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Intrinsic brain activity associated
with eye gaze during mother—child
interaction
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Mother—child interactions impact child social development and psychological health. This study
focused on eye-gaze interactions, especially eye contact as synchronized gaze, which is an important
non-verbal communication tool in human interactions. We performed brain-image analysis of mothers
and children using resting-state functional magnetic resonance imaging and quantitatively evaluated
the quality of mother—child interactions using the Interaction Rating Scale to investigate how it is
related to the frequency of mother-child eye contact. As a result, we found a positive correlation
between the frequency of eye gaze and the right anterior insula (Al) or middle frontal gyrus in children
and a positive correlation with the anterior cingulate cortex (ACC) and precuneus/cuneus in mothers.
Especially, when eye contact was made, the association with the right Al in children and ACCiin
mothers was retained, suggesting the involvement of the salience network responsible for modulating
internal and external cognition. In addition, the frequency of eye contact was positively associated
with the quality of mother—child interaction. These results suggest that the salience network is a
major candidate for the neural basis involved in maintaining efficient eye contact and that it plays an
important role in establishing positive mother-child interactions.

The interaction between parents and children constitutes the basis on which children build future relationships
and is considered to provide the most influential, important, and meaningful psychological foundations in an
individual’s life. The attachment style that children establish through interactions with their parents also shapes
their social-relationship patterns later in life and can influence psychological health'. The parent-child relation-
ship can strongly impact future interactions’. Communication through smooth interaction is important for the
development of a healthy parent-child relationship, and maternal behavior plays an important role in this pro-
cess. Although the maternal behavioral repertoire includes gazing at the infant’s face, “motherese” high-pitched
vocalizations, facial expressions of positive affect, affectionate touch, and the synchronous adaptation of these
behaviors to moments of infant responsiveness?, it has been suggested that gaze interaction plays an important
role in behavioral synchronization or turn-taking in communication. In fact, humans are extremely sensitive to
the directed gaze of others since infancy and recognize its importance as a signal to initiate communication”.
It has also been noted that eye gaze is importantly implicated in reading the intentions and mental states of
others*. Thus, eye gaze, which reflects mental states, is essential for mutual understanding in communication,
and eye contact is especially considered to constitute the main mode of establishing a communicative context
between humans®.

Humans tend to use eye contact even in casual communication®. Eye contact conveys ample information and
is important for establishing human communication’; humans receive information from eye contact with their
parents since infancy’. Through explicit stimuli such as those conveyed via eye contact with the parents, children
develop the ability to grasp the intention of the behavioral signifiers®. In the development of human relation-
ships, eye contact can provide information, share intentions with each other, regulate parent-child interaction,
and promote targeted activities”®. Conversely, it is considered that individuals with autism spectrum disorder
(ASD) who have social-communication deficits experience difficulties reacting to and maintaining eye contact’.
Furthermore, it is believed that children with ASD have difficulty in recognizing the detailed emotions conveyed
by the eye gaze of others!?. The lack of eye contact in ASD could impair smooth communication.
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Functional imaging studies have revealed that eye contact can modulate the activity of regions referred to as
the social brain network, and a previous review reported the following six typical regions to be implicated: the
medial prefrontal cortex (MPFC) and orbitofrontal cortex, posterior superior temporal sulcus (pSTS), anterior
insula (AI), fusiform gyrus, and amygdala®. Furthermore, recent studies using dual functional magnetic reso-
nance imaging (fMRI) with a hyper-scanning method have revealed that the right AI and anterior cingulate
cortex (ACC) were showed pair-specific neural activity related to eye contact during a joint attention task!!2.
Taken together, task-based functional imaging studies have found that perceived eye contact enhances activation
in regions of the social brain network, while this activation interacts with task demands, as well as the social
context, to influence precisely which regions in the social brain network are activated®. While task-based fMRI
has been widely used to explore functional brain regions involved in performing specific tasks, resting-state
fMRI has been used to search for intrinsic functional clustering or specialization of brain regions/networks"’.
The intrinsic functional clusters are referred to as resting-state networks (or large-scale brain networks). There
are several networks, including the default-mode network (DMN) consisting of the MPFC, pSTS, precuneus/
posterior cingulate cortex (CC), as well as the salience network (SN) consisting of the Al and ACC". The two
networks (DMN and SN) are considered to be the major resting-state network representatives, and each region
in DMN and SN also corresponds to the core regions associated with mentalizing and empathy'%. Conversely, it
has been reported that the intrinsic brain activities at rest are reliably associated with task-induced brain activity
and that the regions positively associated with task performance also function as a central executive network
(CEN)*. Thus, although it is suggested that intrinsic brain functions in the DMN and SN may be involved in
human interaction, especially mother—child interaction, via eye contact there has been no direct examination
of these relationships.

Moreover, recent reports have examined the availability of intrinsic resting-state brain functions as a potential
marker based on the temporal stability within the individual for measuring individual differences in personality
traits or the psychiatric status such as the neurodevelopmental phenotypes'®'°. Although the neurodevelopmen-
tal properties that are implicated in eye contact have not been explicitly investigated, it is well known that poor
eye contact is an early sign of neurodevelopmental disorders such as ASD?, and it has also been reported that
resting-state brain functions, such as those in the DMN and SN, are altered in ASD'”!8. Assaf et al. showed that
high-functioning patients with ASD had a DMN similar to that of healthy controls but with reduced function in
the MPFC, precuneus, and ACC"’. Paakki et al. found that adolescents with ASD showed a significant resting-
state signal decrease in the right pSTS and AI'%. In contrast, although eye contact promotes empathy in that it
communicates signals that transfer information regarding emotional and mental states?!, studies with typically
developing children have found that resting-state brain activity in the DMN and SN is enhanced in individuals
with higher trait empathy". According to a study by Cox et al. on the relationship between affective empathy and
resting brain functions using resting-state fMRI (rs-fMRI), there was a significant relationship between empathic
behavior and fractional amplitude of low-frequency fluctuation (fALFF) in the insula and temporal pole". Thus,
although it is speculated that the individual differences between mother and child in resting brain functions
underlying trait empathy and neurodevelopmental phenotype are largely related to the nature of mother-child
interactions via eye gaze, especially eye contact, their relevance has not been explicitly examined.

In the current study, we focused on the frequency of gaze interactions, especially of eye contact, by parents
and school-aged children engaged in cooperative tasks, and examined the relationship between the frequency
of these interactions and the participants’ resting-state brain functions. We selected school-aged children and
their mothers as the study population because the network architectures of intrinsic brain functions in children
mature after peaking at age 7-9?>% years, while their interactions are frequently maintained before the onset of
puberty. In addition, although it is widely known that puberty is the predominant period of mental disorders,
the nature of mother—child interaction during primary school age may be involved in later onset. To study the
relationship between eye contact and resting-state brain functions, we employed fALFF analysis to explore which
resting-state networks might be differentially activated in healthy mothers and children who exhibit higher levels
of eye contact compared to those with lower levels of eye contact. Our main hypothesis was that parents and
children with higher levels of resting-state brain functions in the DMN and SN would exhibit more frequent eye
contact in situations where their coordination to complete a task would be required, and the relevance would be
positively involved in the mother-child relationship. Recent intrinsic brain functional analyses have revealed
three core resting-state networks (the DMN, SN, and CEN) that are disrupted across many neuropsychiatric
disorders, and the relationship between the three core networks and cognitive dysfunction is being investigated'*.
Based on this triple-network model, the current study focused on the intrinsic brain functions in the DMN, SN,
and CEN. As the collaborative game task employed in this study required monitoring of the partner’s behavior
and/or mental state as well as task execution, it was expected that the DMN would be positively associated and
the CEN would be negative associated with eye gaze because over-focusing on tasks interferes with visual atten-
tion to partners. Furthermore, it was also expected that SN would be positively involved in achieving effective
eye contact at the appropriate timing because the triple-network model suggests that SN modulates dynamic
switching between the DMN and CEN.

Results

Demographic characteristics. Demographic and clinical characteristics of the study participants are
presented in Table 1. The data of 39 pairs of mothers and children were analyzed. No significant difference in
demographic data between the sexes was observed in the group of children. Pairs reaching the clinical range in
the Beck Depression Inventory second edition (BDI-II) and Autism-Spectrum Quotient (AQ) were not included
in the data analysis.
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Children Mothers
Sex (boys, %) 56.4 -
Age (years, mean+SD) 8.4+1.3 40.0+£4.7
Handedness (right, %) 89.7 100
1Q (mean +SD) 104.2+14.3 | -
BDI-II (mean + SD) - 8.1+54
AQ (mean+SD) 17.1£5.8 16.5+6.4
SES (mean + SD) - 26.3+13.8

Table 1. Demographic data of the participants. IQ, intelligent quotient; SD, standard deviation; BDI-II, Beck
Depression Inventory second edition; AQ, autism spectrum quotient; SES, socioeconomic status.

Correlations
Variables Mean SD 1 2 3
1. Eye-gaze (Children) (times/min) 2.40 1.6
2. Eye-gaze (Mothers) (times/min) 3.40 1.9 0.473**
3. Eye-contact (times/min) 1.20 0.8 0.819** 0.708**
4. IRS score 1.79 0.1 0.285"* 0.344* 0.322*

Table 2. Correlation between the eye-gaze variables and IRS score. IRS, Interaction Rating Scale; SD, standard
deviation. * P<0.05; ** P<0.01; NS: not significant.

Eye-gaze variables (eye gaze and eye contact) and the quality of the mother—child interac-
tions. To assess the degree of behavioral synchronization based on eye gaze in mother—child interactions,
we extracted the number of times the participants gazed at each other and the number of eye contacts from the
video data while the participants engaged in the game task. In addition, the Interaction Rating Scale (IRS) was
used to assess the quality of the mother-child interactions®*. Table 2 shows the mean and standard deviation
of the gaze variables and IRS score and the correlation coefficients between these variables. The average gaze
frequency of the child to the mother was 2.4+ 1.6 (times/min) and that of the mother to the child was 3.4+1.9
(times/min). The average number of eye contacts between the mother and child was 1.2+ 0.8 (times/min). The
average IRS score was 2.4.

Regarding the correlations, there was a high positive correlation between eye gaze and eye contact for both the
children and mothers (children: r=0.819, P<0.001; mothers: r=0.708, P<0.001), and there was also a moderate
positive correlation between the maternal and child gaze frequency (r=0.473, P=0.002). Moreover, a significant
positive correlation was observed between the gaze frequency and the IRS score in mothers (r=0.344, P=0.032)
but not in children (r=0.285, P=0.079). However, there was a significant positive correlation between eye-contact
frequency and the IRS score (r=0.322, P=0.045).

Resting-state brain function associated with the eye-gaze variables in children. The regions
implicated in resting-state brain function in children correlated with the eye-gaze frequency variables as shown
by the whole-brain analysis presented in Table 3 and Fig. 12°-?". In the eye-gaze condition (one-sided gaze toward
the mother), a positive correlation was found in the right Al and the left middle frontal gyrus (Fig. 1a) and no
negative correlation was found (Fig. 1b). Conversely, under the eye-contact condition (eye contact with the
mother), a positive correlation was also found in the right AI but not in the middle frontal gyrus (Fig. 1c), and a
negative correlation was found in the superior parietal lobule (Fig. 1d).

Resting-state brain function associated with the eye-gaze variables in mothers. The local
regions of resting-state brain function in mothers correlated with the eye-gaze frequency variables as shown by
the whole-brain analysis presented in Table 4 and Fig. 2*>"?’. In the eye-gaze condition (one-sided gaze toward
the child), a positive correlation was found in the precuneus/cuneus (Fig. 2a) and a negative correlation was
found in the left angular gyrus (Fig. 2b). Moreover, under the eye-contact condition (eye contact with the child),
a positive correlation was also found in the precuneus/cuneus and ACC (Fig. 2¢). A negative correlation was
found in the left precentral gyrus and middle temporal gyrus (Fig. 2d).

Discussion

This study investigated how frequently mothers and children gazed at each other during a cooperative game task,
especially how frequently they made eye contact, and examined the relationship of these frequencies with the
participants resting-state brain activities. In addition, we also investigated the relationship between eye gaze and
the quality of mother-child interactions using the IRS. As a result, we found a positive correlation between the
eye-gaze frequency variables and the right AI or middle frontal gyrus and a negative correlation with the right
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MNI coordinates
(mm) Cluster size | Cluster p

Region (Brodmann area) Network | Side |X ‘ Y ‘ VA t-score | kE (voxels) | (FWE)

Eye-gaze

Positive correlation

Anterior insula (13/14) SN R 26 20 | 10 4.54 333 0.003
Middle frontal gyrus (9) DMN L -34 40 | 20 4.26 311 0.005

Negative correlation

None

Eye-contact

Positive correlation

Anterior insula (13/14) SN R 26 24 | 8 5.69 266 0.012

Negative correlation

Superior parietal lobule (7) CEN R 20 | —66 | 64 4.51 265 0.013

Table 3. Brain regions showing correlations between the eye-gaze variables in children. MNI, Montreal
Neurological Institute; FWE, family-wise error; SN, salience network; DMN, default mode network; CEN,
central executive network.

Eye gaze Eye contact

Positive Positive

Figure 1. Brain regions in children showing positive correlations (A) and negative correlations (B)in the
eye-gaze conditionand positive correlations (C) and negative correlations (D) in the eye-contact condition.
The statistical threshold for the contrasts was cluster-level P<0.05 family-wise error corrected for multiple
comparisons and voxel-level P<0.005 uncorrected for height. The color bar denotes the t-statistic range. The
dashed line represents each functional area (DMN, SN and CEN) of the resting network found in previous
studies?®~%’. Al: anterior insula, MFG: medial frontal gyrus, SPL: superior parietal lobule, DMN: default mode
network, SN: salience network, CEN: central executive network.

superior parietal lobule in the resting-state brain activity of children. In mothers, we found a positive correlation
between the eye-gaze frequency variables and the ACC and precuneus and a negative correlation with the left
angular, middle temporal, and paracentral gyri. Especially, when eye contact was made, it was also revealed that
the SN (right AT and ACC) was significantly implicated in both mothers and children. In addition, the frequency
of eye contact was positively associated with the quality of mother-child interaction. Taken together, these results
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MNI coordinates
(mm) Cluster size | Cluster p
Region (Brodmann area) Network | Side |X ‘ Y ‘ Z t-score | kE (voxels) (FWE)
Eye-gaze
Positive correlation
Precuneus/cuneus (7) DMN 2 -68 | 12 337 219 0.015
Negative correlation
Angular gyrus (39) CEN L -28 | —60 | 46 4.19 279 0.003
Eye-contact
Positive correlation
Anterior cingulate cortex (24) SN -2 16 22 4.04 314 0.001
Precuneus/cuneus (7) DMN -2 -66 | 12 4.14 214 0.017
Negative correlation
Precentral gyrus (4) CEN L -40 | -4 50 6.75 275 0.003
Middle temporal gyrus (21) CEN L -56 | =50 | -6 |4.64 398 0.000

Table 4. Brain regions showing correlations between the eye-gaze variables in mothers. MNI, Montreal
Neurological Institute; FWE, family-wise error; DMN, default mode network; CEN, central executive network;
SN, salience network.

Eye gaze Eye contact DMN

Positive Positive

SN
CEN

t-score

Figure 2. Brain regions in mothers showing positive correlations (A) and negative correlations (B) in the
eye-gaze condition and positive correlations (C) and negative correlations (D) in the eye-contact condition.
The statistical threshold for the contrasts was cluster-level P<0.05 family-wise error corrected for multiple
comparisons and voxel-level P<0.005 uncorrected for height. The color bar denotes the t-statistic range. The
dashed line represents each functional area (DMN, SN and CEN) of the resting network found in previous
studies®*~%’. ACC: anterior cingulate cortex, AG: angular gyrus, Cu: cuneus, MTG: middle temporal gyrus, PCu:
precuneus, PG: paracentral gyrus, DMN: default mode network, SN: salience network, CEN: central executive
network.
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suggest that eye contact plays an important role in the quality of mother-child interactions and that the SN is a
major candidate for the neural basis involved in maintaining efficient eye contact.

In the resting-state brain function of children, we found that the right AT and the medial frontal gyrus (MFG)
were positively associated with the frequency of gaze, and that the right AT was particularly involved in achiev-
ing eye contact. The function of the right AI during the resting state is central to the SN responding to a wide
range of stimuli related to emotional and motivational states?®. In particular, the right Al is a critical component
of the SN, which mediates interactions between large-scale brain networks involved in the externally oriented
attention by the CEN and internally oriented cognition by the DMN?. Furthermore, the right Al is located at
the interface of brain cognition, homeostatic, and affective systems and is responsible for the functional con-
nection between stimulus-driven processing and brain regions involved in monitoring the internal milieu®. The
right Al as part of the SN facilitates the integration of sensory, emotional, and cognitive information for optimal
communication, social behavior, and self-awareness®'. Considering the function of the right AI as part of the
SN, it may be the case that children who frequently gaze at their mother can properly switch their attention not
only to perform the game task but also to observe the mother’s emotional reaction to the task. In addition, it is
also suggested that the children recognize the emotional alterations of the mothers when performing the task
and gaze at their mother to share the experience. We also found that the superior parietal lobule, included in the
CEN, was negatively involved in eye contact. The superior parietal lobule is involved in executive function® and
was found to be activated when focusing attention on attentive tracking®. This higher fluctuation in the superior
parietal lobule as part of the CEN may induce over-focusing on the task and relatively reduce eye contact with
the mother or interest for the surroundings. Regarding the quality of the mother-child interaction, the IRS
score was positively associated with eye contact, while no significant correlation was found with eye gaze. This
finding suggests that the timing of the eye contact with the mother plays a more important role in the quality
of the mother-child interaction than simply gazing at the mother. Moreover, the right AI as part of the SN may
contribute to a further extent than the middle frontal gyrus as part of the DMN in attentional switching at the
appropriate timing in the interaction.

In the resting brain function of mothers, we found the precuneus/cuneus as functional regions positively
associated with eye gaze, and additionally found that the ACC was implicated in eye contact. Although the pre-
cuneus is known as a core region of the DMN?*, the DMN is considered to be involved in mentalizing or Theory
of Mind, i.e., the ability to understand and manipulate the psychological states of others®*. The precuneus was
reported to be bilaterally activated during judgements requiring empathy in a functional imaging study. There-
fore, the positive relationship between the frequency of gazing at the child and precuneus/cuneus fluctuation
may reflect that such mothers are more sensitive to changes in the mental state of children and in the task status
during the interaction. In addition, the ACC, which is reportedly a core area of the SN*” and shows the highest
activity in response to changes in circumstances where there is no prior information®, was specifically involved
in eye contact. In addition, structural and functional abnormalities in the SN including the AT and ACC have
been reported to show abnormal DMN function®, and the integrity of the SN is also necessary for the efficiency
of DMN activities®!. Considering the function of the ACC as part of the SN and the relationship between eye
contact and resting brain function found in children, higher fluctuation in the ACC may reflect the efficiency
of switching between performing game tasks and monitoring the mental state of children. It may be considered
that such mothers are able to control their own emotions at the same time as performing tasks and are capable
of fruitful collaborative work with their children. Conversely, the left angular gyrus was negatively associated
with eye gaze and the left precentral and middle temporal gyri were negatively associated with eye contact. The
angular gyrus has a wide range of functional relationships with many brain regions and is called a connection hub
because of its functionality*’. Similarly, the precentral gyrus was suggested to be involved in executing voluntary
motor movements*' and the middle temporal gyrus to be involved in actions and word meaning processing*.
As these areas are constituents of the CEN*"*?, they may have induced over-focus on tasks and interference with
eye contact. In relation to the quality of the mother-child interaction, the IRS score was positively associated
with both eye gaze and eye contact in mothers, although it was only associated with eye contact in children.
This finding suggests that the feasibility of eye contact during mother-child interactions may be highly depend-
ent on the number of gazes from the mothers to the children. Additionally, the coordination and integration
of the precuneus/cuneus as part of the DMN and of the ACC as part of the SN may contribute to the quality of
mother-child interaction by mediating maternal gaze with more appropriate timing.

In resting brain function, the Al in children and the ACC in mothers were observed as functional regions
positively associated with eye contact, and it is noteworthy that both are core regions of the SN. It has been sug-
gested that the AI-ACC-centered SN initiates key control signals in response to salient stimuli or events®?, where
the SN performs an important role in the dynamic switching between the CEN and DMN*. In addition, the AI
and ACC are also implicated in the functional network related to empathy*!. Leibenluft et al. reported activa-
tion of the AT and ACC as brain regions showing emotional responses when parents saw familiar faces such as
those of their own children*. Moreover, Carlson et al. stated that children can develop empathy and prosocial
behavior by appropriately controlling executive functions*. This finding suggests that the function of the SN
in the dynamic switching between the CEN and DMN is an important factor in the development of empathy
and prosocial behavior during childhood. According to Feldman, the development of empathy in children
requires sensitive parental care, especially active involvement and mutual understanding with parent-infant
coordinated eye gazing, affective expression, posture, and social communication being important*’. Thus, posi-
tive mother—child interaction using eye contact is also considered an important factor for fostering empathy
in children**, and then in order to build a positive parent-child relationship, eye contact appropriate for the
situation may be essential. The participants appeared to consciously employ eye contact to recognize change
in the emotional response of the partner and share the experience of the task that required cooperation. This
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suggested that an important factor to establish a positive interaction is to maintain balance between the CEN
and DMN by effectively utilizing the dynamic switching function of the SN.

It is interesting to examine why the functional areas denoting positive involvement of the SN and DMN during
eye contact differed between mothers and children. In this regard, although the detailed mechanism is unclear,
there may be two possible explanations: neurodevelopmental factors and asymmetrical relationships implicated
in the mother-child interaction. According to the former explanation, it has been reported that adults have higher
intrinsic resting brain function of the precuneus in the DMN®, while children showed stronger activation in
the right Al compared to adults during task execution®'. In addition, DMN involvement in the SN is increasing
in adults, while network integration and segmentation between networks is progressing®. Taken together, these
neurodevelopmental differences in the relationship between functional areas and networks between adults and
children may have induced the involvement of the Al in children and of the ACC and precuneus in adults during
eye contact. According to the latter explanation, the Al receives convergent multisensory inputs and affective
and motivational signals, while the ACC plays a more dominant role in response selection®. Therefore, in the
performance of collaborative tasks via eye contact, the integration of external information (tasks and mother’s
status) and motivation for the task in the right AI was positively involved in children, whereas monitoring the
child’s mental state based on mentalizing and contextual response selection in the precuneus and ACC may play
a significant role in mothers.

Several limitations of the present study should be noted and taken into consideration in future studies.
First, this study included a relatively small sample of participants and utilized a cross-sectional design that
precluded the identification of causal links between the development of interpersonal relationships, eye con-
tact, and brain functions as their neural basis. Although we approached with a cross-sectional design based on
previous studies that evaluated the relationship between resting brain function and behavioral assessment in
mother-child interactions®*, it should be stated that the relationship between the participant measurements is
solely grounded on correlations. Therefore, their interpretability is limited by possible reverse causality and influ-
ence of other variables. In regard to the small sample size, we used a strict approach (family-wise error) rather
than the false discovery rate to detect the brain regions showing positive correlations in the both eye-gaze and
eye-contact conditions. Longitudinal studies utilizing larger sample sizes are required to more fully elucidate the
association between brain development and eye contact underlying positive interpersonal relationships. Second,
the frequency of eye contact and observer rating were only used in the assessment of mother—child interactions.
In particular, although the IRS was used to assess the quality of the mother-child relationship in this study, the
authors themselves were involved in the assessment because it was difficult to involve a third party who would
be blind to the research hypothesis because assessing the IRS requires training. It should also be clarified in the
future how different modalities, such as duration of eye contact, voice communication, and physical contact, and
the quality of the mother-child relationship based on more objective scoring are related to brain function. Third,
rs-fMRI was used as a means to visualize the brain function involved in the eye contact between the two persons
via interaction tasks. Therefore, although the relationship between resting-state brain function and eye contact
was clarified for each individual, it is unclear whether the functional areas identified in this study are involved
in eye contact itself. Despite these limitations, this study sheds light on the importance of the relationship of eye
contact in mother—child interaction and its neural basis.

In conclusion, we identified DMN areas, such as the MFG and ACC, and SN areas, such as the Al and
ACC, in both mothers and children as resting-state brain function-related areas positively involved in gaze in
mother—child interaction, but only the SN was involved in eye contact. These results suggest that the participants
frequently gazing at their partner can properly switch their attention to both perform the task and observe the
partner’s reaction or their status in relation to the task. Furthermore, the frequency of eye contact was positively
associated with the quality of the mother-child interaction. This finding suggests that the timing of the eye
contact with the mother plays a more important role in the quality of the mother—child interaction than simply
gazing at the mother, and then the SN may contribute to attention switching at the appropriate time during the
interactions. In the future, it is important to clarify the developmental transition by investigating the parent-child
interaction and its neural basis during the adolescent detachment period.

Methods

Participants. Forty-six children aged 6-11 years (26 boys, 20 girls; mean age: 8.5+ 1.3 years) and their
mothers (mean age: 40.2 £4.5 years; age range: 31-50 years), who were recruited from the local community via
advertisements, participated in the present study. All participants were Japanese. The handedness of all partici-
pants was assessed using the Edinburgh Handedness Inventory, and their socioeconomic status was assessed
using the Hollingshead Index of Social Position as a composite measure®. Exclusion criteria for all participants
were any contraindications for MRI, physical problems, psychopathology, any history of psychiatric disorders,
severe head injury, neurological abnormalities (e.g., epilepsy and tics), and excessive head motion (>3.0 mm,
3.0 degrees, and mean frame-wise displacement[FD] <0.5 mm) during the scanning. The participants had no
history of exposure to drug abuse, traumatic events, and fetal drug exposure that might have influenced brain
development. All participants were right-handed and unmedicated.

The children were confirmed to have an intelligence quotient (IQ) >80 on the Draw-a-Man test*®. To assess
the psychiatric symptoms of participants, mothers were also asked to complete the BDI-II to evaluate their
depressive symptoms*, and the AQ to evaluate both theirs and their children’s autistic symptoms***°. No moth-
ers had a BDI-II score above the cutoff. Subjects who had diagnoses of neurological illness, migraine, below
average intelligence, or serious psychopathology were excluded from the study. Thus, seven children and their
mothers were excluded from the final analysis; six children owing to excessive head motion and one owing to
an AQ score higher than 25 points.
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The protocol was approved by the Ethics Committee of the University of Fukui, Japan (Approval no.
FU-20160120), and all procedures were conducted following the Declaration of Helsinki. All mothers and chil-
dren provided written informed consent for participation in this study.

Experimental procedure. The study included two sessions. In the first session, after explaining the experi-
mental procedure and obtaining consent for participation, the mother and child were asked to alternately par-
ticipate in brain scanning. While one underwent the brain scan, the other was asked to answer the various
questionnaires described above. In the second session, the mother and child were engaged in three trials of table
games using wooden toys (HABA Keep it Steady Game), and their interactions were recorded on video for 5 to
15 min in a quiet experimental room (with dimensions of 3.5x3.5 m) equipped with a table and chairs, with
only the mother and child present. The position of the video camera was set so that the facial expressions of the
mother and child could be confirmed. We instructed the mother to "in the parent-child game, please interact
with your child in a natural way as usual." The recording of the parent-child interaction started when the mother
received the toy from the experimenter.

Brain-image acquisition and preprocessing. Image acquisition was performed using a 3-T MRI scan-
ner (Signa PET/MR, ver. 26, GE Healthcare, Milwaukee, WI, USA) with a standard head coil (8-channnel HD
Brain, GE Healthcare). Resting-state functional images were acquired with a T2*-weighted gradient-echo echo-
planar imaging (EPI) sequence®¢!. Each volume consisted of 40 slices, with a thickness of 3.5 mm and a 0.5-mm
gap, to cover the entire brain. The time interval between two successive acquisitions of the same slice (rep-
etition time; TR) was 2300 ms, with an echo time (TE) of 30 ms and a flip angle of 81°. The field of view was
192 x 192 mm, and the matrix size was 64 x 64, yielding volume dimensions of 3 x 3 mm. A total of 192 volumes
were acquired for an imaging time of 7 min 42 s®*°!. The participants were instructed to remain awake but to
close their eyes and think of nothing in particular. Head movement was minimized by the placement of mem-
ory-foam pillows around the head. A T1-weighted anatomical dataset was obtained from each participant using
a magnetization-prepared rapid acquisition gradient echo sequence (voxel size 1x1x1 mm, TE=1.996 ms,
TR=6.38 ms, TI=600 ms, flip angle=11°, total scan time =4 min 50 s)%¢!.

Resting-state fMRI data preprocessing. The rs-fMRI data were analyzed using Statistical Parametric
Mapping (SPM) 12 (Wellcome Trust Centre for Neuroimaging, London, UK) with MATLAB R2016b (Math-
Works, Natick, MA, USA) and the Data Processing Assistant for Rs-fMRI Software (DPARSF) toolbox®*. First,
the initial 10 volumes were discarded, and slice-timing correction was not applied, followed by spatial realign-
ment of 186 volumes to the mean volume. The signal from each slice was realigned temporally to that obtained
from the middle slice using “sinc” interpolation. To control for motion confounding in our data, we investigated
the effects of head motion by computing the mean frame-to-frame root mean square motion and FD obtained
during the realignment process®’. Next, high-resolution T1 images were coregistered to functional images via
a nonlinear image registration approach and segmented using a new segment algorithm with diffeomorphic
anatomical registration through the exponentiated lie algebra technique®. Afterward, functional images were
spatially normalized into the Montreal Neurological Institute template, resampled into a spatial resolution of
3 x3x3 mm? and spatially smoothened with a 6 mm full width at half-maximum Gaussian kernel®. Finally, the
linear trend in the time series was removed, the non-neural noise in the time series was controlled, and several
sources of spurious variance (e.g., the Friston 24-parameter model, white matter signals, and cerebrospinal fluid
signals) were eliminated from the data through linear regression®!.

Behavioral assessment of mother—child interaction. To assess the degree of behavioral synchroniza-
tion based on eye gaze in mother—child interactions, we extracted the number of gazes to the partner and the
number of eye contacts from the video data while the participants were engaged in the game task. The numbers
of one-sided gazes toward the partner (mother/child) (when the gaze was mutual, it was considered as eye
contact) were counted. Then, as the total duration of engaging in the game task differed depending on the pair
(5-15 min), the numbers of eye gazes and eye contacts were normalized by the duration and used as the indices
for eye gaze.

In addition, the IRS was used to assess the quality of the mother—child interactions®*. The IRS assesses the
child’s social competence and the caregiver’s child-rearing competence based on a checklist of selected com-
munication behaviors observed in a short period of time (approximately 5 min) in daily situations. The inter-
observer reliability of the IRS was previously found to be 90%**. To rate the scale, the evaluator completes the
checklist composed of 25 items focusing on the child’s behavior toward the caregiver (e.g., “Child vocalizes while
looking at the task materials”) and 45 items focusing on the caregiver’s behavior (e.g., “Caregiver allows child
to explore task material for at least five seconds before providing first task related instruction”). The observer
then provides a score on a 5-point scale for the developmental level. The total internal consistency of the IRS
was previously found to be excellent (o =0.85-0.91)%. In this study, two observers (the first and second authors)
who were trained by the original authors of the IRS assessed the videos, and the assessment was repeated until
the concordance rate between the observers reached > 80%.

Statistical analysis. To investigate regionally specific correlates of resting-state brain function associ-
ated with the two gaze indices (number of eye gazes and of eye contacts), we performed multiple regression
using SPM 12 and DPARSE We executed fALFF analysis to determine the local resting-state fluctuations (RSFs)
related to the two gaze indices for each mother and child. Each time series at each voxel as the fraction was cal-
culated between the sum of amplitudes of the band ranging from 0.01 to 0.08 Hz, and subject-level voxel-wise
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fALFF maps were standardized into subject-level Z-score maps using the DPARSF toolbox®. The sex and age of
the participants were included as covariates in the model due to their potential confounding effects. A threshold
of cluster-level P<0.05 with a family-wise error correction for multiple comparisons and voxel-wise P<0.005
uncorrected was applied for the rs-fMRI data analysis. The anatomical localization of significant clusters was
investigated with the Automated Anatomical Labeling and Broadman area atlases implemented in the Talairach
Client software package®.

Demographics and clinical characteristics were tested using chi-squared and ¢-tests. Pearson’s product-
moment correlation coefficients were used to examine the relationships between the gaze indices and IRS score
in mothers and children. The significance level was set to P<0.05, and all statistical analyses were conducted
using IBM SPSS Statistics and AMOS for Windows, version 20 (IBM Corp., Armonk, NY).

Received: 22 July 2020; Accepted: 23 October 2020
Published online: 03 November 2020

References

1. Sroufe, L. A., Carlson, E. A,, Levy, A. K. & Egeland, B. Implications of attachment theory for developmental psychopathology. Dev.
Psychopathol. 11, 1-13. https://doi.org/10.1017/s0954579499001923 (1999).

2. Hooper, L. M. The application of attachment theory and family systems theory to the phenomena of parentification. Fam. J. 15,
217-223. https://doi.org/10.1177/1066480707301290 (2007).

3. Feldman, R. & Eidelman, A. I. Maternal postpartum behavior and the emergence of infant-mother and infant-father synchrony
in preterm and full-term infants: the role of neonatal vagal tone. Dev. Psychobiol. 49, 290-302. https://doi.org/10.1002/dev.20220
(2007).

4. Becchio, C., Bertone, C. & Castiello, U. How the gaze of others influences object processing. Trends Cogn. Sci. 12, 254-258. https
://doi.org/10.1016/j.tics.2008.04.005 (2008).

5. Schilbach, L. Eye to eye, face to face and brain to brain: novel approaches to study the behavioral dynamics and neural mechanisms
of social interactions. Curr. Opin. Behav. Sci. 3, 130-135. https://doi.org/10.1016/j.cobeha.2015.03.006 (2015).

6. Levinson, S. C. & Holler, J. The origin of human multi-modal communication. Philos. Trans. R. Soc. Lond. Biol. Sci. 369, 20130302.
https://doi.org/10.1098/rstb.2013.0302 (2014).

7. Farroni, T., Csibra, G., Simion, E. & Johnson, M. H. Eye-contact detection in humans from birth. Proc. Natl. Acad. Sci. U S A. 99,
9602-9605. https://doi.org/10.1073/pnas.152159999 (2002).

8. Senju, A. & Johnson, M. H. The eye-contact effect: mechanisms and development. Trends Cogn. Sci. 13, 127-134. https://doi.
org/10.1016/j.tics.2008.11.009 (2009).

9. Maestro, S. et al. How young children treat objects and people: an empirical study of the first year of life in autism. Child Psychiatry
Hum. Dev. 35, 383-396. https://doi.org/10.1007/s10578-005-2695-x (2005).

10. von dem Hagen, E. A,, Stoyanova, R. S., Baron-Cohen, S. & Calder, A. J. Reduced functional connectivity within and between
“social” resting state networks in autism spectrum conditions. Soc. Cogn. Affect Neurosci. 8, 694-701. https://doi.org/10.1093/scan/
nss053 (2013).

11. Saito, D. N. et al. “Stay tuned”: inter-individual neural synchronization during mutual gaze and joint attention. Front Integr. Neu-
rosci. 4, 127. https://doi.org/10.3389/fnint.2010.00127 (2010).

12. Koike, T., Sumiya, M., Nakagawa, E., Okazaki, S. & Sadato, N. What makes eye contact special? Neural substrates of on-line mutual
eye-gaze: a hyperscanning fMRI study. eNeuro 6(0284-18), 2019. https://doi.org/10.1523/ENEURO.0284-18.2019 (2019).

13. Zhang, S. et al. Characterizing and differentiating task-based and resting state fMRI signals via two-stage sparse representations.
Brain Imaging Behav. 10, 21-32. https://doi.org/10.1007/s11682-015-9359-7 (2016).

14. Menon, V. Large-scale brain networks and psychopathology: a unifying triple network model. Trends Cogn. Sci. 15, 483-506. https
://doi.org/10.1016/j.tics.2011.08.003 (2011).

15. Nickerson, L. D. Replication of resting state-task network correspondence and novel findings on brain network activation during
task fMRI in the human connectome project study. Sci. Rep. 8, 17543. https://doi.org/10.1038/s41598-018-35209-6 (2018).

16. Seitzman, B. A. et al. Trait-like variants in human functional brain networks. Proc. Natl. Acad. Sci. U S A. 116, 22851-22861. https
://doi.org/10.1073/pnas. 1902932116 (2019).

17. Assaf, M. et al. Abnormal functional connectivity of default mode sub-networks in autism spectrum disorder patients. NeuroImage
53, 247-256. https://doi.org/10.1016/j.neuroimage.2010.05.067 (2010).

18. Paakki, J. J. et al. Alterations in regional homogeneity of resting-state brain activity in autism spectrum disorders. Brain Res. 1321,
169-179. https://doi.org/10.1016/j.brainres.2009.12.081 (2010).

19. Cox, C. L. et al. The balance between feeling and knowing: affective and cognitive empathy are reflected in the brain’s intrinsic
functional dynamics. Soc. Cogn. Affect Neurosci. 7,727-737. https://doi.org/10.1093/scan/nsr051 (2012).

20. Elsabbagh, M. et al. Infant neural sensitivity to dynamic eye-gaze is associated with later emerging autism. Curr. Biol. 22, 338-342.
https://doi.org/10.1016/j.cub.2011.12.056 (2012).

21. Emery, N.J. The eyes have it: the neuroethology, function and evolution of social gaze. Neurosci. Biobehav. Rev. 24, 581-604. https
://doi.org/10.1016/s0149-7634(00)00025-7 (2000).

22. Fair, D. A. et al. The maturing architecture of the brain’s default network. Proc. Natl. Acad Sci. U S A. 105, 4028-4032. https://doi.
org/10.1073/pnas.0800376105 (2008).

23. Supekar, K., Musen, M. & Menon, V. Development of large-scale functional brain networks in children. PLoS Biol. 7, €1000157.
https://doi.org/10.1371/journal.pbio.1000157 (2009).

24. Anme, T., Yato, Y., Shinohara, R. & Sugisawa, Y. The validity and reliability of interaction rating scale (IRS): characteristics for
children with behavioral or environmental difficulties. Jpn. J. Hum. Sci. Health Soc. Serv. 14, 23-31 (2007).

25. Lei, Y. et al. Large-scale brain network coupling predicts total sleep deprivation effects on cognitive capacity. PLoS ONE 10,
€0133959. https://doi.org/10.1371/journal.pone.0133959 (2015).

26. Huang, H. et al. Aberrant resting-state functional connectivity of salience network in first-episode schizophrenia. Brain Imaging
Behav. https://doi.org/10.1007/s11682-019-00040-8 (2019).

27. Marusak, H. A. et al. Mindfulness and dynamic functional neural connectivity in children and adolescents. Behav Brain Res. 336,
211-218. https://doi.org/10.1016/j.bbr.2017.09.010 (2018).

28. Taylor, K. S., Seminowicz, D. A. & Davis, K. D. Two systems of resting state connectivity between the insula and cingulate cortex.
Hum. Brain Mapp. 30, 2731-2745. https://doi.org/10.1002/hbm.20705 (2009).

29. Uddin, L. Q,, Supekar, K. S., Ryali, S. & Menon, V. Dynamic reconfiguration of structural and functional connectivity across core
neurocognitive brain networks with development. J. Neurosci. 31, 18578-18589. https://doi.org/10.1523/JNEUROSCIL.4465-11.2011
(2011).

30. Craig, A. D. How do you feel-now? The anterior insula and human awareness. Nat. Rev. Neurosci. 10, 59-70. https://doi.
0rg/10.1038/nrn2555 (2009).

Scientific Reports |

(2020) 10:18903 | https://doi.org/10.1038/s41598-020-76044-y nature research


https://doi.org/10.1017/s0954579499001923
https://doi.org/10.1177/1066480707301290
https://doi.org/10.1002/dev.20220
https://doi.org/10.1016/j.tics.2008.04.005
https://doi.org/10.1016/j.tics.2008.04.005
https://doi.org/10.1016/j.cobeha.2015.03.006
https://doi.org/10.1098/rstb.2013.0302
https://doi.org/10.1073/pnas.152159999
https://doi.org/10.1016/j.tics.2008.11.009
https://doi.org/10.1016/j.tics.2008.11.009
https://doi.org/10.1007/s10578-005-2695-x
https://doi.org/10.1093/scan/nss053
https://doi.org/10.1093/scan/nss053
https://doi.org/10.3389/fnint.2010.00127
https://doi.org/10.1523/ENEURO.0284-18.2019
https://doi.org/10.1007/s11682-015-9359-7
https://doi.org/10.1016/j.tics.2011.08.003
https://doi.org/10.1016/j.tics.2011.08.003
https://doi.org/10.1038/s41598-018-35209-6
https://doi.org/10.1073/pnas.1902932116
https://doi.org/10.1073/pnas.1902932116
https://doi.org/10.1016/j.neuroimage.2010.05.067
https://doi.org/10.1016/j.brainres.2009.12.081
https://doi.org/10.1093/scan/nsr051
https://doi.org/10.1016/j.cub.2011.12.056
https://doi.org/10.1016/s0149-7634(00)00025-7
https://doi.org/10.1016/s0149-7634(00)00025-7
https://doi.org/10.1073/pnas.0800376105
https://doi.org/10.1073/pnas.0800376105
https://doi.org/10.1371/journal.pbio.1000157
https://doi.org/10.1371/journal.pone.0133959
https://doi.org/10.1007/s11682-019-00040-8
https://doi.org/10.1016/j.bbr.2017.09.010
https://doi.org/10.1002/hbm.20705
https://doi.org/10.1523/JNEUROSCI.4465-11.2011
https://doi.org/10.1038/nrn2555
https://doi.org/10.1038/nrn2555

www.nature.com/scientificreports/

31. Menon, V. Salience network. Brain Mapp. Encyclopedic Ref. 2, 597-611. https://doi.org/10.1016/B978-0-12-397025-1.00052-X
(2015).

32. Sridharan, D., Levitin, D. J. & Menon, V. A critical role for the right fronto-insular cortex in switching between central-executive
and default-mode networks. Proc. Natl. Acad. Sci. USA 105, 12569-12574. https://doi.org/10.1073/pnas.0800005105 (2008).

33. Culham, J. C. et al. Cortical fMRI activation produced by attentive tracking of moving targets. J. Neurophysiol. 80, 2657-2670.
https://doi.org/10.1152/jn.1998.80.5.2657 (1998).

34. Utevsky, A. V,, Smith, D. V. & Huettel, S. A. Precuneus is a functional core of the default-mode network. J. Neurosci. 34, 932-940.
https://doi.org/10.1523/]NEUROSCI.4227-13.2014 (2014).

35. Hagmann, P. et al. Mapping the structural core of human cerebral cortex. PLoS Biol. 6, e159. https://doi.org/10.1371/journ
al.pbio.0060159 (2008).

36. Farrow, T. F. et al. Investigating the functional anatomy of empathy and forgiveness. NeuroReport 12, 2433-2438. https://doi.
0rg/10.1097/00001756-200108080-00029 (2001).

37. Petrides, M. Lateral prefrontal cortex: architectonic and functional organization. Philos. Trans. R. Soc. Lond. B Biol. Sci. 360,
781-795. https://doi.org/10.1098/rstb.2005.1631 (2005).

38. Fan, J. et al. Response anticipation and response conflict: an event-related potential and functional magnetic resonance imaging
study. J. Neurosci. 27, 2272-2282. https://doi.org/10.1523/JNEUROSCI.3470-06.2007 (2007).

39. Bonnelle, V. et al. Salience network integrity predicts default mode network function after traumatic brain injury. Proc. Natl. Acad.
Sci. USA 109, 4690-4695. https://doi.org/10.1073/pnas.1113455109 (2012).

40. Seghier, M. L. The angular gyrus: multiple functions and multiple subdivisions. Neuroscientist 19, 43-61. https://doi.
0rg/10.1177/1073858412440596 (2013).

41. Jurkiewicz, M. T., Crawley, A. P. & Mikulis, D. J. Is rest really rest? Resting-state functional connectivity during rest and motor
task paradigms. Brain Connect. 8, 268-275. https://doi.org/10.1089/brain.2017.0495 (2018).

42. Papeo, L., Agostini, B. & Lingnau, A. The large-scale organization of gestures and words in the middle temporal gyrus. J. Neurosci.
39, 5966-5974. https://doi.org/10.1523/J]NEUROSCI.2668-18.2019 (2019).

43. Bressler, S. L. & Menon, V. Large-scale brain networks in cognition: emerging methods and principles. Trends Cogn Sci. 14, 277-290.
https://doi.org/10.1016/j.tics.2010.04.004 (2010).

44. Feldman, R. The adaptive human parental brain: implications for children’s social development. Trends Neurosci. 38, 387-399.
https://doi.org/10.1016/j.tins.2015.04.004 (2015).

45. Leibenluft, E., Gobbini, M. 1., Harrison, T. & Haxby, J. V. Mothers’ neural activation in response to pictures of their children and
other children. Biol. Psychiatry 56, 225-232. https://doi.org/10.1016/j.biopsych.2004.05.017 (2004).

46. Carlson, S. M. & Moses, L. J. Individual differences in inhibitory control and children’s theory of mind. Child Dev. 72, 1032-1053.
https://doi.org/10.1111/1467-8624.00333 (2001).

47. Feldman, R. Parent-infant synchrony: biological foundations and developmental outcomes. Curr. Dir. Psychol. Sci. 16, 340-345.
https://doi.org/10.1111/j.1467-8721.2007.00532.x (2007).

48. Spinrad, T. L. & Eisenberg, N. Empathy, Prosocial Behavior, and Positive Development in Schools. In Handbook of Positive Psychol-
ogy in Schools (eds Furlong, M. J. et al.) 119-129 (Routledge, London, 2009).

49. Hietanen, J. K. Affective eye-contact: an integrative review. Front Psychol. 9, 1587. https://doi.org/10.3389/fpsyg.2018.01587 (2018).

50. Wylie, K. P. et al. Reduced brain resting-state network specificity in infants compared with adults. Neuropsychiatr Dis Treat. 10,
1349-1359. https://doi.org/10.2147/NDT.S63773 (2014).

51. Supekar, K. & Menon, V. Developmental maturation of dynamic causal control signals in higher-order cognition: a neurocognitive
network model. PLoS Comput. Biol. 8,e1002374. https://doi.org/10.1371/journal.pcbi.1002374 (2012).

52. Rifkin-Graboi, A. et al. Maternal sensitivity, infant limbic structure volume and functional connectivity: a preliminary study.
Transl. Psychiatry 5, e668. https://doi.org/10.1038/tp.2015.133 (2015).

53. Brauer, J., Xiao, Y., Poulain, T., Friederici, A. D. & Schirmer, A. Frequency of maternal touch predicts resting activity and con-
nectivity of the developing social brain. Cereb. Cortex. 28, 692. https://doi.org/10.1093/cercor/bhx323 (2018).

54. Dufford, A. ., Erhart, A. & Kim, P. Maternal brain resting-state connectivity in the postpartum period. J. Neuroendocrinol. 31,
€12737. https://doi.org/10.1111/jne.12737 (2019).

55. Hollingshead, A. Two Factor Index of Social Position. Hollingshead (1957).

56. Goodenough, E L. Measurement of Intelligence by Drawings (World Book Co., New York, 1926).

57. Kojima, M. et al. Cross-cultural validation of the Beck Depression Inventory-II in Japan. Psychiatry Res. 110, 291-299. https://doi.
0rg/10.1016/s0165-1781(02)00106-3 (2002).

58. Wakabayashi, A. et al. Autism-spectrum quotient (AQ) Japanese children’s version " comparison between high-functioning children
with autism spectrum disorders and normal controls. Jpn. J. Phys. 77, 534-540. https://doi.org/10.4992/jjpsy.77.534 (2007).

59. Wakabayashi, A., Tojo, Y., Baron-Cohen, S. & Wheelwright, S. The Autism-Spectrum Quotient (AQ) Japanese version: evidence
from high-functioning clinical group and normal adults. Jpn. J. Phys. 75, 78-84. https://doi.org/10.4992/jjpsy.75.78 (2004).

60. Fujisawa, T. X. et al. Neural basis of psychological growth following adverse experiences: a resting-state functional MRI Study.
PLoS ONE 10, e0136427. https://doi.org/10.1371/journal.pone.0136427 (2015).

61. Mizuno, Y. et al. Catechol-O-methyltransferase polymorphism is associated with the cortico-cerebellar functional connectivity
of executive function in children with attention-deficit/hyperactivity disorder. Sci. Rep. 7, 4850. https://doi.org/10.1038/s4159
8-017-04579-8 (2017).

62. Chao-Gan, Y. & Yu-Feng, Z. DPARSF: a MATLAB toolbox for “pipeline” data analysis of resting-state fMRI. Front. Syst. Neurosci.
4, 1-7. https://doi.org/10.3389/fnsys.2010.00013 (2010).

63. Shen, Y. T. et al. Disrupted amplitude of low-frequency fluctuations and causal connectivity in Parkinson’s disease with apathy.
Neurosci. Lett. 683, 75-81. https://doi.org/10.1016/j.neulet.2018.06.043 (2018).

64. Anme, T. et al. Interaction Rating Scale (IRS) as an evidence-based practical index of children’s social skills and parenting. /.
Epidemiol. 20, $419-5426. https://doi.org/10.2188/jea.je20090171 (2010).

65. Lancaster, J. L. et al. Automated Talairach atlas labels for functional brain mapping. Hum. Brain Mapp. 10, 120-131. https://doi.
0rg/10.1002/1097-0193(200007)10:3%3¢120::aid-hbm30%3e3.0.c0;2-8 (2000).

Acknowledgements

This work was supported by a Grant-in-Aid for “Creating a Safe and Secure Living Environment in the Changing
Public and Private Spheres” from the Japan Science and Technology Corporation (JST)/Research Institute of

Sc

ience and Technology for Society (RISTEX), and JSPS KAKENHI Grant Numbers JP19K21755, JP19H00617

(to A.T.), JP18K02480, JP20H04995 (to T.X.E.), and AMED under Grant Number JP20gk0110052 (to A.T.). The
funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Scientific Reports |

(2020) 10:18903 | https://doi.org/10.1038/s41598-020-76044-y nature research


https://doi.org/10.1016/B978-0-12-397025-1.00052-X
https://doi.org/10.1073/pnas.0800005105
https://doi.org/10.1152/jn.1998.80.5.2657
https://doi.org/10.1523/JNEUROSCI.4227-13.2014
https://doi.org/10.1371/journal.pbio.0060159
https://doi.org/10.1371/journal.pbio.0060159
https://doi.org/10.1097/00001756-200108080-00029
https://doi.org/10.1097/00001756-200108080-00029
https://doi.org/10.1098/rstb.2005.1631
https://doi.org/10.1523/JNEUROSCI.3470-06.2007
https://doi.org/10.1073/pnas.1113455109
https://doi.org/10.1177/1073858412440596
https://doi.org/10.1177/1073858412440596
https://doi.org/10.1089/brain.2017.0495
https://doi.org/10.1523/JNEUROSCI.2668-18.2019
https://doi.org/10.1016/j.tics.2010.04.004
https://doi.org/10.1016/j.tins.2015.04.004
https://doi.org/10.1016/j.biopsych.2004.05.017
https://doi.org/10.1111/1467-8624.00333
https://doi.org/10.1111/j.1467-8721.2007.00532.x
https://doi.org/10.3389/fpsyg.2018.01587
https://doi.org/10.2147/NDT.S63773
https://doi.org/10.1371/journal.pcbi.1002374
https://doi.org/10.1038/tp.2015.133
https://doi.org/10.1093/cercor/bhx323
https://doi.org/10.1111/jne.12737
https://doi.org/10.1016/s0165-1781(02)00106-3
https://doi.org/10.1016/s0165-1781(02)00106-3
https://doi.org/10.4992/jjpsy.77.534
https://doi.org/10.4992/jjpsy.75.78
https://doi.org/10.1371/journal.pone.0136427
https://doi.org/10.1038/s41598-017-04579-8
https://doi.org/10.1038/s41598-017-04579-8
https://doi.org/10.3389/fnsys.2010.00013
https://doi.org/10.1016/j.neulet.2018.06.043
https://doi.org/10.2188/jea.je20090171
https://doi.org/10.1002/1097-0193(200007)10:3%3c120::aid-hbm30%3e3.0.co;2-8
https://doi.org/10.1002/1097-0193(200007)10:3%3c120::aid-hbm30%3e3.0.co;2-8

www.nature.com/scientificreports/

Author contributions

A.T. conceived the project. R.Kb. and TX.E designed the experiments. R.Kb., TX.F,, KM., R.Ks., H.O.,, and A.T.
performed the experiments and collected and analyzed the data. R.Kb. and T.X.F. wrote the manuscript. All
authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports|  (2020) 10:18903 | https://doi.org/10.1038/s41598-020-76044-y natureresearch


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Intrinsic brain activity associated with eye gaze during mother–child interaction
	Results
	Demographic characteristics. 
	Eye-gaze variables (eye gaze and eye contact) and the quality of the mother–child interactions. 
	Resting-state brain function associated with the eye-gaze variables in children. 
	Resting-state brain function associated with the eye-gaze variables in mothers. 

	Discussion
	Methods
	Participants. 
	Experimental procedure. 
	Brain-image acquisition and preprocessing. 
	Resting-state fMRI data preprocessing. 
	Behavioral assessment of mother–child interaction. 
	Statistical analysis. 

	References
	Acknowledgements


