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Insensitive parenting may accelerate the development
of the amygdala—medial prefrontal cortex circuit
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Abstract

This study examined whether the association between age and amygdala—medial prefrontal cortex (mPFC) connectivity in typically developing 6- to
10-year-old children is correlated with parental care. Resting-state functional magnetic resonance imaging scans were acquired from 124 children of the
Generation R Study who at 4 years old had been observed interacting with their parents to assess maternal and paternal sensitivity. Amygdala functional
connectivity was assessed using a general linear model with the amygdalae time series as explanatory variables. Higher level analyses assessing
Sensitivity x Age as well as exploratory Sensitivity x Age X Gender interaction effects were performed restricted to voxels in the mPFC. We found significant
Sensitivity x Age interaction effects on amygdala—mPFC connectivity. Age was related to stronger amygdala—mPFC connectivity in children with a lower
combined parental sensitivity score (b = 0.11, p = .004, b = 0.06, p = .06, right and left amygdala, respectively), but not in children with a higher
parental sensitivity score, (b =—-0.07, p = .12, b = -0.06, p = .12, right and left amygdala, respectively). A similar effect was found for maternal sensitivity,
with stronger amygdala—mPFC connectivity in children with less sensitive mothers. Exploratory (parental, maternal, paternal) Sensitivity x Age x Gender
interaction analyses suggested that this effect was especially pronounced in girls. Amygdala-mPFC resting-state functional connectivity has been shown to
increase from age 10.5 years onward, implying that the positive association between age and amygdala—mPFC connectivity in 6- to 10-year-old children of
less sensitive parents represents accelerated development of the amygdala—mPFC circuit.

The amygdala and medial prefrontal cortex (mPFC) are brain
regions important for emotion regulation. The amygdala is
involved in emotional learning and may facilitate attention
to salient cues (Phelps & LeDoux, 2005), whereas the
mPFC has been implicated in higher order emotional func-
tioning (Forbes & Grafman, 2010; Miller, 2002). As the
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mPFC is suggested to provide top-down regulation of amyg-
dala reactivity, functional coupling of the amygdala and
mPFC may be particularly important for regulating emotions
(Hariri, Mattay, Tessitore, Fera, & Weinberger, 2003; Ochs-
ner, Bunge, Gross, & Gabrieli, 2002; Phan et al., 2005). In
children, the amygdala—-mPFC circuit is still developing.
While the amygdala—-mPFC circuit is immature, parents
may play an important role in child emotion regulation (Tot-
tenham, 2015). As a consequence, adverse caregiving may af-
fect amygdala and mPFC development. Several studies have
suggested that extreme caregiving experiences, such as insti-
tutionalized care, are associated with amygdala and mPFC
structure and function (Banihashemi, Sheu, Midei, & Gia-
naros, 2015; Dannlowski et al., 2013; Tottenham et al.,
2010; Whittle et al., 2009), as well as amygdala—mPFC cir-
cuit development (Gee, Gabard-Durnam, et al., 2013). How-
ever, results obtained in high-risk samples may not be gener-
alizable to the general population. Here, we examined
whether the development of the amygdala—mPFC circuit is
modulated by typical variation in parental care.

Evidence suggests that the amygdala develops earlier than
the mPFC, which may not show mature structure until late
adolescence or early adulthood (Giedd et al., 1996; Shaw
et al., 2008). This would imply that during childhood, the im-
mature mPFC may not be capable of fully regulating amyg-
dala (re)activity. Amygdala reactivity to fearful stimuli de-
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creases with age (Gee, Humphreys, et al., 2013; Guyer et al.,
2008). Moreover, Gee, Humphreys, et al. (2013) showed that
this decrease in amygdala activity with age is accompanied
by a switch from positive to negative coupling of the amyg-
dala-mPFC circuit at approximately 10 years of age. Further
evidence for the continuing development of the amygdala—
mPFC circuit during childhood and adolescence comes
from studies showing that task-based connectivity of the
amygdala—mPFC circuit increases with age (Decety, Mi-
chalska, & Kinzler, 2012; Perlman & Pelphrey, 2011). For
children younger than 10.5 years, no evidence was found for
functional coupling between the amygdala and the mPFC in
the brain at rest, whereas for children from 10.5 years onward,
there was a positive association between amygdala—mPFC
connectivity and age (Gabard-Durnam et al., 2014).

In the absence of a mature amygdala—mPFC circuit, the
child’s emotionality may be externally regulated by parental
presence (Tottenham, 2015). For example, children show
greater approach-related behavior, greater exploration, and
lower levels of stress hormones in the presence of their parent
than in the presence of a stranger or left alone (Ainsworth &
Bell, 1970; Hostinar, Johnson, & Gunnar, 2015). In rodent
pups, maternal presence reduced amygdala activity during
odor-shock conditioning (Moriceau & Sullivan, 2006), while
in human participants, parental presence normalized anxious
youth’ mPFC activation in response to stressful stimuli (Con-
ner et al., 2012).

Early caregiving adversity affects brain development. In
rats, maternal deprivation has been associated with accelerated
development of fear-based learning (Callaghan & Richardson,
2011), which has been ascribed to the amygdala—mPFC circuit
(Akirav & Maroun, 2007). Moreover, institutionalized care has
been associated with structural abnormalities in the amygdala
(Mehta et al., 2009; Tottenham et al., 2010). Adults who report
a history of early maltreatment exhibit exaggerated amygdala
reactivity in response to emotional stimuli (Dannlowski
et al.,, 2013), and previously institutionalized children have
been shown to exhibit reduced amygdala discrimination be-
tween mothers versus strangers, which is associated with indis-
criminate friendliness (Olsavsky et al., 2013). Comparable to
fear-based learning, maturation of the amygdala—mPFC circuit
may be accelerated in the absence of supportive parental care.
Although family-reared children do not show negative cou-
pling between the amygdala and the mPFC until the age of
10 years (while watching fearful faces; Gee, Humphreys,
et al.,, 2013), previously institutionalized youth have been
shown to demonstrate negative coupling earlier in develop-
ment (Gee, Gabard-Durnam, et al., 2013).

The finding of accelerated maturation in response to care-
giving adversity is in line with the Belsky, Steinberg, and
Draper (1991) evolutionary theory of reproductive develop-
ment. They theorized that children adaptively adjust their de-
velopment to match local conditions. Parental care and invest-
ment provide children with information about availability and
predictability of resources and relationships. Low levels of
parental care or investment suggest scarcity of resources
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and low quality of interpersonal relationships. According to
this theory, children respond to low levels of parental care
by speeding up development, as this may ultimately increase
their reproductive success. Building on this theory, Callaghan
and Tottenham (2016b) suggest that early life stress may pre-
maturely activate the development of neural structures impor-
tant for emotion regulation. Although a long childhood is crit-
ical for the development and practice of highly competent
behavior and long-term well-being, it may be adaptive in
the short run to self-regulate instead of rely on a parent for
emotion regulation when quality of parental care is low,
even at the cost of long-term health or well-being (Belsky,
Ruttle, Boyce, Armstrong, & Essex, 2015; Hochberg &
Belsky, 2013).

Due to the relatively extreme caregiving experiences, re-
sults obtained in high-risk samples such as previously institu-
tionalized children may not be generalizable to the general
population. More important, the influence of unmeasured
confounders and third variables (such as nutritional deficien-
cies, congenital diseases, and lack of cognitive stimulation) in
the mostly somewhat “messy” designs that are inevitably
characteristic of deprivation-related studies of child develop-
ment in high-risk samples makes converging evidence from
relatively normal, typical variations in parenting and the ef-
fects on brain development even more crucial. Ultimately, de-
velopmental pathways can only be understood when both
typical and atypical processes are considered (Cicchetti,
2016; Sroufe, 1990). Although there is compelling evidence
that normal variation in early caregiving has a long-term im-
pact on child behavior, emotional regulation, and executive
functioning (Bernier, Carlson, Deschenes, & Matte-Gagne,
2012; Kok, Linting, et al., 2013; Lucassen et al., 2015; New-
ton, Laible, Carlo, Steele, & McGinley, 2014; Rijlaarsdam
et al., 2013), research on normal variation in parental care
and brain development is scarce. Sensitive parental care is
characterized by prompt and adequate responses to the child’s
signals and needs (Ainsworth, Bell, & Stayton, 1974). Mater-
nal sensitivity has been shown to predict reduced growth in
the amygdala and greater thinning of the orbitofrontal cortex
4 years later (Whittle et al., 2014). Moreover, insecure attach-
ment during infancy may predict larger amygdala volume in
adulthood (Moutsiana et al., 2015), and lower levels of early
parental sensitivity in a typically developing, nonclinical
sample was associated with smaller total brain volume and
gray matter volume (controlled for infant head size) later in
childhood (Kok et al., 2015). However, this study did not
find an association between early parental insensitivity and
amygdala volume at 8 years.

The present cross-sectional magnetic resonance imaging
(MRI) study examined whether the association between age
and amygdala—-mPFC connectivity in 6- to 10-year-old chil-
dren is correlated with normal variation in parental care. Ga-
bard-Durnam et al. (2014) found that resting-state functional
coupling between the amygdala and mPFC increases from
age 10.5 years onward. We hypothesized that children from
less sensitive parents show accelerated development of the
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amygdala—mPFC circuit, with amygdala—mPFC coupling al-
ready increasing over age in the period from 6 to 10 years. In
children from more sensitive parents, amygdala—mPFC cou-
pling would not yet show an increase with age in the current
sample. Moreover, as several studies provide evidence that
parents may have differential effects on the neurobiology of
male and female offspring (Ellis, Schlomer, Tilley, & Butler,
2012; Wuet al., 2014; Yu et al., 2012), we explored Sensitiv-
ity X Age x Sex interaction effects.

Methods

Participants

The study was embedded within the Generation R Study, a
prospective cohort investigating growth, development, and
health from fetal life onward in Rotterdam, The Netherlands
(Jaddoe et al., 2012). Detailed measurements, including pa-
rental sensitivity, were obtained in a subgroup of children
of Dutch national origin (the children, their parents, and their
grandparents were all born in The Netherlands) to reduce con-
founding and effect modification (Tiemeier et al., 2012). The
study was approved by the Medical Ethics Committee of the
Erasmus Medical Centre. Written informed consent was ob-
tained from all adult participants.

Resting-state functional MRI (rs-fMRI) and parental sen-
sitivity scores were available for 147 children: for 134 chil-
dren data on maternal sensitivity was available, while for
147 children paternal sensitivity scores were available. We
excluded 23 children (16%) due to poor quality rs-fMRI
data. Analyses regarding maternal sensitivity were performed
on 112 children (57 girls), whereas analyses regarding pater-
nal sensitivity were performed on 124 children (64 girls).

Measures

Sensitivity. Maternal and paternal sensitivity was observed
when the children 4 years of age. Parents and children were
observed during four 3- to 4-min tasks that were too difficult
for the child: building a tower and an Etch-a-Sketch task. Ses-
sions were coded using the revised Erickson 7-point rating
scales for supportive presence and intrusiveness (Egeland,
Erickson, Clemenhagen-Moon, Hiester, & Korfmacher,
1990). Overall sensitivity scores were created by aggregating
the standardized subscale scores of both subscales in both
tasks (reversing the intrusiveness scores). The intraclass cor-
relation was 0.84 (Kok, van IJzendoorn, et al., 2013). The
correlation between fathers and mothers was 0.18 (p =
.06). A composite parental sensitivity score was created by
averaging the standardized maternal and paternal sensitivity
scores, as was done in Kok et al. (2015), but maternal and pa-
ternal sensitivity were also analyzed separately. When results
are stronger for the composite score than for the separate ma-
ternal and paternal sensitivity scores, this may suggest that the
overall level of sensitivity experienced by the child is of
greater importance than the sex of the parent providing care.
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Covariates. Information on sex and date of birth was obtained
from midwives and hospital registries. IQ was estimated from
the mosaics and categories subtest of the Snijders—Oomen
Nonverbal Intelligence Test—Revised when the children
were on average 6 years old (M = 108.42, SD = 13.08; Telle-
gen, Winkel, Wijnberg-Williams, & Laros, 2005). IQ data
was missing for 11 children. For these children, the score
was imputed. Parental education was assessed via question-
naire when the children were on average 6 years of age. Pa-
rental education level was defined as the highest completed
education and was categorized as secondary (lower and
intermediate vocational training, n = 28 [23%] and n = 26
[21%] for maternal and paternal education, respectively)
and higher (higher vocational education and university, n =
96 [73%] and n = 98 [71%] for maternal and paternal educa-
tion, respectively) education.

JMRI acquisition and processing.

Rs-fMRI acquisition. The neuroimaging component of the
Generation R Study has been presented in White et al. (2013).
In brief, children were 6 to 10 years of age at the time of the
MRI assessment (M = 8.04, SD = 0.96). Prior to the MRI,
the children were first familiarized with a mock scanning ses-
sion. MRI scanning was performed on a GE Discovery MR
750 3 T scanner (General Electric, Milwaukee, MI, USA)
using an 8-channel head coil. Rs-fMRI utilized a gradient-
echo blood oxygen level dependent echo planar imaging se-
quence with repetition time = 2000 ms, echo time = 30 ms,
flip angle = 85°, matrix 64 x 64, and voxel resolution of 3.6 x
3.6 x 4.0 mm®. The total duration of the rs-fMRI session is 5
min 20 s. The children were asked to keep their eyes closed
during the rs-fMRI sequence and to think about nothing in
particular.

MR data preprocessing. Data were preprocessed using the
Functional MRI of the Brain Software Library (v5.0.5, FSL;
http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki; Jenkinson, Beckmann,
Behrens, Woolrich, & Smith, 2012). FSL’s FMRI Expert
Analysis Tool was used for preprocessing the rs-fMRI data,
which consisted of exclusion of the first four volumes, motion
correction, high-pass temporal filtering (o = 50 s), brain ex-
traction, prewhitening, and spatial filtering (full width at half
maximum = 8 mm). Registration of the rs-fMRI data to an in-
house generated age-appropriate, standard space T|-weighted
template was achieved using a two-step process. The rs-fMRI
data were registered to the T;-weighted anatomical image
with the FSL-Linear Registration Tool (FLIRT), using 6 de-
grees of freedom and the boundary based registration cost
function. In the second stage, the T;-weighted image was
registered to the age-appropriate, standard space T,-weighted
template image using FLIRT with 12 degrees of freedom. The
two resulting transformation matrices were concatenated and
applied to the preprocessed rs-fMRI data.

Given the age of the sample, it was important to use an
age-appropriate template for registration of the functional
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data to standard space (Muetzel et al., 2016). One hundred
thirty T;-weighted images from children without behavioral
problems, also rated as having excellent quality, were used
to construct the structural template for registration. An itera-
tive approach using both linear and nonlinear algorithms
was used (Sanchez, Richards, & Almli, 2012), and is repre-
sented graphically in Figure 1. Briefly, T|-weighted images
from each of the 130 subjects were first aligned to the
MNI-152 1-mm brain using a linear, 6 degree of freedom ap-
proach (FLIRT). All registered images were then averaged and
used as the template brain for the subsequent step, which was a
nonlinear registration (FNIRT). Once again, the result from the
nonlinear registration was averaged and used as the template
for the subsequent iteration. This routine continued for a total
of five nonlinear iterations, where it has been shown the tem-
plate image stabilizes considerably (Sanchez et al., 2012). The

S. Thijssen et al.

result of the fifth and final nonlinear registration was averaged,
resampled to 2 mm isotropic resolution, and then used as the
standard-space template for all rs-fMRI data sets.

Subject-level independent component analysis (ICA)-based
artifact removal. In addition to standard fMRI preprocessing,
each data set was cleaned to remove potential biases resulting
from subject motion, cardiac/respiratory physiology, and
scanner noise using the FMRIB ICA-based Xnoiseifier
(FIX v1.06, Griffanti et al., 2014; Salimi-Khorshidi et al.,
2014). With the aid of a training set, FIX automatically clas-
sifies subject-level ICA components as signal or noise, and
subsequently “denoises” the rs-fMRI data by regressing out
time series classified as noise. A thorough and sophisticated
cleaning procedure, such as FIX, is especially relevant in
the context of pediatric rs-fMRI, given recent reports on the

MNI 152 1mm

Step 2. Average n=130| images from Step 1.

Y

Gen R 130 1mm Linear6

Step 4. Average n=130| images from Step 3.

v

Gen R 130 1mm Linearl2

Step 6. Average n=130| images from Step 5.

v

Gen R 130 1mm Nonlinearl

Step 8. Average n=130| images from Step 7.

v

Gen R 130 1mm Nonlinear

|

Step 9. Repeat Steps 7 & 8 for a total of 5 nonlinear iterations.

Figure 1. Study-specific, age-appropriate template for registration. Reprinted from “Resting-State Networks in 6-to-10 Year Old Children,” by
R. L. Muetzel, 2016, Human Brain Mapping, 37, supplemental materials. Copyright 2016 by Wiley. Reprinted with permission.
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impact of motion on functional connectivity (Power, Barnes,
Snyder, Schlaggar, & Petersen, 2012; Satterthwaite et al.,
2012). The FIX classifier was trained using manually labeled,
subject-level ICA data from a random sample of 50 subjects
(mean leave one out classifier performance results: 93.4%
true-positive rate, 85.8% true-negative rate). All rs-fMRI
data sets underwent a single-session ICA using the
MELODIC (v5.0.5) tool from FSL, followed by the artifact
removal with FIX, including the removal of motion con-
founds (Griffanti et al., 2014).

Data quality. Data quality was assessed in two steps. First, as
the subject-level ICA denoising of the data is not sufficient in
data sets severely corrupted by motion, a mean root mean
squared relative motion greater than 0.5 mm was used as a
cutoff to exclude data of poor quality (n = 19, 13%). Second,
all standard space registrations were examined using the mid-
dle functional volume from the time series, and poorly regis-
tered data sets were excluded (n = 4, 3%).

Statistical analyses

The left and right amygdala masks from the Harvard-Oxford-
subcortical atlas were used for analyses (Frazier et al., 2005).
The mPFC mask was created by combining the medial frontal
gyrus, medial orbitofrontal cortex, and anterior cingulate cor-
tex using Wake Forest University PickAtlas (Maldjian, Lau-
rienti, Kraft, & Burdette, 2003). The regions of interest were
spatially normalized to the in-house template space by apply-
ing an inverse transform matrix from MNI template space to
the in-house child template space. Amygdala functional con-
nectivity was assessed at the single-subject level using the
general linear model within FSL’s FMRI Expert Analysis
Tool with the time series of the amygdalae (obtained using
fslmeants) as the design matrix.

Kok et al. (2015) showed that maternal and paternal sensi-
tivity were similarly related to child brain structure. There-
fore, we first examined the interaction effect of sensitivity
and age using the combined parental sensitivity score. In
case of a significant interaction effect, analyses were repeated
for maternal and paternal sensitivity scores separately in order
to assess whether both parents contributed to the effect.
Higher level analyses of the Sensitivity x Age interaction ef-
fect were performed using FSL’s FLAME I (FMRI’s local
analysis of mixed effects) module, controlling for sensitivity,
age, sex, Sensitivity x Sex, and Sex x Age for the left and the
right amygdala separately. In exploratory analyses, we as-
sessed Sensitivity x Age x Sex interaction effects (controlling
for sensitivity, age, sex, Sensitivity x Age, Sensitivity x Sex,
and Sex x Age). All variables were mean-centered. Higher
level analyses were restricted to the voxels in the mPFC
mask. Statistical maps were thresholded using clusters deter-
mined by Z > 2.3 and a cluster corrected significance thresh-
old of p < .05. In order to assure that results are specific to
amygdala—mPFC connectivity, we repeated the higher level
analyses using a lateral PFC mask (superior frontal gyrus,
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middle frontal gyrus, and inferior frontal gyrus from the
Wake Forest University Pick Atlas).

In order to interpret significant interaction effects, we ex-
tracted mean Z values of all significant voxels for all partici-
pants. The Z values were then imported into SPSS. Post hoc
analyses on interaction effects were conducted using the
PROCESS SPSS custom dialog, using IQ and parental educa-
tion as covariates.

Results

Combined parental sensitivity

Figure 2 and Table 1 show the clusters for which amygdala
connectivity was significantly predicted by a Parental Sensi-
tivity X Age interaction effect. Post hoc analyses (Tables 2 and
3 for full models and Table 4 for Sensitivity x Age interaction
effects) showed that in children with lower combined parental
sensitivity, amygdala—-mPFC connectivity was related to age
(b =0.11, p = .004 and b = 0.06, p = .06, right and left
amygdala, respectively). In children with highly sensitive
parents, the association between right amygdala—mPFC con-
nectivity and age was not significant (b = -0.07, p = .12 and
b = -0.06, p = .12, right and left amygdala, respectively).

Maternal sensitivity

For the right amygdala, we found a significant maternal Sen-
sitivity x Age interaction effect on amygdala—anterior cingu-
late cortex connectivity (Table 1 and Figure 2). Post hoc anal-
yses (Table 5 for full model, Table 4 for Maternal Sensitivity x
Age interaction effects) showed that in children from less
sensitive mothers, right amygdala—-mPFC connectivity in-
creased over age (b = 0.09, p = .01). In children from
more sensitive mothers, the association between right
amygdala—mPFC connectivity and age was not significant
(b =-0.03, p = .52).

Paternal sensitivity

After correction for multiple testing, we did not find signifi-
cant Paternal Sensitivity X Age interaction effects on amyg-
dala-mPFC connectivity.

Exploratory Sensitivity x Age X Sex analyses

Combined parental sensitivity. Table 6 and Figure 3 show the
clusters for which amygdala connectivity was significantly
predicted by a Parental Sensitivity x Age x Sex interaction ef-
fect. Table 7 shows the results of the post hoc analyses of the
Parental Sensitivity x Age x Sex interaction effect. In daugh-
ters from less sensitive parents, amygdala—mPFC connectiv-
ity was related to age (b = 0.26, p < .001 and b = 0.20, p <
.001, right and left amygdala, respectively). In daughters
from highly sensitive parents, amygdala—mPFC decreased
with age (b = -0.12, p = .03 and b = -0.10, p = .08, right
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(a) Parental sensitivity
Right amygdalz (-6, 26, 28)

r

Left amygdala (-4, 28, 18)

X

(b) Maternal sensitivity
Right amygdala (-6, 28, 18)

r |

and left amygdala, respectively). In boys, no association be-
tween age and amygdala—-mPFC connectivity was found
(less sensitive parents b = —0.05, p = .34 and b = -0.04, p
= .36, for right and left amygdala, respectively; highly sensi-
tive parents b = —0.01, p = .94 and b = 0.07, p = .26, for
right and left amygdala, respectively).

Maternal sensitivity. For the right amygdala, we found a sig-
nificant Maternal Sensitivity X Age x Sex interaction effect on
amygdala—mPFC functional connectivity. Specific informa-
tion on the mPFC cluster in which this effect was found is pre-
sented in Table 6 and Figure 3. Post hoc analyses show that in
daughters of less sensitive mothers amygdala—mPFC connec-
tivity was related to age (b = 0.29, p < .001; Table 7). There
was no association between age and amygdala—mPFC con-
nectivity in daughters from highly sensitive mothers (b =
-0.08, p = .17) or in sons (b = -0.04, p = 35 and b =
—0.02, p = .80, with less or highly sensitive mothers, respec-
tively).

Paternal sensitivity. Table 6 and Figure 3 show the clusters
for which amygdala connectivity was significantly predicted
by a Paternal Sensitivity x Age x Sex interaction effect. Post
hoc analyses (Table 7) show that in daughters from less sen-
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Figure 2. (Color online) Sensitivity x Age interaction effect on amygdala—medial prefrontal cortex functional connectivity. (a) Parental sensi-
tivity and (b) maternal sensitivity. Medial prefrontal cortex mask shown in background.

sitive fathers, amygdala—-mPFC connectivity was related to
age (b =0.23, p < .001 and b = 0.18, p = .001, right and
left amygdala, respectively). There was no association be-
tween age and amygdala—-mPFC connectivity in daughters
from more sensitive fathers (b = —0.11, p = .10 and b =
—0.07, p = .28, for right and left amygdala, respectively) or
in sons (less sensitive fathers: b = -0.04, p = .45 and b =
—0.05, p = .36, for right and left amygdala, respectively;
highly sensitive fathers: b = 0.00, p = .99, and b = 0.10,
p = .07, for right and left amygdala, respectively).

Contrasting analyses: Amygdala—lateral PFC
connectivity

After correction for multiple testing, we did not find any com-
bined Parental Sensitivity x Age or Combined Parental Sensi-
tivity X Age x Sex interaction effects on amygdala—lateral
PFC connectivity.

Discussion

In the present study we found that the association between age
and amygdala—mPFC connectivity from age 6 to 10 years was
modulated by normal variation in parental care. In children of
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Table 1. Sensitivity x Age Effects on amygdala—medial prefrontal cortex functional connectivity

MNI Coordinates

511

Region Size X y Z Z p
Parental Sensitivity Right Amygdala

R WM/ACC 1522 16 32 19 3.89 <.001
L ACC -9 28 21 3.79

R paracingulate gyrus 16 38 19 3.68

L ACC —4 21 25 3.64

R WM/ACC 9 28 19 3.62

L WM/ACC -9 13 25 3.47

Parental Sensitivity Left Amygdala

R ACC 690 5 28 19 3.60 .02
L WM/ACC -9 13 25 3.59

L WM/paracingulate gyrus —16 32 25 3.55

L ACC =7 25 21 3.54

L ACC —4 30 19 351

L ACC =7 8 27 3.49

Maternal Sensitivity Right Amygdala

R paracingulate gyrus 438 18 38 16 4.02 .04
L ACC =7 30 16 3.13

L ACC =7 13 25 3.10

L ACC —13 34 19 2.95

L ACC -9 4 30 2.94

WM 13 32 5 2.89

Note: The results of the general linear model of the Sensitivity x Age interaction effects on amygdala—medial prefrontal cortex
functional connectivity. The table displays the six most significant voxels per contrast and is not a conclusive list of significant
regions. R, Right; WM, white matter; ACC, anterior cingulate cortex; L, left.

ing-state functional connectivity that examined prepubertal
children reported no evidence for connectivity between the
amygdala and mPFC in children younger than 10.5 years,
while for children older than 10.5 years, age was associated

less sensitive parents, age was related to stronger amygdala—
mPFC connectivity, while in children from more sensitive
parents, age was not associated with amygdala—mPFC con-
nectivity. To our knowledge, the only study on amygdala rest-

Table 2. Full model of Parental Sensitivity x Age Interaction effect on right amygdala—medial prefrontal
cortex connectivity

r r? MSE F dfl arn p
.38 .14 .09 2.76 7 116 .01

b SE t p LLCI ULCI
Constant 0.47 0.26 1.79 .08 —0.05 0.99
Gender 0.07 0.05 1.37 17 —0.03 0.18
1Q 0.00 0.00 0.20 .84 —0.00 0.00
Paternal education —0.08 0.07 —1.16 25 —0.22 0.06
Maternal education —0.03 0.07 —-0.37 1 —0.16 0.11
Parental sensitivity 0.04 0.05 0.88 .38 —0.05 0.14
Age rs-fMRI 0.02 0.03 0.69 49 —0.04 0.07
Parental Sensitivity x Age —0.15 0.05 —2.96 .004 —0.26 —0.05

Note: The results of the PROCESS regression analysis examining the Parental Sensitivity x Age interaction effect on right amygdala—
medial prefrontal cortex connectivity. The top row of the table describes the model characteristics, and the lower rows describe charac-
teristics of the dependent variables. LLCI, Lower limit confidence interval; ULCI, upper limit confidence interval; rs-fMRI, resting state
functional magnetic resonance imaging.
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Table 3. Full model of Parental Sensitivity x Age interaction effect on left amygdala—medial prefrontal

cortex connectivity

r r? MSE F dfl dar p
32 .10 .06 1.83 7 116 .09

b SE t P LLCI ULCI
Constant 0.38 0.22 1.70 .09 —0.06 0.83
Gender 0.04 0.05 0.92 .36 —0.05 0.13
1Q 0.00 0.00 0.15 .88 —0.00 0.00
Paternal education —0.04 0.06 —0.70 48 —-0.17 0.08
Maternal education —0.04 0.06 —0.06 .53 —0.16 0.08
Parental sensitivity 0.05 0.02 1.21 23 —0.03 0.14
Age rs-fMRI 0.00 0.02 0.06 .95 —0.05 0.05
Parental Sensitivity x Age —0.10 0.05 —2.33 .02 —0.19 —0.02

Note: The results of the PROCESS regression analysis examining the Parental Sensitivity X Age interaction effect on left amygdala—med-
ial prefrontal cortex connectivity. The top row of the table describes the model characteristics, and the lower rows describe characteristics
of the dependent variables. LLCI, Lower limit confidence interval; ULCI, upper limit confidence interval; rs-fMRI, resting state func-

tional magnetic resonance imaging.

with stronger amygdala—mPFC connectivity (Gabard-Dur-
nam et al., 2014). Our results, therefore, suggest that less sen-
sitive parenting accelerates amygdala—mPFC circuit develop-
ment. However, due to the age range of our sample, we are
unable to test whether the increase in amygdala—mPFC cou-
pling as displayed in children from less sensitive parents be-
fore the age of 10 years will also occur in children from highly
sensitive parents after the age of 10 years.

Both animal and human research suggests that adverse care-
giving experiences, such as maternal deprivation, may accel-
erate amygdala—mPFC connectivity (Callaghan & Richard-
son, 2011; Gee, Gabard-Durnam, et al., 2013). Here, we
show that in a population-based sample, variation in caregiv-
ing experience modulates the development of amygdala—
mPFC coupling, such that lower levels of parental care
seem to accelerate amygdala—mPFC circuit development.
This suggests that even in family-reared children, those expe-
riencing suboptimal parenting may prematurely activate the
development of neural structures important for emotion regu-

lation, which may enable them to self-regulate instead of
needing to rely on their parents for emotion regulation.

Gee, Gabard-Durnam, et al. (2013) showed that institution-
alized children who display a more mature amygdala—mPFC
are less anxious than children who display a more immature
amygdala—mPFC connectivity pattern, but are still more anx-
ious than their family-reared peers. Thus, the more mature
amygdala—mPFC connectivity pattern of children from less
sensitive parents may support their regulation capacities, but
they are still generally less well regulated than children who ex-
perienced more sensitive care (Manning, Davies, & Cicchetti,
2014; van der Voort et al., 2014). Life history theory predicts
accelerated neurobiological development in children and prea-
dolescents from less privileged backgrounds who have to be
prepared for adaptation to nonoptimal environments by using
a fast reproductive strategy (Hochberg & Belsky, 2013). Neu-
robiological and behavioral development might not be syn-
chronized at all developmental time points, and in some cases
neurobiological changes might prepare behavioral adaptations

Table 4. Post hoc analyses of Sensitivity x Age interaction effects

Sensitivity
—1S8D +1 8D

Sensitivity Measure Laterality B (95% CI) )4 B (95% CI) )4
Parental sensitivity Right amygdala 0.11 (0.03, 0.18) .004 —0.07 (—=0.16, 0.02) 12

Left amygdala 0.06 (—0.00,0.13) .06 —0.06 (—0.14, 0.02) 12
Maternal sensitivity Right amygdala 0.09 (0.02, 0.17) .01 —0.03 (—0.11, 0.06) 52

Left amygdala No significant clusters
Paternal sensitivity Right amygdala No significant clusters

Left amygdala

No significant clusters

Note: The table describes the regression coefficients of age on amygdala—medial prefrontal cortex connectivity at =1 SD of sensitivity.
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Table 5. Full model of Maternal Sensitivity x Age interaction effect on right amygdala—medial prefrontal

cortex connectivity

r r? MSE F dfl dr p
32 .10 .07 1.97 6 105 .08

b SE t p LLCI ULCI
Constant 0.43 0.25 1.69 .09 —0.07 0.93
Gender 0.10 0.05 1.83 .07 —0.01 0.20
IQ —0.00 0.00 —0.44 .66 —0.00 0.00
Maternal education —0.02 0.06 0.28 18 —0.11 0.14
Maternal sensitivity —0.02 0.04 —0.31 .76 —0.09 0.06
Age rs-fMRI 0.04 0.03 1.28 21 —0.02 0.09
Maternal Sensitivity x Age —0.08 0.04 —2.13 .04 —0.16 —0.01

Note: The results of the PROCESS regression analysis examining the Maternal Sensitivity x Age interaction effect on right amygdala—
medial prefrontal cortex connectivity. The top row of the table describes the model characteristics, and the lower rows describe charac-
teristics of the dependent variables. LLCI, Lower limit confidence interval; ULCIL, upper limit confidence interval; rs-fMRI, resting state

functional magnetic resonance imaging.

that seem to lag behind, a form of developmental “decalage”
(van IJzendoorn, Juffer, & Poelhuis, 2005).

When the quality of parental care is low, it may be benefi-
cial to switch from parent-regulated emotional control to self-
regulated emotional control. In the long term, however, early
termination of the immature period may have negative conse-
quences (Callaghan & Tottenham, 2016b). A long childhood
period is beneficial for development. For example, a pro-
longed period of cortical thickness growth has been associ-
ated with superior intelligence in children (Shaw et al.,
2006). Low levels of parental care may terminate the imma-
ture period before the circuit has acquired the characteristics
necessary for adequate self-regulatory control. Early life
stress has been associated with increased amygdala—mPFC
resting-state connectivity in adulthood (Philip et al., 2013).
In adults, aberrant amygdala—mPFC functional connectivity
has been associated with anxiety and depression (Hahn
etal., 2011; Townsend et al., 2013), psychological problems
that are more prevalent in individuals with adverse caregiving
experiences (Norman et al., 2012).

One way in which parental care may influence develop-
ment of the amygdala—mPFC circuit is via regulation of a sen-
sitive period of plasticity (Callaghan & Tottenham, 2016a).
Within the visual system, the balance between excitatory
and inhibitory signaling appears to regulate the onset of sen-
sitive period plasticity. Continued development then results
in formation of structural brakes that terminate the sensitive
period (Hensch, 2004). In the case of amygdala—mPFC de-
velopment, child caregiver independence may regulate the
sensitive period for environmental input. Callaghan and Tot-
tenham (2016a) suggest that during childhood, relative care-
giver dependence may allow for environmental input in the
amygdala—mPFC circuit. Over development, the child’s inde-
pendence grows, which may cause the sensitive period to
close. When the child reaches independence early in develop-
ment, this may prematurely close the sensitive period, result-
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ing in accelerated development of the amygdala—mPFC cir-
cuit (Callaghan & Tottenham, 2016a).

Our exploratory analyses suggest that parental sensitivity
affects the development of amygdala—mPFC connectivity in
daughters only. Compared to boys, girls may generally rely
more on others for emotion regulation (Quiroga, Willis, Lo-
pez-Rodriguez, & Moreno, 2015; Zimmermann & Iwanski,
2014). If this is true, the effect of parental care on the devel-
opment of neural networks associated with emotion regula-
tion may be expected to be larger in girls than in boys. How-
ever, there is also evidence suggesting that compared to boys,
girls are more likely to seek contact with mother and stay in
closer proximity to her regardless of distress, while boys’
proximity seeking is associated with distress specifically
(Buss, Brooker, & Leuty, 2008). Alternatively, the different
effect of parental sensitivity on sons’ and daughters’ amyg-
dala—mPFC circuit development may be explained by sex dif-
ferences in neurodevelopment. The social brain has been re-
ported to develop earlier in girls than in boys (Mutlu et al.,
2013). It is, therefore, possible that in boys the interaction ef-
fect of parental sensitivity and age occurs later in develop-
ment and was thus not visible in the present sample. More-
over, although Gabard-Durnam et al. (2014) reported no
sex differences in amygdala—-mPFC connectivity develop-
ment, one study suggests that in adolescent girls, amygdala—
dorsal mPFC connectivity increased with age, while in adoles-
cent boys amygdala—ventral mPFC connectivity increased
with age (Alarcon, Cservenka, Rudolph, Fair, & Nagel,
2015). Although we did not find such evidence in our study,
a similar moderating effect of sensitivity on amygdala—mPFC
circuit development may be evident in boys, but in a different
region of the mPFC.

The results of the exploratory three-way interaction analy-
ses are only partly in accordance with our hypothesis. Consis-
tent with the sex-controlled analyses, daughters of less sensi-
tive parents show an increase in functional connectivity over
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Table 6. Sensitivity x Age x Gender effects on amygdala—medial prefrontal cortex functional

connectivity
MNI Coordinates
Region Size X y Z Z P

Parental Sensitivity Right Amygdala
L paracingulate gyrus 1035 —11 33 34 3.65 .003
R ACC 11 15 30 3.31
R ACC 8 17 30 3.30
R ACC 8 21 30 3.29
R ACC 8 25 25 3.28
R ACC -2 15 25 2.98

Parental Sensitivity Left Amygdala

L paracingulate gyrus 1597 —11 29 34 3.64 <.001
L paracingulate gyrus —11 33 34 3.61
R ACC 7 21 30 3.59
L SFG —11 38 34 3.58
L frontal pole -9 66 14 3.33
L paracingulate gyrus —11 18 45 3.32

Maternal Sensitivity Right Amygdala
R ACC 432 7 17 30 4.29 .04
L ACC -2 15 25 3.35
ACC 0 21 28 3.30
L SFG —11 40 34 3.04
L paracingulate gyrus —11 20 45 2.67

Parental Sensitivity Right Amygdala
R WM 737 14 32 7 3.10 .01
R ACC 9 28 16 3.08
R WM/ACC 14 30 16 2.87
R WM/ACC 9 10 30 2.87
L ACC —4 36 16 2.81
L ACC —11 36 8 2.80

Parental Sensitivity Left Amygdala

L frontal pole 2448 -9 68 14 3.65 <.001
L SFG -7 37 43 3.62
R frontal pole 11 70 14 3.49
L paracingulate gyrus —11 18 45 3.39
R ACC 9 30 16 3.30
L SFG =7 33 50 3.24

Note: The results of the general linear model of the Sensitivity x Age x Gender interaction effects on amygdala—medial pre-
frontal cortex functional connectivity. The table displays the six most significant voxels per contrast and is not a conclusive
list of significant regions. L, Left; R, right; ACC, anterior cingulate cortex; SFG, superior frontal gyrus; WM, white matter.

age. However, contrary to our hypothesis, daughters from
highly sensitive parents show a decrease in functional con-
nectivity over age. One possible explanation for this unex-
pected finding is that the regions we find are located somewhat
more dorsally than the regions reported in the Gabard-Dur-
nam et al. (2014) and Gee et al. (2013) studies. The develop-
ment of amygdala—mPFC connectivity in this specific region
may follow a different trajectory. Moreover, as three-way in-
teractions require large sample sizes, the present study may
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not have enough power to properly examine three-way inter-
action effects. Results of the three-way interaction analyses
should thus be regarded as exploratory and await replication.

Studies on caregiving and child development tend to focus
on the role of mothers more so than on the role of fathers. In the
present study, the Sensitivity X Age interaction effect for the
combined parental sensitivity measure had a smaller p value
(on face value) than the interaction effect for the maternal sen-
sitivity measure, implying that both maternal and paternal sen-
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(a) Parental sensitivity
Righ ygdala (-8 28 28)

(b) Maternal sensitivity
Right amygdala (0, 20, 28)

(c) Paternal sensitivity
Right amygdala (-4, 34, 16)
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Figure 3. (Color online) Sensitivity x Age x Gender interaction effect on amygdala—medial prefrontal cortex functional connectivity. (a) Parental

sensitivity, (b) maternal sensitivity, and (c) paternal sensitivity.

sitivity contribute to the observed effect. Moreover, results of
the exploratory three-way interaction analysis suggest similar
effects for mothers and fathers. Our results, therefore, imply
that the quality of parental caregiving is more important for
brain development than the sex of the person providing this
care. However, statistical tests to examine the significance of
the difference in maternal versus paternal contributions to the
connectivity are difficult to conduct on imaging data, and
power constraints prohibited adding parent gender as an addi-
tional interaction term. These considerations need to be taken
into account, and make our suggestions speculative.

Several limitations should be noted. The present study is
based on cross-sectional MRI data, with sensitivity assessed

https://doi.org/10.1017/50954579417000141 Published online by Cambridge University Press

2 to 6 years earlier. Although such studies can provide informa-
tion on development, longitudinal studies with both variables
measured at both time points are of course better equipped to
answer developmental questions. As we are unable to test
whether children from more sensitive parents will show a sim-
ilar increase in amygdala—mPFC coupling after the age of 10
years as displayed by children from less sensitive parents be-
fore the age of 10 years, assumptions about accelerated devel-
opment are made based on the literature and cannot be conclu-
sively inferred from our own data. Moreover, resting-state
fMRI data were collected for 5 min and 20 s. While a 5- to
6-min acquisition time should provide adequate sampling to
produce stable spatial maps even in children (White et al.,
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Table 7. Post hoc analyses of Sensitivity x Age x Gender interaction effects

Sensitivity
—18D +1 8D

Sensitivity Measure Laterality Gender B (95% CI) p B (95% CI) p
Parental sensitivity Right amygdala Boys —0.05 (—0.14, 0.05) .34 —0.01 (—0.13, 0.12) .93
Girls 0.26 (0.15, 0.36) <.001 —0.12 (—0.23, —0.01) .03
Left amygdala Boys —0.04 (—0.14, 0.05) .36 0.07 (—0.06, 0.20) .26
Girls 0.20 (0.10, 0.31) <.001 —0.10 (—0.21, 0.01) .08
Maternal sensitivity Right amygdala Boys —0.04 (—0.13, 0.04) .35 —0.02 (—0.15, 0.11) .80
Girls 0.29 (0.14, 0.42) <.001 —0.08 (—0.20, 0.04) 17

Left amygdala No significant clusters
Paternal sensitivity Right amygdala Boys —0.04 (—0.15, 0.07) 45 —0.00 (—0.12, 0.12) .99
Girls 0.23 (0.12, 0.35) <.001 —0.11 (—0.25, 0.02) .10
Left amygdala Boys —0.05 (—0.15, 0.05) .36 0.10 (—0.01, 0.22) .07
Girls 0.18 (0.07, 0.30) .001 —0.07 (—0.20, 0.06) .28

Note: The table describes the regression coefficients of age on amygdala—medial prefrontal cortex connectivity at =1 SD of sensitivity for boys and girls sep-

arately.

2014), longer acquisition time are better to distinguish subtle
individual differences in the strength of functional connections
within networks (Birn et al., 2013). In line with research on
previously institutionalized children (Gee, Gabard-Durnam,
et al., 2013) on which we based our hypothesis, we examined
quality of the caregiving environment in relation to brain devel-
opment. A related but somewhat different question is the
association between parent—child attachment and amygdala—
mPFC development, or brain development in general. Repeat-
ing the analyses with attachment instead of parental sensitivity
as predictor would increase the number of tests (with an in-
creased risk of false positives), which is the reason why we fo-
cused on parental sensitivity in the current study. Future studies
may add to this line of research by examining parent—infant at-
tachment quality as a precursor of optimal brain development.

Although our findings are preliminary, they point to po-
tentially fruitful directions for the study of the long-term ef-
fects of attachment-based interventions aiming at the en-
hancement of parental sensitivity. Previous studies have
shown that attachment-based interventions can get “under
the skin,” which might explain the persistence of their influ-
ence on the parents and their children. For example, Dozier,
Peloso, Lewis, Laurenceau, and Levine (2008) found that
their attachment and bio-behavioral catch-up intervention
led to a reduction in basal cortisol in children in foster care.
In a sensitivity-focused video-feedback intervention for tod-
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