex, the left orbitofrontal cortex (OFC), the anterior cingulate cortex (ACC), and the precuneus.
Activations are overlaid on a T2-weighted newborn template. Color bar indicates the t values. b Plot of the correlation at the x y z position on
the maximum value in the right piriform cortex (r = 0.69, p < 0.0005) (upper part) and the left OFC (r=0.58, p < 0.005) (bottom part).

The activation analysis demonstrates that colicky babies have
more significant response in the bilateral piriform cortex, left
amygdala, left anterior insula, middle cingulate gyrus, thalamus,
caudate nucleus, putamen, and left superior parietal lobule during
the processing of a cabbage-like odor compared to infants who
did not develop IC (Fig. 1).

Furthermore, we observed a significant correlation (p < 0.005,
uncorrected) between the MCT at 5-6 weeks and the cerebral
reactivity to the cabbage-like odor stimulation in the newborn
period at the level of (a) the primary and secondary olfactory
cortices, including the right piriform cortex, left orbitofrontal
cortex (OFC), and anterior cingulate cortex (ACC) and (b) other
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cortical regions, such as the left superior parietal lobule and a
part of the precuneus (Fig. 2). This correlation indicates that the
greater the degree of the activation of these cerebral areas at
birth during exposure to an olfactory stimulus, the more the
infants cry at week 5-6 of life. The correlation is strong in the
right piriform cortex (r = 0.69, with an r? of 0.48) and left OFC (r
=0.58, with an r* of 0.34) (Fig. 2b). For example, the response
measured in the piriform cortex at birth explains 48% of the
crying behavior at week 5-6.

The PPI analysis shows that when the babies who subsequently
develop IC were exposed to the cabbage-like odor, the activity in the
piriform cortex and caudate nucleus became more closely related
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Fig. 3 Functional connectivity. Altered functional connectivity is present shortly after birth in babies who subsequently develop colic. a
During the cabbage-like odor exposure, there is an increased correlation between the bilateral caudate nucleus’s and the seed (piriform
cortex)’s activations compared to those during the exposure to the baseline odor (contrast cabbage>water). This effect is significantly higher
in the babies who subsequently develop colic than in those who do not (contrast colicky>noncolicky). b The strength of this
psychophysiological interaction effect identified shortly after birth is significantly correlated with the mean crying time at 6 weeks (r=0.81,

p <0.001).

than that in the control infants (Fig. 3a). This measure of functional
connectivity recorded shortly after birth is strongly correlated with
the MCT at 6 weeks of age (r=0.81, p <0.001, see Fig. 3b).

DISCUSSION

In this study, we demonstrated that healthy newborn babies who
develop IC at 6 weeks of life have a different brain reactivity to
odorant stimuli during the first days of life than those who will not
develop IC. fMRI showed involvement of the piriform cortex,
amygdala, OFC, ACC, insula, thalamus, caudate nucleus, putamen,
and the parietal cortex. Although these brain areas are involved in
olfactory processing in infants'® and adults, their more pronounced
activation in the infants who subsequently develop IC may reflect
not only a difference in the detection threshold but also their
implication in more complex cerebral processing of sensory
stimulation linked to self-regulation strategies, emotional valence
attribution, and pain processing.

The neural correlates of self-regulation in newborns are still
vastly unknown, but Fjell and colleagues®” found a relationship
between the development of self-control and the structural
development of the ACC. Therefore, the more pronounced
activation of the ACC at birth in babies who develop colic may
represent a neural correlate of self-regulation difficulties described
in behavioral studies investigating IC during the first months of
life. Indeed, decreased self-regulation capacities have been found
in infants with IC even though their level of autonomic and
neuroendocrine stress was not higher®®. Longitudinal studies have
confirmed that, even if a majority of regulatory difficulties during
early infancy are transient, a non-negligible minority of children
exhibits persistent difficulties?®>°.

Correlates of the hedonic valence of sensory stimuli have been
studied in adults and more recently in infants. In both populations,
a greater activation of the piriform cortex and insula has been
described after unpleasant odor processing'®>'. In our study, the
increased activation of the piriform cortex and insula in the colicky
babies may represent an earlier labeling of the hedonic nature of
odors (pleasant or unpleasant) or a negative overinterpretation of
new odors. The ACC and insula are also involved in emotional
integration®?, and their more marked activation in the babies who
subsequently develop IC may indicate an emotional labeling of a
sensation experienced as “neutral” by others. In follow-up studies,
Canivet et al. examined emotional valence attribution differences
in children who had experienced IC. At 4 years of age, these
children had a tendency to be more emotional and express more
negative emotional and pain-related complaints*>.

Pain may also lead to differences in sensory reactivity. The
neural correlates of pain processing are currently well known in
adults and infants. The ACC, insula, precuneus, and parietal lobe,
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which showed increased activity at birth in babies who subse-
quently develop colic, are involved in pain processing®**. A
misinterpretation of nonpainful stimuli as painful could explain
this activation in our colicky population. Differences in functional
connectivity between the piriform cortex and the caudate nucleus
(@ known relay station for emotional and cognitive processing
systems) also confirm the high level of sensory integration at birth
in this population.

Altered visceral sensation, especially stemming from digestion,
has also been hypothesized to lead to IC?®*”. This hypothesis is
supported by a recent paper showing that the gut luminal
contents from colicky infants trigger visceral hypersensitivity in
normal mice and that hypersensitivity is correlated with crying
time>, The present results may shed a different light on the link
observed between the digestive tract and crying behavior and
altered brain reactivity is a key element. Indeed, the insula, ACC,
and thalamus, which are called the homeostatic afferent network,
are activated in response to visceral, somatic, and sensory stimuli
and are overactivated in newborns who subsequently develop IC.
Thus babies with IC not only experience different stimuli from
their digestive tract, due to early dysbiosis and/or gut physiology
alterations, but also have altered brain reactivity to the informa-
tion conveyed through the microbiota-gut-brain axis>®.

The study has limitations. One of them is the small sample size,
which is partly due to the challenge of studying the neural
correlates of high-level brain functions in babies. One of these
challenges is the sensitivity to infants’ motion when no sedation is
used. Another difficulty is the challenge of recording behavioral
reaction during a sensory stimulation in the scanner. Previous
studies on infant olfactory perception have assessed perception
by recording behavioral changes as oro-facial responses and
head-turn duration. However, these behavioral measures cannot
be assessed easily during MRI experiments. It is also very
challenging to differentiate sleep and wake states in newborns
inside the scanner but we are still confident in our results as it has
been shown that the sleep states of newborns has no impact on
their ability to process sensory information®®. The high rate of
reported colic in our subjects could be explained by the additional
focus placed on crying behavior from birth as the parents were
aware of their participation in a study investigating IC. Cerebral
reactions to biologically relevant odorants and to other sensory
modalities should also be investigated to better understand
sensory integration in colicky infants at this early age.

CONCLUSION

Our results highlight a new link between brain activation and
connectivity at the earliest stage of life and subsequent crying
behavior. More specifically, we show that neonates who
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subsequently develop IC are more sensitive to odorous stimulus
(smell of cabbage-like odor) immediately after birth. The brain
activation patterns in these infants include not only primary
olfactory areas but also brain regions involved in pain processing,
emotional valence attribution, and self-regulation. Our study offers a
new understanding of infants with IC by demonstrating that, at
birth, their central nervous system has a potentially greater
sensitivity to sensory stimuli than that of their noncolicky peers
and that this early sensitivity explains as much as 48% of their
subsequent crying behavior. This study further links earlier findings
regarding babies with IC in fields as diverse as gastroenterology and
behavioral psychology. Our results could help healthcare profes-
sionals explain babies’ excessive crying to their parents, which, in
addition to providing immense relief, may also help them adapt
their parenting approach to their child’s unique disposition and
needs. Furthermore, if our findings are confirmed in a high number
of colicky babies, early interventions could be developed to prevent
the development of excessive crying behavior.
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