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A B S T R A C T   

Attachment security is formed through interactions with a main caregiver during the first three years of life and 
reflects inter-individual differences in mental representations for the relationship. The striatum is known to be a 
key structure to initiate attachment behaviours and maintain attachment relationships as well as to modulate 
reward-related processing as part of the approach module in current neurobiological models of human attach
ment. Although findings have suggested critical roles of the striatum in inter-individual differences in attach
ment, most studies were based on a wide variety of tasks and very few have investigated these associations in 
intrinsic brain connectivity in typically developing children. In the present study, using resting-state functional 
magnetic resonance imaging, we examined the striatal functional connectivity according to children’s attach
ment security in 68 nine-year-olds (Secure attachment = 39, Insecure attachment = 29, mean age/SD = 9.62/ 
0.69). Children with secure attachment demonstrated increased functional connectivity in the tempro-limbic 
region, compared to children with insecure attachment. In addition, the child-reported attachment security 
scores were negatively associated with the caudate-prefrontal connectivity, but positively with the putamen- 
visual area connectivity. These data demonstrate that inter-individual differences in attachment can be 
captured in striatal functional connectivity organization in the typical brain.   

1. Introduction 

Attachment is based on an innate biological system which regulates 
proximity-seeking behaviours in infants with the goal to feel safe with a 
caregiver, which include separation distress, greeting reactions upon 
reunion and the tendency to turn to a specific caregiver for reassurance 
when distressed (Bowlby, 1980, 1962). With a consistent pattern of 
engagement of attachment processes occurring in dyadic interactions, 
these behaviours are gradually modulated by caregivers’ responses, and 
progressively form mental representations for the relationship, which 
Bowlby termed as “internal working models” (Bowlby, 1973). Internal 

Working Models operate for members of an attachment dyad to antici
pate, interpret and guide interactions with partners, and lead to indi
vidual differences in the expression and organization of attachment 
behaviours. In attachment theory, these individual differences represent 
the security or quality of the relationship and can be classified into 
several behavioural patterns: secure and insecure (avoidant or ambiv
alent/resistant) types of attachment (Ainsworth et al., 1978). Initial 
attachment theory contended that these individual differences are 
maintained in a relatively consistent way over the years (McConnell and 
Moss, 2011; Meins et al., 2018), although more recent studies demon
strate that attachment can also be malleable under certain 
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circumstances over time (Chopik and Grimm, 2019; for a review see 
Fraley, 2019). Little is known, however, about the neurobiological basis 
of individual differences in attachment types, particularly in typically 
developing children, and such knowledge is important for understand
ing its development as well as the possibilities for change (McConnell 
and Moss, 2011). 

Neurobiological models of human attachment have been developed 
based on broader social neuroscience, such as approach vs. avoidance, 
or automatic vs. controlled systems in the social information processing 
perspectives (Gillath et al., 2016; Mikulincer and Shaver, 2003). A 
recent effort to provide integrative and comprehensive models of 
attachment synthesizing brain structures, functions, genes and neuro
transmitters, has been advanced in an extended functional 
neuro-anatomical model of human attachment (NAMA), focussing on 
how attachment security is established and how the inter-individual 
differences in attachment operate in these models (see the review for 
more details: Long et al., 2020): In brief, the human attachment system 
is organized into two systems (affective evaluation and cognitive con
trol) inclusive of four modules (aversion, approach, emotion regulation 
and mental state representation). The inter-individual differences in 
attachment can be explained by possible determinants of “switch point” 
shifts in the “push and pull” dynamics between the systems or modules. 

The striatum supports a wide range of functions, including motor, 
cognitive, motivational, reward and emotional processes with signifi
cant projections from other cortical regions (Di Martino et al., 2008). 
The striatum can be embedded within a larger network of “approach” in 
NAMA in that the approach module promotes social interactions to seek 
a sense of safety, which are primarily supported by dopaminergic 
reward and motivation systems which include the ventral striatum, 
ventral tegmental area, substantia nigra and ventromedial pre
frontal/orbitofrontal cortices. Furthermore, the dorsal striatum is 
composed of the caudate nucleus (dorsomedial part) and the putamen 
(dorsolateral part), regions which are involved in cognitive and motor 
control, respectively (Lipton et al., 2019; Yin and Knowlton, 2006). 
Previous literature suggested putamen network engagement in habitual 
behaviours and caudate network engagement for goal-directed behav
iours, but these networks more likely develop in parallel and with 
complementary roles (Kupferschmidt et al., 2017; Robbins and Costa, 
2017). Proximity-seeking in attachment is one of the strongest 
goal-directed behaviours emerging at an early stage of life just after the 
infants recognize their primary caregiver. Attachment security reflects 
the past and current interactions with an attachment figure, and in
cludes specific patterns of behaviours which become habitual and 
automatic, and therefore operate largely at an unconscious level 
(Mikulincer and Shaver, 2007; Petters and Waters, 2010). This implies 
extensive involvement of the striatum in attachment, while initiating 
attachment behaviours and forming behavioural patterns in the 
attachment dyad. 

Several neuroimaging studies have demonstrated that the striatum 
has important roles in explaining individual differences in adult 
attachment, with connections to other cortical regions known to 
modulate reward, emotional regulation and mentalizing processes 
(Antonucci et al., 2018; Vrtička et al., 2008; Vrtička and Vuilleumier, 
2012). In addition, distinct neural influences have also been implicated 
in avoidant and anxious types of adult attachment, such that attachment 
avoidance is linked to blunted social reward processing and altered 
negative emotion perception and regulation (Strathearn et al., 2009). In 
contrast, attachment anxiety is linked to over-sensitivity to emotional 
cues and less cognitive control (Donges et al., 2012; Krause et al., 2018, 
2016; Rigon et al., 2016; Schneider-Hassloff et al., 2015; Zhang et al., 
2018b). An fMRI study also demonstrated a link between attachment 
anxiety and the activity in the ventral striatum and ventromedial orbi
tofrontal cortex in prediction-error response to a social reward (Poore 
et al., 2012). These effects can be sustained life-long, as the insecure 
attachment measured at 18-months predicted greater activation in 
prefrontal areas with reduced co-activation of nucleus accumbens in 

processing positive emotions 20 years later (Moutsiana et al., 2014). 
Further, this can also relate to psychopathology, as children and ado
lescents with reactive attachment disorders showed reduced activity in 
the caudate and nucleus accumbens in reward processing (Takiguchi 
et al., 2015). These reports suggest that early attachment experiences 
impact striatal functions, but only a few studies have examined these 
associations in children. 

In a previous task-evoked fMRI study, children with secure attach
ment showed greater functional activations in the striatum, amygdalae 
and cingulate cortex when they were processing attachment-related cues 
(Choi et al., 2018). In adolescents, self-representations of attachment 
relationships also modulated functional activations in the amygdalae, 
temporal poles and dorsolateral prefrontal cortices (Debbané et al., 
2017), as well as reward-related activation in the caudate (Schneider 
et al., 2012). A longitudinal study demonstrated that greater levels of 
emotional neglect were associated with blunted ventral striatum activ
ity, which was also related to depression in adolescence (Hanson et al., 
2015). Although not revealing any significant associations with 
attachment in the striatum, a recent study found that heightened activity 
in the anterior temporal pole while processing unfamiliar faces other 
than self and mother was related to attachment anxiety in children 8–12 
years of ages (Miller et al., 2020). Although these studies have inferred 
that early experience in attachment relationships modulates functional 
organization in the brain, studies were based on a wide variety of tasks 
and very few reports have investigated these associations in spontaneous 
fluctuations of brain activity. 

Resting-state functional connectivity measures the temporal corre
lations of spontaneous blood-oxygen-level-dependent (BOLD) signals 
among spatially distributed brain regions. It has provided considerable 
understanding of functional organization which underlies a range of 
sensory and cognitive processes. Corticostriatal connections are complex 
and interactions between functional territories are extensive (Haber, 
2016). However, little is known about the association between 
inter-individual differences in attachment and intrinsic striatal connec
tivity at a whole-brain level in typically developing children. A few 
studies have implicated early adversity, such as neglect, maltreatment 
and institutional care, with functional organization of striatal connec
tivity. A study, which compared previously institutionalized youth to 
youth raised in their biological families, revealed increased ventral 
striatum and medial prefrontal cortex coupling and its association with 
parent reports of social problems (Fareri et al., 2017). Another study, 
although not revealing an association with striatal connectivity, re
ported amygdala functional connectivity using resting-state fMRI in 
typically developing six-to-ten-year old children, in whom parental 
sensitivity had been assessed at four years of age. Only in children with 
less sensitive parents was age positively related to stronger 
amygdala-medial prefrontal connectivity, suggesting that children with 
a lack of supportive parenting may develop their own self-regulation 
system instead of relying on their parents (Thijssen et al., 2017). 

In the present study, we used fMRI to examine the intrinsic striatal 
functional connectivity of the caudate and putamen in typically devel
oping children with secure and insecure attachment to determine how 
different attachment experiences contribute to the development of 
functional connections between the striatal structures and other cortical 
regions at the whole-brain level. We chose the striatum not only because 
of the findings from adult attachment studies but because of its critical 
role in a wide range of socio-emotional learning early in life, and 
knowing that attachment behaviours build upon those systems. We 
hypothesized that inter-individual differences in attachment would be 
observed in the prefrontal region in the caudate network related to its 
role in cognitive control, and the sensorimotor regions in the putamen 
network related their role in motor control. In addition, based on the 
substantial projections from multiple cortical regions to striatum and its 
critical role for reward and positive emotion processing as a key struc
ture of the approach module, we speculated the inter-individual differ
ences in attachment may also be found in limbic areas. 
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2. Methods 

2.1. Participants 

Eighty-five boys were recruited from elementary schools (mean age 
= 9.62 years, SD = 0.69). Those who had a history of psychiatric, 
neurological illness or contraindications to MRI were not included. 
Children’s attachment security was assessed by trained examiners using 
the Separation Anxiety Test (SAT), standardised in Korean (Choi, 2014; 
Hansburg, 1972; Resnick, 1993). The SAT is a semi-projective interview 
system using separation pictures to assess the quality of attachment from 
preschool-aged children to adolescents. All of the pictures and questions 
were modified according to the children’s age, sex and cultural back
ground and were verified by a group of experts in child development 
research and another group of children of the same age, sex and cultural 
background (Choi et al., 2018). All interviews were audiotaped, tran
scribed verbatim and coded according to the SAT manual (Resnick, 
1993), which includes nine subscales (e.g., emotional openness, 
devaluing of attachment, self-blame, resistance/withholding, preoccu
pied anger, displacement of feelings, anxiety, coherence of transcript, 
solutions) and assigns each child to one of the attachment classifications 
based on the profile in each subscale (e.g., secure, insecure avoidant, 
insecure preoccupied). As a result, forty-eight boys (56.5 %) were 
classified as secure attachment and thirty-seven boys (43.5 %) were 
classified as insecure attachment (27 avoidant, 10 preoccupied). The 
intercoder agreements for the cases were 89.4 % and the cases which 
showed disagreement between the coders were discussed until agree
ment was reached. This study was approved by the institutional review 
board for human subjects at the Seoul National University. All children 
and their parents provided written informed consent prior to study 
entry. 

2.2. Neuropsychological assessments 

Neuropsychological assessments were conducted to more fully 
characterise the sample by creating overall behavioural profiles. Two 
self-report questionnaires for children were used to assess their 
perception of attachment security (The Attachment Security Scale: ASS) 
(Kerns et al., 2001) and self-concept (the Self-Concept Inventory: SCI) 
(Lee and Ko, 2006). The Child Behavior Checklist (CBCL) was also 
completed by a caregiver to identify any internalizing and externalizing 
problems in the children (Achenbach and Rescorla, 2001). IQ was 
measured using the Korean version of Wechsler Intelligence Scale for 
Children Fourth Edition (K-WISC-IV) (Gwak et al., 2011), which 
included Verbal Comprehension Index (VCI), Perceptual Reasoning 
Index (PRI), Working Memory Index (WMI), Processing Speed Index 
(PSI) and full-scale IQ (FSIQ). 

2.3. Data acquisition 

MRI data were acquired on a Siemens Tim Trio 3.0 T scanner with a 
32 channel head coil. Sponge padding was placed around the head to 
minimize head movement and the lower jaw was fixed with tape. A high 
resolution T1-weighted anatomical image was acquired (TR/TE =
1900/2.36 ms; FA = 9◦; FOV = 192 × 240 × 256 mm; 1 mm isotropic 
voxels; 4.26 min acquisition time). Resting state functional images were 
obtained with a contrast gradient echo planar imaging pulse sequence 
(TR/TE = 2700/30 ms; FA 90◦; FOV, matrix size = 64 × 64 × 40; 3.0 ×
3.0 × 3.2 mm voxels; 150 volumes; 5.17 min acquisition time). Children 
watched the monitor through a mirror on the head coil, which presented 
landscape pictures during the structural images and was replaced with a 
fixation cross centred on the screen for the resting state scan. 

2.4. Data preprocessing 

Data preprocessing was performed using AFNI [https://afni.nimh. 

nih.gov], FMRIB Software Library [https://www.fmrib.ox.ac.uk/fsl], 
and locally developed tools. All resting-state data were slice-time and 
motion corrected, smoothed (6 mm FWHM), normalized to a mean in
tensity of 10,000, bandpass filtered between 0.01 and 0.2 Hz, and 
cleaned of signal contributions from the white matter, CSF, whole brain 
and six rigid body parameters via regression. Framewise displacement 
(FD) was calculated from the six rigid body parameters, and volumes 
with FD > 0.5 mm were censored; participants with >1/3 of their vol
umes censored were excluded from the analyses. The original sample 
included 85 children (Secure attachment = 48, Insecure attachment =
37), but 17 were excluded due to reaching clinical cut-off scores in CBCL 
or excessive head motion, leaving the final sample of 68 (Secure 
attachment = 39, Insecure attachment = 29) for analyses. 

2.5. Data analyses 

We used a standard seed-voxel correlation approach to compare the 
striatal functional connectivity between the two groups of children using 
FSL FEAT (Jenkinsson et al., 2012). Bilateral caudate and putamen co
ordinates from the Automated Anatomical Labeling (AAL; Tzour
io-Mazoyer et al., 2002) atlas in MNI space were used as seeds to create 
striatum ROIs: left caudate (− 11, 11, 9), right caudate (15, 12, 9), left 
putamen (− 24, 4, 2), and right putamen (28, 5, 2). To account for 
inter-subject variability, the seed coordinates were dilated within a 10 
mm spherical ROI until the minimum mean inter-voxel cross-correlation 
dropped below 0.8 or the number of voxels exceeded 300. First-level 
analysis was performed using FSL’s FEAT by correlating the mean 
time series of the ROIs with the time series of all voxels in the brain in 
each child. Second-level analysis was performed to investigate group 
differences (Secure vs. Insecure attachment categorized by the SAT) in 
functional connectivity from each seed, with and without controlling for 
IQ. All statistical analyses in functional connectivity differences were 
thresholded using clusters determined by Z>2.3 and a corrected cluster 
significance threshold of FWE p < .05. If significant differences were 
found, the mean contrast of parameter estimate (COPE) values over the 
significant voxels were pulled across all participants, and the 
brain-behaviour associations were explored by correlating the COPE 
values with neuropsychological characteristics (child-report attachment 
security scores and behavioural scores) while controlling for IQ. For 
behavioural correlations, Pearson R values were calculated and the 
resulting p-values were Bonferroni corrected and significance was held 
at pcorr< 0.003. In addition, the association between the whole brain 
striatal functional connectivity and the continuous measure of attach
ment security scale (ASS) were examined while controlling for IQ to 
determine additional clusters relevant to child-report attachment 
security. 

3. Results 

3.1. Demographic information and neuropsychological characteristics 

Demographic information is presented in Table 1. Parents’ educa
tional levels and social economic status were not different across the 
secure and insecure participants. The majority of parents reported that 
the main caregiver of the child during the first three years was the 
mother. Some parents reported significant maternal stress during preg
nancy but the portion reporting maternal stress between the two groups 
did not differ. As reported in Table 2, children who were classified as 
insecurely attached showed significantly lower scores than children 
classified as secure attachment in child-reported attachment security (t 
(66)=-4.29, p = 0.001). The children with insecure attachment 
demonstrated higher internalizing and externalizing problems from the 
CBCL, although they are not statistically significant (Internalizing, 
t=0.26, p=0.80; Externalizing, t=1.21, p=0.23), but revealed signifi
cantly negative self-concept (t(65)=-2.80, p = 0.004). In CBCL symptom 
scales, the children in the clinical range were 7 (10.3 %) in anxious/ 
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depressed, 2 (2.9 %) in withdrawn/depressed, 6 (8.8 %) in somatic 
complaints, 3 (4.4 %) in social problems, 4 (5.9 %) in attention prob
lems, 2 (2.9 %) in rule-breaking and 3 (4.4 %) in aggressive behaviour. 
Although the mean scores of all IQ indices were in the normal range, 
children with insecure attachment showed overall lower IQ scores, 
except on the processing speed index, (VCI, t(65)=-2.22, p = 0.03; PRI, t 
(65)=-2.89, p = 0.005; WMI, t(65)=-2.74, p = 0.008; FSIQ, t(65)=-3.49, 
p = 0.001). 

The correlations between the behavioural measures were examined 
without controlling for IQ (Supplementary Table 1) as well as with 
controlling for IQ (Supplementary Table 2). Two child-report measures 
for attachment security and self-concept were significantly associated 
with each other, independent of IQ (r = 0.55, p < 0.001). In addition, 
two sub-scores in the CBLC, which internalizing and externalizing 
problems, were also significantly correlated, independent of IQ (r =
0.056, p < 0.001). 

3.2. Connectivity differences and behavioural correlations in striatal 
functional connectivity without controlling for IQ 

Examination of resting-state functional connectivity in children with 
secure and insecure attachment revealed different patterns of striatal 
connectivity mostly in medial temporal regions. In the caudate network, 
children with secure attachment demonstrated increased functional 
connectivity between the parahippocampal gyrus and the left caudate 
compared to children with insecure attachment (Supplementary Table 
3). 

The putamen network showed more robust group differences. Chil
dren with secure attachment showed increased functional connectivity 
in the medial temporal cortex with the left putamen, with peak voxels in 
the temporal pole, hippocampus, superior temporal gyrus and para
hippocampal gyrus. Increased connectivity was also found in the visual 
network, with peak voxels in superior occipital cortex, lingual gyrus, 
cuneus and calcarine sulcus (Supplementary Table 3). On other hand, 

children in the insecure attachment group demonstrated increased 
connectivity between the right supramarginal and angular gyri and the 
left putamen, compared to children with secure attachment (Supple
mentary Table 4). 

Brain-behaviour associations were examined in these four clusters, 
which identified group differences (Supplementary Table 5). Among the 
four behavioural measures, the child-reported attachment security 
scores (ASS) was correlated with the connectivity strength to the visual 
cortices (R=0.40, p = 0.001) in the putamen network. In an exploratory 
analysis, we examined the association between this connectivity feature 
and children’s attention problems, as the pattern of increased connec
tivity in children with insecure attachment was presented in a focalised 
region, the anterior aspect of the TPJ, which is known to be associated 
with attention. Interestingly, the connectivity strength to the right 
supramarginal gyrus in the putamen network was positively correlated 
with CBCL attentional problem scores (R = 0.317, p = 0.009). 

3.3. Connectivity differences and behavioural correlations in striatal 
functional connectivity while controlling for IQ 

The same analyses for group comparisons were employed again, 
while controlling for IQ, as children in the secure and insecure attach
ment groups revealed significant differences in IQ; the medial temporal 
region connectivity remained significant. In the caudate network, the 
connectivity differences observed in the medial temporal regions were 
more pronounced after controlling for IQ (Table 3). Securely attached 
children demonstrated increased connectivity in bilateral para
hippocampal gyri, the right hippocampus, and the left putamen, 
compared to children with insecure attachment (Fig. 1A and B). In the 
putamen network, the increased right medial temporal and temporal 
pole connectivity in securely attached children also remained significant 
after controlling for IQ, and extended to the orbital part of inferior 
frontal gyrus (Fig. 2A and B) (Table 4). 

The connectivity strengths from the two clusters, which identified 

Table 1 
Demographics of securely attached and insecurely attached children.   

Securely attached (N = 39) insecurely attached (N = 29) Statistics 

Age (years) 9.73 ± 0.60 9.64 ± 0.75 t = − 0.55, p = 0.58 
Father’s education level 

College graduation or above 33 (86.8 %) 22 (75.9 %) 
χ2 = 2.12, p = 0.35 High school graduation 5 (13.2 %) 6 (20.7 %) 

Middle school graduation 0 (0 %) 1 (3.4 %) 
Mother’s education level 

College graduation or above 32 (86.5 %) 21 (72.4 %) 
χ2 = 2.69, p = 0.26 High school graduation 5 (13.5 %) 7 (24.1 %) 

Middle school graduation 0 (0 %) 1 (2.9 %) 
Primary caregiver of the child during the first three years 

Mother 36 (92.3 %) 26 (89.7 %) χ2 = 3.55, p = 0.47 Othersa 3 (7.7 %) 3 (10.3 %)  

a Including father, grandparents, daycare centre or nanny. 

Table 2 
Neuropsychological characteristics.   

Securely attached (N = 46) Insecurely attached (N = 34) Statistics 

Quality of Attachment (continuous measures)  
Attachment security scale 51.95 (4.38) 46.14 (6.24) t(66) = 4.29, p<0.001 

Child Behavior Checklist (CBCL) 
Internalizing problems 4.97 ± 5.03 5.28 ± 4.32 t(65)=-0.26, p = 0.79 
Externalizing problems 4.71 ± 4.63 6.97 ± 9.20 t(65)=-1.21, p = 0.23 

Self-Concept Inventory (SCI)    
General self 59.87 (9.44) 52.48 (12.18) t(65) = 2.95, p = 0.004 

Wechsler Intelligence Scale for Children Fourth Edition (WISC-IV) 
Verbal comprehension index 116.61 (15.45) 108.41 (14.35) t(65)=-2.22, p = 0.03 
Perceptual reasoning index 122.39 (15.76) 111.69 (14.05) t(65)=-2.89, p = 0.005 
Working memory index 114.61 (16.39) 104.48 (12.96) t(65)=-2.74, p = 0.008 
Processing speed index 104.11 (10.33) 100.90 (14.30) t(65)=-1.07, p = 0.29 
Full-scale IQ 120.68 (13.93) 109.10 (12.77) t(65)=-3.49, p = 0.001  
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group differences while controlling for IQ, were not associated with any 
behavioural measures (Supplementary Table 6) at a statistically signif
icant level. An additional exploration revealed that the child-report 
attachment security scores (ASS) had reverse patterns of associations 
with the caudate-medial temporal connectivity between the two groups. 
Children with secure attachment demonstrated a positive association 
between the caudate-medial temporal connectivity and the ASS scores, 
while children with insecure attachment demonstrated negativity in this 
association, which was significant in insecurely attached children (r=- 
0.36, p = 0.05) (Fig. 1C). 

3.4. Association between the whole-brain striatal connectivity and child- 
reported attachment security scores while controlling for IQ 

Additional clusters were identified in the association between the 
whole-brain striatal connectivity and the child-reported attachment se
curity scores (ASS) (Fig. 3A). In the caudate network, the superior 
frontal and supplementary motor areas, which encompass dorsolateral 
and dorsomedial prefrontal cortices, were negatively associated with the 

ASS scores (Fig. 3B). In the putamen network, the visual areas, including 
superior and middle occipital regions and cuneus, were positively 
associated with the ASS scores (Fig. 3C). 

4. Discussion 

In the current study, the striatal functional connectivity was exam
ined in a large group of typically developing children according to their 
attachment security. Children with secure and insecure attachment 
demonstrated significantly different connectivity patterns in both the 
caudate and putamen networks, suggesting inter-individual differences 
in attachment can be captured in intrinsic striatal connectivity organi
zation in the typically developing brain. More robust differences were 
found in the temporo-limbic regions, not sensorimotor or prefrontal 
regions. The prefrontal cortices are not fully developed in this young age 
group compared to the adult attachment studies, which have frequently 
reported prefrontal engagement in explaining individual differences in 
attachment types (Krause et al., 2018, 2016; Rigon et al., 2016; Thijssen 
et al., 2017). The connectivity differences between the two groups 

Table 3 
Increased functional connectivity in striatal network while controlling for IQ in securely attached children.  

Cluster Nvoxels Cluster p-value Brain regions L/R BA 
MNI coordinates (mm) 

Z 
x y z 

Caudate network 
1 1547 0.000787 Hippocampus R 54 34 − 10 − 26 4.23    

Parahippocampal gyrus R 36 20 − 8 − 26 4.09    
Inferior temporal gyrus R 20 42 − 24 − 22 3.64    
Parahippocampal gyrus R 36 38 − 32 − 18 3.22 

2 855 0.0266 Putamen L 49 − 32 − 12 − 6 3.84    
Parahippocampal gyrus L 36 − 20 − 30 − 12 2.63 

Putamen network 

1 1272 0.0021 

Inferior frontal gyrus (Orbital) L 47 − 36 − 10 − 16 3.65 
Superior temporal gyrus L 22 − 46 − 2 − 14 3.56    

− 48 − 8 − 12 3.41 
Temporal pole   − 48 14 − 18 3.32 
Parahippocampal gyrus L 36 − 26 2 − 28 3.29 

PFWE <.05. 

Fig. 1. Increased functional connectivity between the caudate and the temporo-limbic region in children with secure attachment (1A) and connectivity differences in 
children with secure and insecure attachment (1B). The caudate-temporo limbic region connectivity had a positive association with the child-reported attachment 
security scores in children with secure attachment, while a negative association was observed in children with insecure attachment (r=− 0.36, p = 0.05) (1C). 
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mostly represented different roles of the striatum in socio-emotional 
information processing. These findings correspond to adult attachment 
studies which showed that the fronto-striatal-limbic circuit function is 
modulated by attachment type during the processing of social and 
attachment-related cues (Perlini et al., 2019). In particular, this circuit is 
responsible for modulating affective evaluations and often represents an 
access to memory about previous experiences, thinking of negative 
emotions or stress responses (Coan, 2010; Vrtička and Vuilleumier, 
2012; Williams et al., 2018). 

Children with secure attachment demonstrated increased functional 
connectivity in the medial temporal cortex, including the para
hippocampal gyrus and the hippocampus, and the temporal pole, with 
the striatum compared to children with insecure attachment. Of note, 
this connectivity remained significant while controlling for IQ and was 
even more pronounced in the caudate network. The medial temporal 
cortices are involved principally with memory, supporting the estab
lishment and maintenance of long-term memory (Squire et al., 2004). 
The parahippocampal gyri, in particular, are anatomically and func
tionally closely connected with the prefrontal cortex, including the 
medial, dorsolateral and orbital frontal regions, and support many 
cognitive processes, including visuospatial processing and episodic 
memory (Aminoff et al., 2013). The hippocampi also play an important 
role in memory, learning and emotion, and reduced hippocampal vol
ume has been implicated in maladaptive stress as well as affective psy
chopathology (Liu et al., 2000). 

Hippocampal growth is closely linked to environmental factors, such 
as caregiving experiences, and abusive parenting in childhood or early 
life adversity causes significant reduction in hippocampal volumes 
(Opendak et al., 2017; Teicher et al., 2012; van Hoof et al., 2019). A 
recent longitudinal study demonstrated that early support enhances 
hippocampal development and early childhood maternal support pre
dicted a steeper hippocampal growth trajectory (Luby et al., 2016). 
Interestingly, a network of regions which includes the medial temporal 
cortex and the striatum is integral to visuomotor associative learning. 
Previous studies suggested that the interaction between the medial 
temporal cortex and the striatum (specifically the caudate) is involved in 
context-dependent learning (Brown and Stern, 2014; Mattfeld and Stark, 
2011) or item-set similarity learning (Stark et al., 2018), which are all 
very relevant to a social learning situation where stimuli that arise from 
other individuals have a significant role in learning. This is an important 
finding as individual differences in attachment security are an outcome, 
built upon memories and learning being fed back from children’s daily 
(contextual) interactions with their primary caregivers. In attachment 
theory (Bowlby, 1962), children develop mental representations, called 
“internal working models”, which operate as schematic frameworks to 
integrate early life experiences with their caregivers, to use those 
schema to understand themselves and expectations of others’ reactions 
to themselves, and to generalize their knowledge about the self and 
others to the expanded world. The internal working models are a key 
concept of attachment theory which shows how children develop 

Fig. 2. Increased functional connectivity between the putamen and the temporo-limbic region in children with secure attachment (2A) and connectivity differences 
in children with secure and insecure attachment (2B). 

Table 4 
Brain regions of positively or negatively associated with child-reported attachment security scores (ASS) in striatal network.  

Cluster Nvoxels Cluster p-value Brain regions L/R BA 
MNI coordinates 

Z 
x y z 

Negatively associated with the ASS in the caudate network 
1 1418 0.00149 Superior frontal gyrus L  − 20 8 72 3.54     

R  18 32 42 3.49    
Supplementary motor area L 6 − 18 8 64 3.39     

L  − 12 20 66 3.38       
0 24 48 3.33    

Superior frontal gyrus L 8 − 12 28 48 3.30 
Positively associated with the ASS in the putamen network 
1 2336 1.6e-05 Middle occipital gyrus R 39 40 − 82 36 4.27    

Superior occipital gyrus L 19 − 24 − 90 34 4.15    
Cuneus L 19 − 4 − 90 32 4.11       

− 10 − 90 30 4.01    
Superior occipital gyrus R 7 32 − 84 40 4.00    
Cuneus R 19 14 − 88 36 3.82 

PFWE < .05. 
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different attachment styles and why the attachment styles may have a 
life-long impact on one’s social and emotional development. Our find
ings of different connectivity between the medial temporal cortex and 
the striatum contribute to the understanding of the neural mechanism 
underlying children’s use of their attachment experiences to learn and 
apply a general idea about the self and the others in the wider social 
context. 

Furthermore, attachment studies for older populations have shown 
that the structural and functional connectivity within medial temporal 
regions including hippocampi and parahippocampal gyri reflect indi
vidual differences in attachment types. In adults, the volumes of middle 
temporal and parahippocampal gyri are associated with attachment 
insecurity (Zhang et al., 2018a). The hippocampal function is also 
implicated in modulating individual predisposition to react to dismiss
ing attachment-related narratives (Krause et al., 2016), as well as in 
mentalizing one’s attachment figures (Laurita et al., 2019). In adoles
cents, a higher level of functional connectivity between the hippocampi, 
the middle temporal gyri and the lateral occipital cortex was associated 
with unresolved-disorganized attachment (van Hoof et al., 2019). These 
findings provide clear evidence that the individual differences in 
attachment types are captured by distinguishing features of the neural 
activation in socio-emotional processing with an engagement of 
temporo-limbic regions from childhood to adulthood. 

Along with the medial temporal cortex, we also found increased 
functional connectivity between the striatum and the temporal pole in 
children with secure attachment. The temporal poles are activated 
consistently in a variety of mentalizing tasks in which participants have 
to think about the mental states of others (Frith and Frith, 2006; Mül
ler-Pinzler et al., 2016; Paulus et al., 2015; Takahashi et al., 2014), as 
well as observed in adult attachment studies to modulate individual 
differences in response to attachment-related cues (Krause et al., 2016). 
Taken together, our results on the right medial temporal cortex and 
temporal pole implicate prospective links between individual 

differences in attachment security and the abilities to understand oneself 
and others. This is supported by findings in behavioural research, in 
which children with secure attachment exhibit better social outcomes 
(Bohlin et al., 2000; Groh et al., 2014; Sroufe, 2005; Veríssimo et al., 
2014). 

In contrast to children with secure attachment, children with inse
cure attachment demonstrated increased functional connectivity to the 
right supramarginal gyrus, although it was not significant after con
trolling for IQ. Parieto-striatal connectivity has structural and functional 
connections and is relevant to spatial attention in reinforcement 
learning (Jarbo and Verstynen, 2015). This region is an anterior part of 
temporo-parietal junction (TPJ), which is frequently associated with 
capacities to shift attention to unexpected stimuli (Bledowski et al., 
2004; Vossel et al., 2009) as well as to understand others’ mental states 
(Hooker et al., 2010; Lombardo et al., 2010). A recent quantitative re
view on the brain activity in the TPJ across tasks reported that the 
supramarginal gyrus showed preferential activation for attentional 
reorienting in non-social tasks (Schurz et al., 2017). Another 
meta-analysis also showed the anterior part of TPJ was co-activated with 
the attentional network, whereas the posterior TPJ had more connec
tions with typical Theory of Mind regions (Kubit and Jack, 2013). These 
reports suggested a potential link between early attachment experience 
and the maturity of the attentional system in the brain. An exploratory 
analysis in our study also demonstrated a possible link between these 
two constructs, since previous literature frequently reported attentional 
issues in children with insecure attachment (Fearon and Belsky, 2004; 
Vandevivere et al., 2014), which were linked to attention-deficit disor
ders (Storebø et al., 2016), even in adulthood (Atkinson et al., 2009; 
Dewitte et al., 2007). However, it is still unclear how attachment ex
periences affect the functional organization of the attentional network. 
One hypothesis is that different attachment expectations may influence 
the earliest stages of information processing, namely the attentional 
processing of attachment-related information (Crick and Dodge, 1994). 

Fig. 3. The child-reported attachment security scores were negatively associated with the connectivity between the caudate and dorsolateral and dorsomedial 
prefrontal cortex (3A, coloured in blue, and 3B), and positively associated with the connectivity between the putamen and the superior/middle occipital visual area 
(3A, coloured in yellow, and 3C) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.). 
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Children with insecure attachment could start to operate a defensive 
mechanism, in which they try to filter out attachment-related informa
tion as it is painful, and develop a selective processing mechanism, 
defined as a bias, to protect themselves (Bowlby, 1980). In the 
short-term, an attempt to exclude attachment information could be an 
adaptive function, but in the long-term, this selective and biased 
mechanism would become an automatic process, leading them to stay 
insecure (Mikulincer et al., 2003), and could be generalized to their 
general attentional features. Our finding of increased connectivity in the 
anterior TPJ in children with insecure attachment might reflect their 
struggles to filter unexpected and unpleasant social stimuli, even at rest. 

Of note, the increased supramarginal gyrus connectivity did not 
survive after controlling for IQ in our cohort. This suggests that the 
connectivity differences in the attention system is partly attributed to 
the differences in intellectual ability between two groups. However, 
there have been compelling arguments against using IQ as a covariate in 
cognitive studies (Dennis et al., 2009). Previous literature has shown 
reciprocal relations between children’s attachment representations and 
their cognitive ability. Children more securely attached in early child
hood had better school performance and higher IQs in middle childhood 
(Stievenart et al., 2011; West et al., 2013). Since high IQ is associated 
with secure attachment, covarying for IQ would violate non-collinearity 
recommendations (Miller and Chapman, 2001). IQ-matched samples 
may help to clarify the effect of attachment security on attentional 
system development, but it should be considered that matching groups 
for IQ could create unrepresentative groups. 

The early attachment experience had an impact on the functional 
organization in the developing brain, not only qualitatively, but also 
quantitatively. The connectivity differences, based on the qualitative 
assessment of attachment security, were not significantly associated 
with the child-report attachment security scores overall, but the 
temporo-limbic connectivity in the caudate network was negatively 
correlated with this quantitative measure in the insecurely attached 
group. In contrast, the independent analysis of the whole brain con
nectivity with the child-reported attachment security scores identified 
additional regions which were engaged in the children’s perception of 
attachment security. The dorsolateral and dorsomedial prefrontal 
cortices, which were associated with children’s negative perception of 
their parent-child relationship in our study, are known to be involved in 
cognitive control, in particular implicating less efficient or disturbed 
emotion regulation capacities in the adult attachment model (Vrtička 
and Vuilleumier, 2012). Studies have shown that individuals with un
resolved or insecure attachment displayed increased activation in lateral 
prefrontal cortices in response to traumatic visual stimuli or while 
ignoring the meaning of negative emotional words (Buchheim et al., 
2006; Warren et al., 2010). In children, the ability to express one’s 
emotions freely, even vulnerable emotions such as sadness, fear or 
anger, with a proper justification is one of the huge benefits of having a 
secure attachment with caregivers. Children with insecure attachment 
are unable to express vulnerable feelings openly so that they tend to shut 
off or restrict feelings in the avoidant type, or to be flooded or over
whelmed with disorganized feelings in the ambivalent type, resulting in 
emotional regulation issues. Given the majority of the insecure attach
ment group in our study was classified as avoidant type (69 %) and the 
child-reported measure included an evaluating process, the increased 
lateral and medial prefrontal activity may represent neurobiological 
mechanisms of cognitively shutting-down or restricting emotions when 
children with negative perception for their parents reflected on their 
attachment relationship. 

In contrast, children’s positive perception for their attachment 
relationship was associated with increased activity in visual areas, 
including superior and middle occipital regions, in the putamen 
network. The visual cortex is anatomically connected to the limbic 
system through the inferior longitudinal fasciculus and subserves 
emotional functions conveyed by visual signals (Catani et al., 2003). 
Primary attachment figures and attachment-related scenes are visually 

and emotionally strong stimuli, particularly in childhood. Studies have 
shown that attachment types modulate visual attention processing of 
emotional stimuli (Dewitte, 2011; Sanscartier et al., 2016). In a recent 
study, the ability to utilize secure inner working models when facing 
self-criticism was linked to greater activity of visual system, as a neural 
marker of visual mental imagery (Kim et al., 2020). In line with this, our 
findings may provide neural evidence that children who have positive 
perception of their attachment relationship can easily access mental 
representations of their attachment figures and the relational 
experiences. 

In conclusion, middle childhood is a relatively neglected period for 
attachment research and has a lack of validated measures to capture the 
attachment representations (Kerns et al., 2001). Here, using a 
semi-structured interview method with a set of separation pictures, we 
were able to determine how children project themselves to the child in 
the pictures and the vulnerabilities to the designated separation situa
tions. Using this approach we found distinct neural underpinnings for 
the securely versus insecurely attached children, indicating that early 
attachment experiences may influence the functional organization of the 
typically developing brain. 
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