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A B S T R A C T

Interoception, the perception and interpretation of one's own bodily signals, is a key aspect of human caregiving that impacts infant health and well-being across life.
Interoception relies on limbic structures, mainly the amygdala, and the agranular visceromotor cortex, particularly the anterior insula (AI), that integrate with the
oxytocin (OT) system to support interoceptive sensitivity. Here, we used functional magnetic resonance imaging (fMRI) to examine whether interoception sensitivity
in the parent's brain during the first months of parenting combines with sensitive parenting and OT-system functionality to predict children's somatic symptoms six
years later. We followed 45 primary-caregiving first-time mothers and fathers and their infants across the first six years of parenting. In infancy (Time 1), parents'
brain response to infant stimuli was imaged, salivary OT measured, and parent-infant interactions coded for parent sensitivity. In preschool (Time 2), parent and
child's OT and parent sensitivity were measured again. At six years (Time 3), parents reported on children's somatic symptoms. Greater activation of the parent's AI
bilaterally when his/her child was an infant predicted lower child somatic problems at six years. Parent sensitivity partially mediated the links between parental AI
activation and child somatic symptoms. In addition, greater parental bilateral amygdala activity predicted higher child OT levels at 3 years and parental OT
moderated the relations between preschoolers' OT and later somatic symptoms. Our findings chart two independent cross-generational pathways from interoception
sensitivity in the parent's brain and child somatization. The first defines an evolutionary-ancient path including the amygdala and the OT system that support
mammalian attention to arousal modulations in response to social cues; the second, via the AI, implicates higher-order interoceptive representations of bodily
responses and affective states that underpins human embodiment.

1. Introduction

The caregiver's ability to rapidly detect and immediately respond to
the infant's physical needs and emotional states depends on a fine
balance between the awareness of bodily signals originating in the
caregiver's own body and those belonging to the infant (Feldman,
2012a, 2015a, 2016a; Hofer, 1994; Lambert, 2012). Such two-pronged
capacity to both detect online changes in one's own bodily states and
use them to guide well-adapted caregiving carries a profound effect on
the developing infant, supporting maturation of the child's social skills,
empathic abilities, body awareness, and sense of well-being (Feldman,
2012a, 2012b, 2017). This parental ability relies on specific neural
circuits, endocrine systems, and behavioral patterns that undergo sig-
nificant reorganization with the birth of an infant and serve to orient
the parent to the caregiving role (Feldman, 2015b; Numan and Young,
2016; Weaver et al., 2004).

Interoception – the representation of one's own bodily milieu - refers
to the individual's online awareness of internal bodily signals, including
proprioception, heart rate, state of arousal, temperature, pain, air
supply, energy level, and signals of hunger and thirst. In addition to its
immediate function in the regulation of physiological homeostasis, in-
teroception plays a central role in the individual's sense of self and
physical health by generating subjective feelings and self-awareness,
affording readiness to changing situational demands, and supporting
moment-by-moment adaptation to the environment (Craig, 2002, 2009;
Critchley et al., 2004; Critchley and Harrison, 2013; Seth and Friston,
2016). Interoception relies on several neural circuits. Representations
of the body is supported by the agranular visceromotor cortices, a
complex network including the anterior insula (AI), cingulate cortex,
and orbital frontal cortex, and this network is located at the top of the
interoceptice hierarchy. These higher-order visceromotor structures
receive ascending projections from viscerosensory areas, including the
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posterior and mid-insula whose descending connections engage a range
of subcortical and brainstem targets, such as the amygdala, thalamus,
and hypothalamus that support viscemotor control and monitor auto-
nomic signals (Craig, 2009; Friston, 2010; Kumagai et al., 2012;
Quattrocki and Friston, 2014; Simmons et al., 2013).

The amygdala and the AI mark two key regions in the interoceptive
circuit, one at the top, the other at the bottom of the interoceptive
hierarchy. The amygdala and AI are involved in translating bodily
homeostatic information into subjective feelings that are grounded in
the present moment and can guide ongoing social behavior (Craig,
2009; Cameron, 2009; Critchley and Harrison, 2013; Herbert and
Pollatos, 2012; Seth and Friston, 2016). For instance, greater AI acti-
vations and gray matter volume were linked with interoceptive accu-
racy, general visceral awareness, and subjective emotional experiences
(Craig et al., 2000; Critchley et al., 2002; Critchley et al., 2004).
Moreover, individuals showing stronger connectivity within the inter-
oceptive circuit, specifically, between the insula and anterior mid-
cingulate cortex, exhibited greater concordance between subjective and
objective measures of bodily arousals (Kleckner et al., 2017). Interest-
ingly, disruptions in amygdala-insula connectivity were found in ado-
lescents with general anxiety disorder, a disorder characterized by
hypervigilance to somatic sensations (Roy et al., 2013).

Theories on the neural basis of intersubjectivity (Gallese, 2014;
Preston and De Waal, 2002) propose a link between the ability to
perceive one's own bodily signals and the capacity to empathize with
the physical states and emotions of others. It has been argued that
detecting and understanding others' bodily and affective states require a
sound representation of one's own body. Neuroimaging studies lend
support to these models and show an overlap between brain regions
implicated in self and bodily experiences and those underpinning
mental inferences about the affective states of others, including the AI
and amygdala (Decety, 2015; Fukushima et al., 2011; Jackson et al.,
2006; Singer et al., 2009; Singer and Lamm, 2009). Of note, parenting a
young nonverbal infant and attending to his/her physical needs is
perhaps the experience most constantly activating the parent's inter-
oceptive circuits and the one likely requiring reorganization and up-
regulation of the parent's interoceptive network. Indeed, it has been
shown that the postpartum months mark the period of greatest plasti-
city in the adult brain, particularly in key nodes of the neural systems
that coalesce into the global “human parental caregiving network”
(Feldman, 2015a, 2017). Studies of human parents have repeatedly
shown that the amygdala and AI are key structures of the parental
caregiving network and activate when mothers and fathers are exposed
to auditory, visual, or multimodal stimuli of their own infant (For re-
views see: Feldman, 2015a, 2017). Furthermore, the degree of parental
amygdala and AI activations have been associated with parental sen-
sitive behavior, OT levels, lower psychopathology, and greater in-
volvement in childcare (Atzil et al., 2011; Abraham et al., 2014,
Abraham et al., 2016; Feldman, 2015a; Kim et al., 2016; Rilling and
Young, 2014).

Oxytocin (OT), a nine-amino-acid neuropeptide hormone, triggers
activation of the parental neural network in mammals and underpins
the development of human parenting, affiliative behavior, and proso-
cial competencies (Feldman, 2012a; Francis et al., 2002; Feldman et al.,
2016a). OT is also involves in interoception. OT receptors in limbic
areas, including the amygdala, support OT's role in the transmission
and regulation of interoceptive signals in neuronal circuits (Luminet
et al., 2011; Riem et al., 2011a, 2011b; Ropper and Samuels, 2009). The
participation of OT in interoceptive signal transmission has been asso-
ciated with several bodily processes, including taste, light, touch,
warmth, sexual desire, pain, thermoregulation, thirst, and appetite
(Kontoangelos et al., 2012). OT attenuates the effects of stress and
anxiety on nociceptive signaling, carrying an analgesic effect by mod-
ulating sensitivity to both physical and social pain (Bos et al., 2015;
Ditzen et al., 2009; Olff et al., 2013; Singer et al., 2008; Tracy et al.,
2015). In addition, OT is critical for the initiation and maintenance of

affiliative bonds, including the parent-infant relationship. OT influences
mothers' and fathers' physiology and behavior (Abraham et al., 2014,
Abraham et al., 2016, 2017a; Atzil et al., 2011; Riem et al., 2011a,
2011b;Weisman et al., 2012) and supports social cognition, motivated
behavior, emotion regulation, and empathy (Kim et al., 2011; Luminet
et al., 2011; Quirin et al., 2011; Toepfer et al., 2016). Maternal
amygdala response to infant cues has been linked with higher maternal
plasma OT (Atzil et al., 2011) and while mothers generally show greater
amygdala activations than fathers (Atzil et al., 2012), when fathers
assume a primary-caregiving role for infant care comparable amygdala
response is found in mothers and fathers (Abraham et al., 2014).

Imaging studies on the cross-generation transmission of human so-
ciality indicate that functional connectivity within the parent's limbic
network when the child was an infant, comprising the amygdala, hy-
pothalamus, and subcortical dopamine-rich structures, predicted pre-
schoolers' capacity to employ simple self-regulatory tactics to manage
high positive arousal. In comparison, connectivity within the parent's
embodied-simulation network, including the AI, predicted their ability
to use complex regulatory strategies that rely on symbolization, in-
trospection, and frustration tolerance and the link between the parent's
embodied simulation network and child outcome was mediated by
parent and child's OT (Abraham et al., 2016, 2017a, 2017b). These
studies highlight the importance of amygdala and AI activity and con-
nectivity patterns for shaping long-term child social and emotional
outcomes. These findings are also consistent with recent studies in
humans and animal models indicating that the cross-generation trans-
mission of mammalian social adaptation relies on key structures in the
parental brain, functionality of the parent's OT system, and the ex-
pression of species-specific caregiving behavior (Abraham et al., 2016;
Champagne and Meaney, 2001, 2006; Curley and Champagne, 2016;
Feldman et al., 2010, 2013; Perkeybile et al., 2015; Pratt et al., 2015).

The parent's interoceptive capacity is proposed by several devel-
opmental models as providing the foundation for the infant's lifelong
ability to engage interoception in the service of emotion regulation,
sensory modulation, and self-awareness (Bowlby, 1958; Fotopoulou
and Tsakiris, 2017; Steele et al., 2017). To become a sensitive caregiver,
the parent must first be aware of her/his own internal visceral and
autonomic states and use them for inferences about the infant. Sensitive
parenting involves both mammalian-general aspects that include phy-
sical proximity, touch, and the species-typical postpartum behavior
such as vocalizations, gaze, and affect, and human-specific mental ca-
pacities, including reflection, empathy, and theory-of-mind and both
are critical for the child's ability to achieve homeostasis and regulate
emotions in social contexts (Feldman et al., 2014; Fonagy et al., 2002;
Stern, 1985). While it is generally recognized that multiple factors in-
fluence children's somatic symptoms (Gilleland et al., 2009), develop-
mental theories underscore the effects of early caregiver-child interac-
tions in shaping somatic problems (Stuart and Noyes, 1999). Insensitive
parenting may impair the child's ability to form accurate representa-
tions of bodily sensations as markers of specific feelings and mental
states and such deficits may increase somatic symptoms in early
childhood and later (Bowlby, 1977; Fonagy et al., 2002). Yet, no study
to date explored the relations between activations of the interoceptive
circuit in the parental brain during the child's infancy, combined with
sensitive caregiving is longitudinally related to children's somatization.

Dysfunction in interoceptive processing is considered an important
factor in the development of somatization - physical symptoms for
which medical evaluation revealed no physical reason (Silber and Pao,
2003). Malfunctions in interoceptive awareness disrupt the capacity to
detect, identify, and distinguish among somatic signals (Bruce, 1961;
Schaefer et al., 2012; Cameron, 2001; Craig, 2003). Somatic symptoms
in childhood often co-occur with increased alexithymia, difficulties in
identifying and describing feelings (Jones et al., 2004; Nakao et al.,
2002), higher levels of internalizing and externalizing symptoms
(McCauley et al., 1991; Zwaigenbaum et al., 1999), and impairment in
academic and social functioning (Forgeron et al., 2010; Hughes et al.,
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2008; Konijnenberg et al., 2005). Furthermore, children with heigh-
tened somatic symptoms use fewer and less effective self-regulatory
strategies and have poor emotional awareness (Stonnington et al.,
2013). Genetic factors have also found to play a role in somatization,
particularly in relation to the hypothalamic-pituitary-adrenal (HPA)
axis (Gillespie et al., 2000; Hickie et al., 1999; Holliday et al., 2010;
Torgersen, 1986; Veletza et al., 2009). It is thus of interest to under-
stand the roots of child somatization in the context of the cross-gen-
erational transfer of well-being from parent to child.

In the current longitudinal study of first-time primary-caregiving
mothers and fathers, we followed parent and children four times over
the first six years of parenthood. During the first home visit in infancy
(Time 1= infancy), we videotaped parent-infant interactions and
measured parents' OT. In the second visit, within the next few days, we
imaged parents' brain (fMRI) observing their own interaction with the
infant compared to a gender- and age-matched unfamiliar parent-infant
interaction. In the third session, when children were approximately 4
years old (Time 2= preschool), we revisited families, observed parent-
preschoolers' interactions, and measured parent and child OT. In the
fourth testing, when children were six years (Time 3= school entry),
parents completed self-report measures of children's somatic symptoms.

We hypothesized that two distinct cross-generation pathways may
lead from parent brain functioning to child somatic symptoms. The
first, an evolutionary-ancient path, which operates via amygdala acti-
vation and modulated by parent's and child's OT, allows the parent to
perceive and immediately respond to bodily and affective infant signals
and fulfill survival needs. The second, a more phylogenetically-recent
pathway, relies on the later-evolving AI, directs parents to “here-and-
now” bodily exchanges and integrates online biological and behavioral
signals (Feldman, 2017; Hasson and Frith, 2016). Four hypotheses were
proposed. First, activations of the AI in the parent's brain would directly
predict children's somatic symptoms six years later (Hypothesis 1).
Next, amygdala activity would be associated with children's OT in
preschool (Hypothesis 2). On the basis of recent research highlighting
the role of parental OT as a protective buffer against psychopathology
in next generations (Pratt et al., 2015), we hypothesized that parental
OT would moderate the relations between children's OT in preschool
and somatic symptoms at six years (Hypothesis 3). Finally, the degree of
parental sensitivity would mediate the links between parent's brain
activation and child's somatic symptoms (Hypothesis 4).

2. Materials and methods

2.1. Participants

A total of 45 first-time primary-caregiving parents raising their in-
fant within a committed two-parent family participated in the study
[mean age: 36.4 years+ 6.87 SD]. These included 20 heterosexual
primary-caregiving biological mothers and 25 homosexual primary-
caregiving biological fathers raising their infant without maternal in-
volvement since birth through surrogacy. Infants [mean age at Time 1:
10.95months+ 6.87 SD; mean age at Time 2: 40.22months+ 4.45 SD;
mean age at Time 3: 78months+ 2.32 SD] were all born at term and
were healthy since birth with no history of physical illness. Parents
were screened for high depression and anxiety symptoms using the
Beck Inventory (BDI) (Beck, 1978) and the State-Trait Anxiety In-
ventory(STAI) (Spielberger et al., 1970). All parents were of middle-
class background and participants completed 12 to 19 years of educa-
tion [mean: 15.86+ 1.73 years]. No difference in socioeconomic status
was found between primary-caregiving mothers and fathers. All parti-
cipants, recruited through advertisement in the community, were
healthy and free of medication. Participants were compensated for their
time and gave written informed consent. The study was approved by
the Ethics Committee of the Tel Aviv Sourasky Medical Center.

2.2. Procedure

The experimental procedure included four sessions with each fa-
mily. In the first, we visited 45 families at home (Time 1= Infancy),
primary-caregiving parents were videotaped interacting with the infant
and salivary samples were collected from parent for OT. A few days
later, each parent underwent functional brain scanning with the in-
dividually-tailored home videotapes as fMRI stimuli. In the third ses-
sion (Time 2=Preschool), when children reached preschool age, we
re-visited families at home. Visit included parent-child interactions and
salivary samples were collected from parents and children for OT. One
child and one parent OT samples were missing for insufficient saliva. In
the fourth session (Time 3= School entry), when children were six
years parents completed self-report measures of children somatic
symptoms during the last six months. Five parents were lost to attrition
at Time 3 mainly due to inability to locate families or time constraints.

2.3. Oxytocin and collection and determination

Collection and determination of OT and were conducted in ac-
cordance with our prior research (Abraham et al., 2014, Abraham et al.,
2016, 2017a; Weisman et al., 2013). Saliva was collected using Saliv-
ettes (Sarstedt, Rommelsdorf, Germany). Samples were stored at –20 °C
until centrifuged twice, 2 days apart, at 4 °C at 1500g for 20min. Liquid
samples were kept at –80 °C, lyophilized for 10 days, and stored at
20 °C. On the assay day, the dry samples were reconstituted in water
and concentrated ×4, before immunoassay. OT was assayed by ELISA
(Enzo® (NY, USA) with careful sample preparation; samples were cen-
trifuged twice; delicate lyophilization maintained constant refrigeration
to slows the drying; and samples were reconstituted in water prior to
assay. Measurements were performed in duplicate and the concentra-
tions of samples were calculated using Matlab-7 according to relevant
standard curves. The intra-assay and inter-assay coefficients of varia-
bility are< 15.4%. The average of the two assessments was used.

2.4. Behavioral coding

We used global rating scales for parent-child interaction at the
preschool stage (Time 2).

Parent-child interactions (Times 2) were coded using the Coding
Interactive Behavior (CIB) Manual (Feldman, 1998). This CIB is a well-
validated global rating system for adult-child interactions includes42
scales, which aggregate into theoretically meaningful constructs. The
system has been validated in multiple studies and shows good psy-
chometric properties including test-retest reliability, individual stability
across long developmental epochs, and construct validity (for review,
see Feldman, 2012b). In preschool (Time 2), we used the parental sen-
sitivity construct to index the central behavioral expression of attuned
human caregiving. Construct's codes describe the expression of both
human species-typical parental physical behavior (parent gaze, positive
affect, affectionate touch) and high-order mental parental processes,
including parent's acknowledgment, elaboration, resourcefulness
during interaction, parental empathic responses to child emotional
signals and the degree to which the parent's presence provides a “secure
base” for child's play and exploration (Feldman, 2007a, 2007b).
Trained raters blind to all other information the coding. Inter-rater
reliability, measured on 20% of the sample, was intraclass r=0.94
(range=0.87–0.99). For the current study only parental behavioral
measures from the second home visit were associated with both parent's
neural responses to parent-infant interaction and child's somatic
symptoms.

2.5. Self-report measures

The Child Behavior Checklist (CBCL) 6–18(Achenbach, 1991) is the
most widely-used instrument identifying behavior problems in 6–18-
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year old children as reported by their parents. There are two broad-
band subscales: the Internalizing Behavior Problems scale and the Ex-
ternalizing Behavior Problems scale. Several narrow-band subscales
also can be calculated. One of these, the Somatic Symptoms scale, was
used in this study. It includes item referring to somatic symptoms such
as nausea, headaches, nightmares, dizziness, chronic pains, fatigue and
exhaustion, eye problems, skin disorders, vomiting and stomach pro-
blems. Children's Somatic Symptoms scale scores ranged from 0 (non-
clinical range) to 6 (subclinical range). None of the children scored
above the cutoff for clinical somatic symptoms (> 7).Achenbach and
Edelbrock (1981) reported that the somatic symptoms factor has
emerged from different behavioral checklist studies by four different
groups of researchers. In addition, since no differences emerged be-
tween boys and girls on somatic symptoms, both genders were col-
lapsed into one group (t(1,38) =−0.272, P > 0.7).

2.6. Functional MRI data acquisition and analyses

Imaging was performed on a GE-3 T Sigma Horizon echo-speed
scanner with resonant gradient echoplanar imaging system. Functional
T2*-weighted images were obtained using field of view=220mm,
matrix size= 96×96, repetition time=3000ms, echo time= 35ms,
flip angle= 90°, acquisition orientation of the fourth ventricle plane,
39 axial slices of 3-mm thickness, and gap=0. Additionally, each
functional scan was accompanied by a three-dimensional (3D) anato-
mical scan using anatomical 3D sequence spoiled gradient echo se-
quences obtained with high-resolution of 1× 1×1mm. The fMRI data
were analyzed with the BrainVoyager analysis package (version 2.1;
Brain Innovation). After standard preprocessing (see Supplementary
Methods) statistical maps were prepared for each participant using a
general linear model (GLM), in which the various blocks were defined
as distinct predictors. Single-participant analysis was followed by multi-
participant analysis computed with random effects using gray matter
mask. Regressors were convolved with canonical two-gamma hemo-
dynamic response function. The baseline was considered as the aver-
aged BOLD signal collected at all rest periods throughout the paradigm.
Additional nuisance regressors included the head movement realign-
ment parameters and the time course of averaged activity in cortical
white-matter. We also incorporated a gray-matter mask and corrected
for temporal autocorrelations using second-order autoregressive model.

2.7. fMRI experimental design

While lying in the scanner, participants were instructed to watch a
series of attachment-related vignettes presented on the screen. All vi-
deos included multi-modal, dynamic, and realistic stimuli of bonding-
related stimuli in the home ecology. Each parent's video set was in-
dividually tailored, comprising three 2-minute infant- parent related
videos with alternating rest fixation periods of 15 or 18 s between sti-
muli, preceded by a 1-minute rest with fixation period. The two clips
included vignettes of: (i) each parent interacting with her/his own in-
fant (‘Self—Infant Interaction’); (ii) video clip of the unfamiliar parent
interacting with unfamiliar infant (‘Unfamiliar Parent—Infant
Interaction’) (where the parent was the same sex as the participant).
Order of stimuli presentation was counterbalanced into three possible
sequences. To ensure that parents' and infants' affective states did not
differ between parent-infant interaction vignettes (Self—Infant,
Unfamiliar Parent-Infant), we selected only clips where infants and
parents were in neutral affective state (coded by CIB). To examine
generalizable brain responses at the group level, analysis combined 45
different self-infant interaction videos as one ‘Self—Infant Interaction’
condition and 45unfamiliar parent-infant interaction videos as one
‘Unfamiliar Parent-Infant Interaction’ condition.

2.8. Regions-of-interest

We extracted mean parameter estimates (beta values) for our ana-
lyses for region of interest (ROIs) of a priori predictions: bilateral
amygdala and bilateral AI. Beta values were averaged across ROI voxels
and for each experimental condition separately. We used an index of
‘Self—Infant Interaction’ minus ‘Unfamiliar Parent—Infant Interaction’
beta in attempt to pinpoint parents' attachment-specific fMRI brain
activations stimulated specifically by watching themselves interact with
their infant, while controlling for activations in response to observing
any unfamiliar infant and social interaction. Region-of-Interest (ROI)
selection was a priori and theory-based. ROI analysis was conducted on
brain areas which were repeatedly shown in research on the parental
brain to activate in response to infant cues (auditory, visual or multi-
modal infant stimuli, such as infant crying, pictures or movies, often
comprising “own” infant to standard infant or control condition)
(Feldman, 2015a, 2017; Kim et al., 2016; Rilling and Young, 2014). The
amygdala was defined on the basis of a meta-analysis, which clustered
emotion-related brain structured according to their co-activity across
studies (Kober et al., 2008). The AI was defined on the basis of recent
meta-analysis on empathy and mentalizing (Bzdok et al., 2012) (Sup-
plementary Table 1). MNI to Talairach transformations were performed
using a Lancaster transformation (Lancaster et al., 2007). Specifically,
for each region, a box-shaped volume of 5-voxel diameter was placed
around the peak of activation. To evaluate lateralization of ROI's acti-
vations, paired sample t-tests were conducted between two hemi-
spheres, and found no significant lateralization of the amygdala and AI
activations in response to ‘Self—Infant Interaction’ minus ‘Unfamiliar
Parent—Infant Interaction’ contrast. Thus, the beta values calculated
from each hemisphere were averaged together (amygdala: t
(1,44)=−0.982, P > 0.3; AI: t(1,44)= 0.834, P > 0.4).

Associations between ROI's activation and participants' behavioral
and hormonal data were assessed using Pearson correlations and re-
ported at P < 0.05(Bonferroni-corrected for multiple comparisons).

3. Results

We defined the selected ROI's on the basis of prior research on the
human parental brain (Fig. 1; Supplementary Table 1). Before con-
ducting our analyses we examined activation differences between the
primary-caregiving mothers and fathers in each selected brain region
and found no differences between the two groups while parents viewed
their own interaction with the infant minus an unfamiliar parent and
infant interaction (bilateral amygdala: t(1,43)= 0.505, P > 0.5;

Fig. 1. Location of regions-of-interest comprising the bilateral amygdala and
bilateral anterior Insula, from sagittal view. L, left; R, right.
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bilateral AI: t(1,43) =−0.131, P > 0.8). Thus, we collapsed the parents
groups. Correlations of all the variables are presented in Table 1.

3.1. Direct and indirect longitudinal links between parent's brain activation
and child somatic symptoms

First, we sought to examine longitudinal associations between each
parent ROI's activation (Time 1) and child's somatic symptoms in school
years (Time 3) (Hypothesis 1). As expected, we found that activity in
the AI negatively correlated with child's somatic symptoms
(r=−0.573, P < 0.001), but not in amygdala (r=0.208, P > 0.2)
(Fig. 2A). In addition, to test Hypothesis 4 on indirect effects via par-
enting sensitivity, we examined whether parental sensitivity mediated
the relationship between parent's brain activity and child's somatic
symptoms. Using Sobel's (1982) test, we found partial mediation by
parental sensitivity for the link between parent's AI activity and child's'

somatic symptoms (z=2.002, p=0.044; Fig. 2B). Baron and Kenny's
(1986) steps were computed. In Step 1, association between the pre-
dictor (parent's AI activity) and outcome (child somatic symptoms) was
found significant (path C; β=−0.570, t=−4.277, p < 0.001). In
Step 2, association between predictor and mediator (parental sensi-
tivity) was significant (path A; β=0.605, t=4.681, p < 0.001). In
Step 3, association between mediator and outcome controlling for
predictor was significant (path B, β=−0.360, t=−2.266, p < 0.05).
In Step 4, the association between the predictor and the outcome
variable, controlling for the mediator was significant (β′=−0.360,
t=2.266, p < 0.05). Sobel's test for mediation, z=2.002, p < 0.05,
indicated a significant indirect effect of parent's AI activity on the
child's somatic symptoms six year later, partially mediated by parental
sensitivity during preschool years.

3.2. Longitudinal associations between parent's brain activity, parental
oxytocin, child's oxytocin and child's somatic symptoms

To tap brain-hormone-behavior constellations (Hypotheses 2 and 3),
we explored whether the functionality of the human parent's brain re-
sponse to parent-infant interaction may be associated with children OT
profile in preschool years, and whether children OT in preschool years
is linked to somatic symptoms in school years. As expected, results
indicated that parent's amygdala activity (Time 1) predicted child's OT
levels at preschool (Time 2) (r=0.547, P=0.001; Fig. 3A) (Hypoth-
esis 2).In addition, while correlation between child's OT levels and
somatic symptoms was not found to be significant (r=−0.209,
P > 0.2), we did find that parent's OT level during the child's infancy
(Time 1) moderated the relation between child's OT levels in preschool
(Time 2) and the child's somatic symptoms in school years (Time 3)
(Hypothesis 3) (R2 Total= 0.170; F1,35= 4.455, P < 0.01; Fig. 3B;
Supplementary Table 2). A hierarchical multiple regression predicting
children's somatic symptoms by child's OT, parent's OT, and their in-
teraction showed children's somatic symptoms were predicted by child's
and parent's OT interaction. Under the condition of low parental OT
levels (above and below the median split, Median= 30.6) a significant
negative correlation emerged between child's OT levels and child's

Table 1
Correlations matrix for all the variables.

Fig. 2. (A) Scatter plots show significant negative correlations
between activation of the parent's AI bilaterally when his/her
child was an infant during ‘Parent-Infant Interaction’ minus
‘Unfamiliar Parent-Infant Interaction’ contrast (Time 1= in-
fancy) and child's somatic symptoms in school-entry (Time
3= school-entry) (r=−0.573, P < 0.001). (B)
Standardized regression coefficient for the relations between
parent's AI activity and child's somatic symptoms as partially
mediated by parental sensitivity. Path c shows the standar-
dized regression coefficient for the total (β) and direct (β’)
effects of AI activity on child's somatic symptoms. AI, anterior
insula.
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somatic symptoms (r=−0.735, P=0.001), but such a correlation was
not found under high parent's OT condition (r=0.209, P > 0.2). We
also found that parental sensitivity, measured during parent-pre-
schooler play interaction, was positively associated with preschooler's
OT level (r=0.356, P < 0.05).

4. Discussion

Results of the current study are the first, to our knowledge, to
provide neurobiological evidence for the long-term association between
interoception sensitivity in the parent's brain in the postpartum period
and the development of children's somatic symptoms. We found that
the link between the parent's interoceptive circuit and child somatiza-
tion is described by two independent paths; the first, a more evolutio-
narily-ancient path related to the amygdala and OT system, the second
involving the AI, a key node of the human viceromotor cortex. Overall,
our results highlight three important findings. First, increased activa-
tion in the parent's bilateral AI in response to a video of self interacting
with his/her infant predicted lower somatic problems in the child six
years later and this link was mediated by the parent's sensitive behavior
at age four. Second, parents' bilateral amygdala activation when chil-
dren were infants predicted higher OT levels in their preschool-aged
children. Finally, parental OT moderated the link between preschoolers'
OT and somatic symptoms at six years. Overall, our findings are con-
sistent with animal and human imaging studies that highlight the im-
portance of specific nodes in the parental brain and OT functionality
during the child's infancy for consolidating the neurohormonal systems
that support offsrping sociality, well-being, and health (Abraham et al.,
2016, 2017a, 2017b; Champagne and Meaney, 2006; Feldman et al.,
2016; Kundakovic and Champagne, 2015; Perkeybile et al., 2015).

Since humans are highly social creatures who form the most com-
plex social networks of all species, the infant's ability to organize

subjective bodily experiences into a mental sense of “selfhood” is rooted
in early social interactions, primarily the caregiver-infant relationship
(Loman and Gunnar, 2010; Schore, 2001). Interoception plays an im-
portant role in sensitive human caregiving. The parent's rapid and ac-
curate identification of internal and external somatic signals assists
children in reading their own bodily signals and the parent's neural
functioning and sensitive behavior enables the consolidation of the
child's interoceptive systems that support their ability to map and re-
present internal bodily states (Fotopoulou and Tsakiris, 2017). This
ability provides the basis for the child's self-awareness, the maturation
of embodied mechanisms in the child, and the consolidation of a
healthy sense of bodily self and competencies that depend on embo-
diment, including theory-of-mind, empathy, and social synchrony.
Here, we identified two parallel neuronal pathways that may play a role
in the cross-generational transfer of human somatization.

The first pathway leading from functionality of the parent's neuro-
biological systems to child somatization defines an evolutionary-an-
cient path involving the parent's amygdala response to a video of self
interacting with his/her infant and by parent's and child's OT levels.
While previous imaging studies found associations between maternal
amygdala activation and maternal plasma OT (Atzil et al., 2011,
Abraham et al., 2014), we show here for the first time that parental
amygdala response is longitudinally predictive of preschooler's OT le-
vels and similar correlations emerged for primary-caregiving mothers
and fathers. This is consistent with studies in animal models showing
that adult offspring reared by high licking-and-grooming rat dams ex-
hibited increased OT receptors (OTR) binding in the central nucleus of
the amygdala (Francis et al., 2002), that sensitive parenting increased
OTR binding in the amygdala of female prairie voles offspring (Bales
et al., 2011), and that daily separation reduced OTR binding in the
amygdala of male rats offspring (Lukas et al., 2010).

The link between child OT and somatic symptoms was moderated

Fig. 3. (A) Scatter plots show significant positive correlations
between parent's activation of amygdala bilaterally when his/
her child was an infant during ‘Parent-Infant Interaction’
minus ‘Unfamiliar Parent-Infant Interaction’ condition (Time
1= infancy) and child's OT levels in preschool (Time
2= preschool) (r=0.547, P < 0.001). (B) Moderation
model of parental OT levels (Time 1) on child's OT levels
(Time2) and child's somatic symptoms (Time 3= school-
entry).Under condition of low parental OT levels, significant
negative correlation emerged between child's OT levels and
child's somatic symptoms (r=−0.735, P=0.001), but such
correlation was not found under high parent's OT (r=0.209,
P > 0.2). Solid lines indicate significant coefficients and
broken lines non-significant coefficients. *P < 0.05.
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by parental OT. A possible explanation for this cross-generational
pathway leading from the parent's amygdala activity to the child's so-
matic symptoms as mediated by the child's OT and moderated by the
parent's OT may relate to the central role of the amygdala and OT
system for the initiation of the species-typical postpartum parenting
behaviors across mammalian species. The amygdala enables a rapid
arousal-sensitive processing of emotional signals (Pessoa and Adolphs,
2010) and participates in guiding parental attention to biologically-
relevant social stimuli (Fleming and Korsmit, 1996; Lee et al., 2000;
Oxley and Fleming, 2000), vigilance for social signals (Öhman, 2002),
adjustment of social orienting value, and detection of reward-salient
and survival-related cues (Janak and Tye, 2015). These functions en-
able the caregiver to automatically and accurately identify and respond
to infant bodily and affective signals without being overly preoccupied
and distracted by own bodily signals (Barrett and Fleming, 2011;
Lindquist et al., 2012). Such parental capacities allow the infant to
develop arousal regulation via mechanisms of co-regulation which are
supported by the parent's amygdala and OT and have shown long-
itudinal links with children's emotion-regulation, empathy, and well-
being (Feldman, 2003, 2012a). Since somatization is considered to be a
disturbance of affect regulation (Cacioppo et al., 2000; Subic-Wrana,
2011; Taylor et al., 1997; Waller and Scheidt, 2004, 2006), it is rea-
sonable to conclude that lower functionality of the amygdala and
oxytocinergic system in the context of early attachment may play a role
in child somatic symptoms. Moreover, the effect of child OT on later
somatic symptoms was moderated by parental OT; when parent OT was
high children's somatic symptoms were not impacted by their own OT
levels. These findings suggest that parental OT may buffer against the
development of somatic symptoms in the next generations. We have
previously shown that high maternal OT in chronically depressed mo-
thers provides a protective buffer against the effects of maternal de-
pression on 6-year old children's OT response and the current findings
suggest a similar mechanism (Pratt et al., 2015).

The second cross-generational link defines a more phylogenetically-
recent pathway, relies on the later-evolving AI, and charts both direct
and indirect longitudinal link from the parent's AI activation to the
child's somatic symptoms as mediated by parental sensitivity. One
possible interpretation is that the higher AI activity was related to the
parents' recognition of themselves in the videos and re-experiencing
their own bodily and affective states during interaction with the infant.
This interpretation highlights the centrality of the parent's own inter-
oceptive sensitivity and its long-term effects on children's well-being
and health. Another possibility is that during observation the parent's
empathically experiences the infant's states as his/her own inter-
oceptive state, increasing AI activity. Such explanation is corroborated
by our finding of the role of parental sensitivity, which includes the
parent's empathic response to child emotional signals, as a mediator of
the relation between parental AI activation and child somatic symp-
toms, and by previous studies showing greater insula activation when
mothers and fathers observe their own infant alone compared to a
strange infant (Swain et al., 2014).

The AI, a higher-order structure (Craig, 2009), modulates auto-
nomic reactivity to salient stimuli (Menon and Uddin, 2010), computes
a meta-representation of the primary interoceptive activity in relation
to self-awareness (Craig, 2002; Critchley et al., 2004; Gu et al., 2013),
and underpins the individual's sense of “self” that integrates ongoing
awareness of bodily and emotional state (Damasio, 1999; Damasio
et al., 1996). Together with other later-evolving structures, the inferior
frontal gyrus (IFG) and the middle anterior cingulate cortex (ACC), the
AI is involved in embodied simulation - a bottom-up process guided by
higher-order interoceptive representations of another person's bodily
and affective states that are based on one's own physiological sensations
(Craig, 2009; Gallese, 2014). It is suggested that processes of embodied
simulation enable the parent to draw on information from their own
experiences to interpret the infant's emotional and bodily states by re-
presenting them in the parent's brain, thus grounding experience in the

here-and-now (Decety, 2015; Keysers et al., 2010; Keysers et al., 2013).
The Von Economo neurons (VENs), found in the AI and ACC, enable fast
communication between the two sides of the cortex, leading to an in-
tegrated representation of emotional moments and their behavioral
expressions (Allman et al., 2005; Craig, 2009). Furthermore, dysfunc-
tion of the AI is implicated in chronic stress and pain (De Greck et al.,
2011; Smallwood et al., 2013; Valet et al., 2009). For instance, patients
with high somatization failed to use emotion-based biasing signals
generated from the body when appraising response options and had
empathy and mentalizing deficits due to AI abnormalities (Reker et al.,
2010; Silani et al., 2008; Singer and Leiberg, 2009; Stonnington et al.,
2013).

Our findings suggest a higher-order cross-generational transmission
pathway of human somatization via simulation processes in the parent's
brain, which tune the infant's brain to interoception processes possibly
via mechanisms of brain-to-brain synchrony (Feldman, 2017; Hasson
et al., 2012; Hasson and Frith, 2016; Kinreich et al., 2017). Such parent-
child neural and behavioral synchrony is based on repeated experiences
during parent-infant interactions that afford practice in the matching of
non-verbal cues and symbolic expression (Feldman, 2007a, 2007b,
2017). With the maturation of the insular cortex, the early synchronous
biobehavioral matrix enables the child to develop subjective awareness
of emotional state and experiences of embodied self and body owner-
ship (Feldman, 2016b), which may reduce the likelihood of the child's
being on the somatization continuum ranging from mild bodily mis-
perceptions to severe and disabling somatoform symptoms (Critchley
et al., 2002).

Limitations of the study are important to consider for the inter-
pretation of the findings. First, we did not measure parents' and chil-
dren's interoceptive sensitivity, state- and trait-empathy indices, or the
parents' somatic symptoms. Second, children's somatic symptoms were
rated by their parents, the same participants whose brain activity was
measured during the fMRI scans and not by objective raters. In addi-
tion, we did not assessed genetic factors that may have contributed to
the longitudinal effects of somatization. Our inability to infer causality
only relationships among variables is another limitation of the current
study. Other possible limitations is the fact that OT was sampled in the
periphery and not centrally and no physiological measures were col-
lected during or immediately after the fMRI scans. While growing
number of studies have utilized peripheral OT measurements, the links
between central and peripheral OT are still not fully clear and this is a
clear study limitation. Yet, studies in animals (Carter et al., 2007;
Wotjak et al., 1998) and human's adults and children (Carson et al.,
2015) suggest that central and peripheral activity of the OT system is
likely to be coordinated. For instance, OT administration, which im-
pacts central OT, is associated with marked increases in salivary OT
(Weisman et al., 2012), salivary OT correlates with genetic variability
on the OXTR (Feldman et al., 2013), parallel increases were found in
maternal plasma OT and in fMRI BOLD response in brain areas rich in
OT receptors (Strathearn et al., 2009); and salivary OT measured across
multiple ages and labs show parallel findings to those observed for
central OT in animals. In addition, future studies are needed to char-
acterize interoception sensitivity in parent's brain in response to “infant
alone” stimuli in order to control for the effect of viewing the self. Fi-
nally, it in light of inconsistency with findings of a previous study
(Strathearn et al., 2009) showing greater insula activations in insecure/
dismissing mothers in response to their own infant's sad faces which
was not associated with parental e empathy scores, future studies are
needed to generalize to populations with various attachment styles and
to those with mental disorders such as anxiety disorders and somati-
zation known to impair interoceptive awareness.

Identifying the cross-generational mechanisms of human somatiza-
tion is important for advancing understanding, prevention, and man-
agement of somatization in children and adults. Much further research
within the framework of a “two-person neuroscience” (Hari et al.,
2015) is required to integrate longitudinal data including brain

E. Abraham et al. International Journal of Psychophysiology 136 (2019) 39–48

45



imaging, hormonal analysis, and careful behavioral assessment of
parent and child to describe how reorganization of the parent's brain in
the postpartum shapes children's long-term well-being.
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