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ARTICLE INFO ABSTRACT

Keywords: Parenting behavior is associated with internalizing symptoms in children, and cross-sectional research suggests
Parenting that this association may be mediated by the influence of parenting on the development of frontoamygdala
Brain development circuitry. However, longitudinal studies are lacking. Moreover, there is a paucity of studies that have investigated
Zﬁg}:ﬁala parenting and large-scale networks implicated in affective functioning. In this longitudinal study, data from 95

(52 female) children and their mothers were included. Children underwent magnetic resonance imaging that
included a 6 min resting state sequence at wave 1 (mean age = 8.4 years) and wave 2 (mean age = 9.9 years). At
wave 1, observational measures of positive and negative maternal behavior were collected during mother-child
interactions. Region-of-interest analysis of the amygdala, and independent component and dual-regression an-
alyses of the Default Mode Network (DMN), Executive Control Network (ECN) and the Salience Network (SN)
were carried out. We identified developmental effects as a function of parenting: positive parenting was asso-
ciated with decreased coactivation of the superior parietal lobule with the ECN at wave 2 compared to wave 1.
Thus our findings provide preliminary longitudinal evidence that positive maternal behavior is associated with
maturation of the connectivity between higher-order control networks.

Resting state networks
Functional connectivity

1. Introduction

Childhood experiences have important implications for brain
development and mental health outcomes (Teicher et al., 2003), and
parenting behaviors are among such influential experiences (Belsky and
De Haan, 2011). High levels of negative, and low levels of positive
parenting behavior, are associated with depressive and anxiety symp-
toms in children, pointing to the importance of investigating parental
factors as mechanisms in the aetiology of such problems (Yap et al.,
2016).

Neurobiological models suggest that this association may be medi-
ated by the influence of parenting on the function of neural circuits
underlying emotion regulation, particularly frontoamygdala circuitry

(Callaghan and Tottenham, 2015). Neuroimaging studies in youth sup-
port this hypothesis by showing that low levels of maternal positive
behavior (e.g., warmth), and high levels of maternal negative behavior
(e.g., aggression) are associated with increased amygdala reactivity
during emotion processing tasks (Butterfield et al., 2020; Pozzi et al.,
2020; Romund et al., 2016). Other studies have found that children
exposed to negative (i.e., hostile, insensitive) parenting show increased
negative amygdala-prefrontal cortex (PFC) functional connectivity
compared to unexposed peers during an emotional faces task (Kopala--
Sibley et al., 2020) and more positive amygdala-PFC connectivity during
rest (Jiang et al., 2020; Thijssen et al., 2017).

Amygdala-PFC connectivity undergoes protracted maturation during
the developmental period, and it has been suggested that the transition
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between childhood and adolescence (around the age of 10) delineates a
particular time of change, whereby connectivity undergoes a switch
from positive to negative during emotion processing tasks (Gee et al.,
2013a) and becomes more positive at rest (Gabard-Durnam et al., 2014).
These changes parallel the adoption of more mature strategies of
emotion regulation (Gee et al., 2013b). Together, evidence suggests that
negative parenting may accelerate the maturation of the frontoa-
mygdala circuit, consistent with the ‘stress acceleration hypothesis’
(Callaghan and Tottenham, 2015). However, inferences so far have been
drawn from cross-sectional samples (or longitudinal studies with only
one wave of imaging data).

Given the key role of frontoamygdala circuitry in affective func-
tioning, it is not surprising that it has been the focus of most studies to
date, with many adopting region of interest (ROI) seed-based ap-
proaches. However, a ROI approach is limited to chosen regions. A few
recent studies have instead focused on broader networks involved in
social and affective processes, such as the default mode network (DMN),
which encompasses the precuneus, posterior cingulate, ventromedial
PFC and inferior parietal cortices, the executive control network (ECN),
comprising medial-frontal areas, and the salience network (SN),
comprising insula and cingulate cortex (Smith et al., 2009). Connectivity
within networks increases with age (reflecting integration), while con-
nectivity between networks tends to decouple (reflecting segregation)
(Sherman et al., 2014). One study found that greater parent-child
communication during late childhood predicted greater resting-state
functional connectivity within the anterior SN at 25 years of age
which, in turn, was associated with lower harmful alcohol use and
emotional eating (Holmes et al., 2018). Another study, conducted in the
same sample, found that supportive parenting moderated the relation-
ship between socio-economic status (SES) and connectivity in the ECN,
whereby youth exposed to both low SES and low, but not high, sup-
portive parenting showed lower connectivity within the ECN (Brody
et al., 2019). Others found that positive parenting behavior predicted
greater negative connectivity between the ECN and the DMN at 10 years
of age (Dégeilh et al., 2018). Together, these results suggest that positive
parenting may be associated with more mature (‘adult-like’) (Dégeilh
et al., 2018) and adaptive (Brody et al., 2019) connectivity within and
between networks. However, the influence of negative parenting
behavior on child resting state networks is unclear. Investigating effects
of both positive and negative parenting is important because they may
not necessarily lie on a continuum (Bhanot et al., 2020). Further, it is
unclear how parenting behavior may be related to altered development
of resting state network connectivity, including whether high negative
and low positive parenting are related to accelerated or delayed devel-
opment (Callaghan and Tottenham, 2016).

Moreover, previous studies were cross-sectional or included only one
time point of imaging. Despite the suggested importance of age-related
connectivity changes, there is a lack of longitudinal studies that inves-
tigate such changes in children, in addition to a paucity of studies that
have investigated the effect of parenting behavior. Therefore, the aims
of this study were to 1) investigate changes in connectivity during late
childhood (8—10 years), which is an important period for brain matu-
ration (Gee et al.,, 2013b), 2) examine how maternal positive and
negative parenting behavior may influence these changes, and 3)
investigate if maternal parenting behavior-related changes in connec-
tivity are associated with internalizing symptoms, to help elucidating
whether neurodevelopmental changes are adaptive or maladaptive.

To investigate these aims, we considered two approaches. First,
given the importance of the amygdala-PFC circuit, and prior work, we
adopted a ROI approach to investigate amygdala connectivity trajec-
tories. Second, we conducted exploratory analyses of resting-state net-
works, particularly the ECN, DMN and SN. We expected that amygdala
connectivity would increase as a sign of maturation from the age of
8-10, and that high negative/low positive parenting behavior would be
associated with greater connectivity with age. Regarding resting-state
networks, according to previous studies, we expected that within
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network connectivity would increase with age, while between network
connectivity would decrease. While existing ROI based studies of
amygdala-PFC circuitry supports the stress acceleration hypothesis
(Callaghan and Tottenham, 2016), which posits that exposure to nega-
tive caregiving is associated with accelerated brain development, pre-
vious RSNs studies (Brody et al., 2019; Degeilh et al., 2018; Holmes
et al., 2018) have found maternal positive behavior to be associated with
more mature resting state networks. As such, we considered two hy-
potheses: high maternal negative/low positive parenting behavior
would be associated with 1) increased within and between network
connectivity with age, in accordance with the stress acceleration hy-
pothesis; 2) decreased within and between network connectivity with
age, in accordance with previous cross-sectional work. Finally, high
negative/low positive parenting-related changes in functional connec-
tivity would be positively associated with children’s internalizing
symptoms.

2. Materials and methods
2.1. Sample

The current study consisted of a subsample of children and their
mothers participating in the Families and Childhood Transitions Study
(FACTS), who were recruited from the broader community in Mel-
bourne, Australia, as described elsewhere (Simmons et al., 2017). FACTS
consisted of two waves of data collection. During the first wave
(N =163), the child and their mother participated in two Family
Interaction Tasks (FIT), described in section 2.2. The child underwent an
MRI scan that included a resting state sequence (N = 150). At the
18-months follow up wave, the child underwent a second MRI
(N = 127). Measures of internalizing symptoms were collected at both
waves. Before the analysis, the imaging data available from both waves
underwent quality control (Esteban et al., 2019a). After exclusion of
subjects with low quality MRI data (see section 2.4.2.1 for details), the
sample consisted of 101 children with imaging data at both waves. One
subject had a diagnosis of Attention Deficit Hyperactivity Disorder and
was taking psychotropic medication at wave 2, and was therefore
excluded from the analysis. Five children were missing parenting data (i.
e., the Family Interaction Task (FIT) - see below), leading to a sample of
95 children with complete imaging and parenting data. This sample did
not differ from the original sample (N = 163) in socio-economic status,
parenting behaviors, maternal depressive symptoms, or child anxiety
and depressive symptoms (all p values > 0.05 - see section 2.3 for a
description of these variables). None of the children included in the
analysis had a psychiatric diagnosis from a health professional, as re-
ported by the parents, at either wave. See Table 1 for demographics and
descriptive information of the sample.

Ethics approval for this study was granted by the University of
Melbourne Human Research Ethics Office (#1339904). Parental
informed written consent and child assent were obtained prior to study
participation.

2.2. Parenting behaviors: family interaction task (FIT)

Two 15-minute mother-child interactions were performed and video
recorded. The first, an Event Planning Interaction (EPI), involved dyads
planning two or three pleasant activities to do together, selected from a
list in the Pleasant Events Schedule (MacPhillamy and Lewinsohn,
1982). The second, a Problem Solving Interaction (PSI), involved dis-
cussing conflictual topics relevant for the dyad, chosen from the Issues
Checklist (Prinz et al., 1979). The EPI is designed to elicit positive be-
haviors, while the PSI elicits negative (Gilboa and Revelle, 1994). Two
trained graduate students independently coded the behaviors recorded
during the interactions, using a modified version (Richmond et al.,
2018) of the Family Interaction Macro-coding System (FIMS) (Holmbeck
et al., 2007). Fifty-nine codes were included covering a range of mother
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Table 1 Table 2
Overview of the analyses pipeline. Descriptive statistics of the sample.
Quality control with MRIQC N =95
Preprocessing with fMRIprep Wave 1 Wave 2
High-pass filter 0.01 Hz Child Sex
5 thi Female 52 (54.7 %) B
M smootaing Male 43 (45.3 %)
Data cleaning (ICA FIX)
Extraction of individual features Child Age
Mean (SD) 8.40 (0.328) 9.93 (0.346)

Group analysis

Seed-based connectivity Network connectivity Between network

Median [Min, Max] 8.38 [7.98, 9.09] 9.91 [9.41, 10.8]

Child SCAS

(amygdala ROI)

(dual regression)

connectivity (FSLnets)

Wave 1 - wave 2
Amygdala fc maps

Wave 2 - wave 1
Amygdala fc maps

Wave 1 - wave 2
RSN fc maps

Wave 2 - wave 1
RSN fc maps

Wave 1 - wave 2
Z scores partial
correlations
Wave 2 - wave 1
Z scores partial

Mean (SD)
Median [Min, Max]

25.6 (12.9)
26.0 [3.00, 64.0]

24.7 (14.2)
23.0 [3.00, 76.7]

correlations

Note. fc = functional connectivity.

Predictors: 1) maternal negative behavior during the EPI 1) maternal negative
behavior during the PSI 3) maternal positive behavior. Covariates: child sex,
SES, maternal depressive symptoms at wave 1.

and child behaviors that were rated on 5-point Likert scales. A multiple
factorial analysis was performed on the FIMS codes on the original wave
1 sample to obtain empirically-derived parenting behavior components
(Richmond et al., 2018). Three factors related to maternal affective
behavior were identified: 1) maternal negative behavior during the PSI
and 2) during the EPI (e.g. frequency and intensity of negative affect:
anger) and 3) maternal positive behavior (e.g., frequency and intensity
of positive affect: humor, laughter) across both tasks (i.e., in the factor
analysis, the maternal positive behavior component comprised codes
from both the PSI and the EPI (Richmond et al., 2018)). Maternal
negative behavior, especially when displayed in a positive context (EPI),
was found to predict onset of depression in adolescents in our previous
work (Schwartz et al., 2014). Factor scores for each of the three com-
ponents were used in subsequent analyses. See Supplementary Material
for a list of codes included in each component. Data were checked for
outlier values, i.e., values more than 2.2 * InterQuartile Range (IQR)
below the first Q or above the third Q (N = 12 for maternal negative
behavior during the EPI, N = 1 for maternal positive behavior). After
winsorizing the outlier value (i.e., replacing the extreme value with the
highest non-outlier value), maternal positive behavior was normally
distributed (Shapiro-Wilk test: p = 0.3). Frequencies and intensities of
maternal negative behavior during the EPI and PSI were not normally
distributed (Shapiro-Wilk test: p < 0.001), even after winsorization and
after applying transformation (logarithmic, root-squared). Thus, ana-
lyses were run with transformed and not-transformed data and win-
sorized and not-winsorized to assess the robustness of results. See
Figure S1 for plots of the distribution of the parenting variables.

2.3. Questionnaires measures

Children completed the Children’s Depression Inventory 2 (CDI-2)
(Kovacs, 1992) and the Spence Children Anxiety Scale (SCAS) (Spence,
1998) at both waves. Maternal depressive symptoms at wave 1 were
assessed with the Centre for Epidemiologic Studies Depression Scale
(CESD) (Radloff, 1977). Socio-economic status (SES) was measured with
the neighborhood derived Socio-Economic Indexes for Areas Index of
Relative Socio-Economic Disadvantage scale, SEIFA (Australian Bureau
of Statistics: Canberra, 2013). See Table 2 for the bivariate correlations
between all the variables of interest.

2.3.1. Covariates
Although there is evidence for sex differences in brain development

Child CDI
Mean (SD) 7.70 (5.57) 6.96 (6.06)
Median [Min, Max] 6.00 [0, 23.0] 5.00 [0, 25.0]
SES
Mean (SD) 38.6 (24.2)

Median [Min, Max] 37.0 [1.00, 93.0]
Mat. neg. EPI

Mean (SD)

Median [Min, Max]

—0.08 (0.85)
—0.38 [-1.05, 4.45]

Mat. neg. PSI
Mean (SD)
Median [Min, Max]

0.02 (1.01)
—0.21 [-1.37, 3.50]

Mat. pos. PA
Mean (SD)
Median [Min, Max]

0.03 (0.98)
0.01 [-3.49, 3.10]

Mat. CESD
Mean (SD)
Median [Min, Max]

20.2 (7.70)
18.0 [12.0, 50.0]

Note. Mat. neg. EPI = maternal negative behavior during the EPI; Mat. neg.
PSI = maternal negative behavior during the PSI; Mat. pos = maternal positive
behavior across tasks; Mat. CESD = maternal depressive symptoms at wave 1
measured with the Centre for Epidemiologic Studies Depression Scale (CESD);
SES = Socio-Economic Status measured with the neighborhood derived Socio-
Economic Indexes for Areas Index of Relative Socio-Economic Disadvantage
scale, SEIFA. A low score indicates relatively greater disadvantage (this measure
is a percentage with a mean of 50 across Australia); CDI = Children’s Depression
Inventory 2; SCAS = Spence Children Anxiety Scale; Raw scores are presented.

(Dennison et al., 2013), in consideration of the sample size and the lack
of specific hypotheses about sex effects, the moderating effect of sex was
not investigated. Rather, child sex was included as a covariate in all
analyses. Maternal depressive symptoms at wave 1 and SES may
contribute to meaningful variance related to maternal parenting
behavior (Lovejoy et al., 2000). Therefore, all the parenting analyses
were first carried without including these variables in the models. In
case of significant findings, the models were re-run including these
variables as covariates, to understand maternal parenting behavior’s
contribution above and beyond maternal depressive symptoms and SES.
One participant was missing SES data and two were missing maternal
depressive symptoms data at wave 1. Missing data were replaced with
the group mean (R version 3.6.1). To investigate the association between
maternal parenting behavior-related changes in connectivity and inter-
nalizing symptoms at wave 2, internalizing symptoms at wave 1 as
entered as a covariate (CDI or SCAS total score).

2.4. MRI

Neuroimaging data were acquired on a 3 T Siemens TIM Trio scanner
(Siemens, Erlangen, Germany) at the Murdoch Children’s Research
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Institute in Melbourne, Australia. Participants lay supine in a 32-channel
head coil. Prior to the scan, participants underwent a MRI mock training
session where they looked at pictures of the machine, received infor-
mation about the procedure and practiced staying still in the scanner
(Simmons et al., 2017).

2.4.1. MRI parameters

Structural T1-weighted images were acquired as follows: MPRAGE
MoCo, repetition time = 2530 msec; echo timel = 1.74 msec, echo
time2 = 3.6 msec, echo time3 = 5.46 msec, echo time4 = 7.32 msec;
flip angle = 7°, field of view = 256 x 256 mm?, producing 176 contig-
uous slices with 1.0 mm® voxel dimensions. Resting state functional
images were acquired as follows: 154 whole-brain T2*-weighted echo-
planar volumes, repetition time = 2400 ms, echo time = 35 ms, flip
angle = 90°; field of view = 210 x 210 mm2. Thirty-eight interleaved
slices were acquired, with 3.3 mm® voxel dimensions. The total
sequence duration was 6.18 min. Participants were asked to keep their
eyes open and look at a fixation cross (white cross on a black screen).

2.4.2. Image preprocessing

2.4.2.1. Quality control. MRIQC (Esteban et al., 2017) version 0.15.0
was used to perform quality control before the analysis. Subjects with
mean Framewise Displacement (FD) (computed using AFNI 3dvolreg) >
0.5 mm were excluded from further analysis. This led to the exclusion of
13/150 subjects at wave 1 (8.7 %) and 14/127 at wave 2 (11 %). The
mean FD at wave 1 did not differ from the mean FD at wave 2 (paired
t-test on the whole sample before exclusion: t = —0.996, df =121,
p=0.321)

2.4.2.2. Preprocessing pipeline and data cleaning. Preprocessing was
performed using fMRIPrep 1.5.0 (Esteban et al., 2019b), which is based
on Nipype 1.2.2 (Gorgolewski et al., 2011, 2018). The original full
report on anatomical and functional data preprocessing as printed by
fMRIPrep is reported in Supplementary Material. The Montreal Neuro-
logical Institute (MNI)’s unbiased standard MRI template for pediatric
data cohort 3 (age 7-11) was selected for spatial normalization (Fonov
et al., 2011). All individual reports were visually inspected.

Following preprocessing, a high-pass filter at 0.01 Hz and 5 mm
spatial smoothing were applied using FMRIBs Software Library (FSL
v6.0; https://fsl.fmrib.ox.ac.uk/fsl/).

Individual-level independent component analysis (ICA) performed
with FSL MELODIC (Multivariate Exploratory Linear Decomposition
into Independent Components) Version 3.15 combined with FMRIB’s
ICA-based Xnoiseifier (FIX) (Griffanti et al., 2017; Salimi-Khorshidi
et al., 2014) version 1.06 was used to perform data cleaning. First, FIX
was trained on 20 subjects from the Imaging brain development in the
Childhood to Adolescence Transition Study (iCATS) (Simmons et al.,
2014); another longitudinal neuroimaging study that recruited
8—10 year old typically developing children from Melbourne, Australia.

2.4.3. Image analysis

2.4.3.1. Seed-based connectivity analysis. A bilateral amygdala mask
was derived from the FSL Harvard-Oxford maximum likelihood
subcortical atlas using a probability threshold of 50 % and registered to
the MNI’s unbiased standard MRI template for pediatric data cohort 3
(age 7-11) (Fonov et al., 2011), using FSL’s flirt interpolation with
nearest neighbor. For each subject, the fMRI signal was averaged over all
voxels comprising the bilateral amygdala mask. The averaged signal was
then correlated (Pearson correlation) with the fMRI signal for each voxel
comprising a gray matter (GM) derived from the pediatric template,
using MATLAB 2017Rb (The MathWorks, Natick, MA). This yielded a
functional connectivity map for each subject, which characterized the
functional connectivity between the amygdala and each GM voxel.
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To examine changes in connectivity over-time, each subject’s
amygdala functional connectivity maps at both waves were entered into
separate paired t-tests (with exchangeability blocks). Of note, this
approach is equivalent to calculating a ‘connectivity change map’ per
feature (as described below) and conducting a one-sample t-test.

To examine the effect of parenting, for each amygdala-whole brain
functional connectivity map, individual ‘connectivity change maps’
were calculated by subtracting the wave 1 spatial map from the wave 2
spatial map (i.e., wave 2 minus wave 1) and vice versa (wave 1 minus
wave 2) using FSL’s fslmaths (note that the connectivity maps only
contain positive values and thus the subtraction was done in both di-
rections). These change maps were entered into FSL’s one-sample with
covariates design (i.e., partial correlation), whereby we examined if
maternal positive and negative behavior had a linear relationship with
the ‘connectivity change map’. As discussed in section 2.3.1, child sex
was included as a covariate of non-interest in all analyses. For significant
results, the unique contribution of maternal parenting behavior was
explored by adding SES and maternal depressive symptoms at wave 1 as
further covariates (see section 2.3.1). Statistical significance was
calculated using FSL’s randomise (Winkler et al, 2014)
permutation-testing tool with 10,000 permutations and corrected with
threshold free cluster enhancement (Smith and Nichols, 2009).

For the amygdala connectivity analyses, the critical o for cluster
correction was pFWE< 0.016 based on a Bonferroni adjustment for the
number of tests (3 parenting components).

2.4.3.2. Exploratory RSNs analyses

2.4.3.2.1. Network connectivity (dual regression). Twenty-five group-
level ICs were extracted with MELODIC. Relevant networks (DMN, ECN,
and SN - see Fig. 1) were selected based on visual inspection and via
cross-correlation with networks templates (Shirer et al., 2011; Smith
et al., 2009) (using FSL’s fslcc; DMN: r = 0.57, ECN: r = 0.53, SN:
r = 0.24). The networks derived from MELODIC are depicted in Fig. 1.
The set of spatial maps from the group-average analysis was used to
generate subject-specific versions of the spatial maps, and associated
time-series, using dual regression (Beckmann et al., 2009; Nickerson
et al., 2017). First, for each subject, the group-average set of spatial
maps was regressed (as spatial regressors in a multiple regression) onto
the subject’s 4D space-time dataset. This resulted in a set of
subject-specific time-series, one per group-level spatial map. Next, those
time-series were regressed (as temporal regressors, again in a multiple
regression) onto the same 4D dataset, resulting in a set of

Fig. 1. RSNs derived from MELODIC on the FACTS sample. From top to bot-
tom: Default Mode Network (DMN), Salience Network (SN), and Executive
Control Network (ECN).
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subject-specific spatial maps, one per group-level spatial map.

To examine changes in network connectivity over-time, as well as the
association between parenting and connectivity change, analyses pro-
ceeded exactly as described for amygdala connectivity in section 2.4.3.1
(i.e., individual ‘connectivity change maps’ for each RSN were calcu-
lated by subtracting the wave 1 spatial map from the wave 2 spatial map
and vice versa).

For the network analyses, the critical a for cluster correction was
PFWE< 0.0056 based on a Bonferroni adjustment for the number of tests
(i.e., 3 RSNs x 3 parenting components = 9).

2.4.3.2.2. Between network connectivity (FSLnets). For each wave,
partial correlations between networks (following (Smith et al., 2015))
were calculated using FSLnets (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FSLNets), using as input the nodes (i.e., spatial maps) from the group
ICA map described above and the subject-specific set of time-series from
dual regression. For each pair of networks of interest (DMN-CN,
DMN-SN and ECN-SN), we calculated r partial correlation coefficients
for each subject at both waves.

To compare the magnitude of the correlations of each pair of net-
works between wave 1 and wave 2 (e.g., DMN at wave 1-ECN at wave 1
vs DMN at wave 2-ECN at wave 2), we used the R package cocor (Die-
denhofen and Musch, 2015). Cocor compares pairs of correlations based
on dependent groups (i.e., same subjects at both waves) using different
tests (e.g., Pearson and Filon’s z, Zou’s confidence interval), so that the
results can be compared (Meng et al., 1992).

To examine the association with parenting behavior, the same r co-
efficients were converted to z scores through Fisher’s r-to-z trans-
formation. Then, a change score was calculated by subtracting wave 1 z
scores from wave 2 z scores. Partial correlations between parenting
behavior and network connectivity change scores were calculated,
controlling for child sex, as well as SES and maternal depressive symp-
toms at wave 1 when findings were significant.

2.4.4. Association with symptoms

Associations with depressive and anxiety symptoms were examined
for clusters that exhibited associations between changes in connectivity
and maternal behavior. To do so, time-series were extracted from peak
voxels using FSL’s fslmeants, and correlated with depressive and anxiety
symptoms at wave 2, controlling for symptoms at wave 1.

2.4.5. Cross-sectional analyses
See Supplementary Material for a description and results.

3. Results
3.1. Demographic characteristics

See Table 2 for demographics and descriptive information of the
sample. See Table S1 for correlation between variables.

3.2. Amygdala-whole brain connectivity

There were no changes between wave 1 and wave 2, and no asso-
ciations between positive and negative parenting and changes in
amygdala-whole brain connectivity. Unthresholded and thresholded
statistical maps for amygdala-whole brain connectivity can be accessed
on NeuroVault (https://neurovault.org/collections/LFABBRGN/).

3.3. Network connectivity (dual regression)

There were no changes between wave 1 and wave 2 and no associ-
ation between negative parenting and changes in any of the networks
connectivity. Maternal positive behavior was associated with decreased
coactivation of the right superior parietal lobule with the ECN at wave 2
relative to wave 1 (wave 2 > wave 1). Because dual regression is a whole
brain analysis, voxels showing a significant effect outside the given
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network (i.e., in this case the cluster was located in the superior parietal
lobule) are indicative of connectivity between this area and the main
network (in this case, the ECN). Including maternal depressive symp-
toms at wave 1 and SES did not change the results (pFWE<0.0056, MNI
x =20 y=-50 z = 72, k = 4) (Fig. 2).

Unthresholded and thresholded statistical maps for each RSN can be
accessed on  NeuroVault  (https://neurovault.org/collections/
LFABBRGNY/).

3.4. Between RSNs connectivity

There were no changes between wave 1 and wave 2 between any of
the RSNs connectivity, and no association between parenting variables
and changes in between RSN connectivity.

3.5. Association with symptoms

Time-series were extracted (using FSL’s fslmeants) from the voxel in
the spatial coordinates (MNI x = 20 y = —50 z = 72) that corresponded
to the peak of the superior parietal lobule clusters. To investigate the
association between maternal parenting behavior-related changes in
connectivity and CDI and SCAS total scores at wave 2, CDI and SCAS
total scores at wave 1 were entered as covariates. There were no asso-
ciations with depressive or anxiety symptoms at wave 2, controlling for
symptoms at wave 1.

4. Discussion

In this study, we examined changes in resting state functional con-
nectivity occurring over an 18-month interval in 8-10 year old children.
We investigated amygdala connectivity, as well as connectivity of
selected large-scale networks (DMN, SN, ECN). Contrary to our hy-
potheses, we did not detect age-related changes in the connectivity of

Maternal positive behavior

-3 -2 -1 0 1 2 3
Changes in superior parietal lobule-ECN connectivity

Fig. 2. (Top) Maternal positive behavior was associated with decreased coac-
tivation of the superior parietal lobule (depicted in the picture) with the ECN
between wave 1 and 2. (Bottom). Scatterplot (for display purposes only) of the
association between maternal positive behavior and changes in superior pari-
etal lobule connectivity (MNI x = 20 y = —50 z = 72) with the ECN between
wave 1 and wave 2. For plotting, time-series values were extracted from the
ECN change maps, using the coordinates of the significant cluster (x =20
y = —50 z = 72) with fslmaths roi.
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the amygdala or any of the networks. Maternal positive behavior was
associated with decreased connectivity of the superior parietal lobule
with the ECN, whereas maternal negative behavior was not associated
with any connectivity changes. Connectivity of the superior parietal
lobule was not associated with child internalizing symptoms.

The lack of changes in amygdala connectivity with age, particularly
with the PFC, was unexpected given prior work suggesting develop-
mental changes in frontoamydala circuitry during late childhood,
whereby connectivity is thought to switch from positive to negative
during emotion regulation tasks (Gee et al., 2013b) and increase at rest
(Gabard-Durnam et al., 2014). However, most of the studies that have
identified such a developmental switch, and related effects of early
environment, are cross-sectional (Alarcon et al., 2015; Gee et al., 2013a;
b; Silvers et al., 2017; Thijssen et al., 2017; Wu et al., 2016). One
exception is a recent study that adopted an accelerated longitudinal
design and found decreased resting state connectivity between the
amygdala and medial PFC with age (Jalbrzikowski et al., 2019). Their
sample comprised children/adolescents from 10 to 25 years of age,
whilst our study included children aged 8-10 years. It is possible that
examining the transition between childhood and adolescence (i.e., after
age 10) may be particularly informative of the developmental
(Gabard-Durnam et al., 2014). Moreover, the sample included in the
analysis covered a narrow age range (8—10) and a relatively short
period between the two assessments (18 months). It is possible that a
period of 18 months was not sufficient to elicit detectable changes.
Finally, most of the studies that have investigated age effects on fron-
toamygdala circuitry explored connectivity during emotion processing
tasks rather than at rest, and there is a lack of consensus on connectivity
development at rest (Colich et al., 2020). These considerations point to
the need for further longitudinal studies that cover larger age ranges and
possibly longer periods of time, to shed light on normative frontoa-
mygdala circuitry development across childhood and adolescence. Such
knowledge would have important implications for our understanding of
the neural circuits underlying emotion regulatory development that is
occurring during the transition between childhood and adolescence
(Gullone et al., 2010).

Similarly, we did not detect age-related changes of within and be-
tween connectivity of large-scale resting state networks. Previous
studies that have investigated resting state connectivity “development”
were also cross-sectional (Fair et al., 2007; Supekar et al., 2011) or
included samples of adolescents (10-18) assessed over longer periods of
time (3-5 years) (Sherman et al., 2014; Teeuw et al., 2019), whereas
longitudinal studies that have investigated the transition from childhood
to mid-adolescence (8-15) have identified age effects in some (ventral
attention network (VAN)) but not other (DMN, SN, frontoparietal
network (FPN)) networks (Sylvester et al., 2018). Further research is
thus required to understand normative patterns of resting state network
connectivity across childhood and adolescence.

Regarding associations between parenting and development of
resting state connectivity, we found developmental effects in the
absence of group-level changes. In particular, we found that maternal
positive behavior predicted decreased connectivity of the superior pa-
rietal lobule with the ECN, which comprises medial-frontal areas, and is
proposed to play a key role in cognitive tasks as well as emotion pro-
cessing (Smith et al., 2009). The superior parietal lobe is part of the FPN
(as described in (Smith et al., 2009)) and is thought to have a role in
attention shifting and orienting (Marlene et al., 2004). Although some
evidence (cross-sectional) has suggested that maturation of control
networks (i.e., ECN, FPN) involves increased segregation of prefrontal
regions from the frontoparietal network (Fair et al., 2007), there is a
paucity of longitudinal studies that can speak to developmental trajec-
tories of between and within network connectivity. Previous work found
that positive parenting was associated with increased segregation of the
DMN and ECN, which was interpreted as reflecting greater maturation
(Dégeilh et al., 2018). In line with this interpretation, our result could
also suggest positive parenting behavior may promote resting state
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network maturation (Brody et al., 2019; Dégeilh et al., 2018; Holmes
et al., 2018). Earlier maturation of control networks may reflect greater
cognitive flexibility, that is the ability to switch attention between tasks
or stimuli (Stevens et al., 2009). The ability to shift attention and
respond flexibly to the environment, as well as to exert inhibitory con-
trol, contributes to emotion regulation (Phillips et al., 2003), whilst
impairment in such abilities are associated with affective disorders
(Murphy et al., 2012). However, more research into normative devel-
opment of resting state networks, including between/within the distinct
executive control networks, is required to understand the direction of
changes and support the hypothesis that positive parenting promotes
more adaptive/mature development.

Of important note, the stress acceleration hypothesis postulates that
negative experiences lead to accelerated brain development. According
to this theory, early maturation is considered adaptive in the short term
(e.g., because it results in increased emotion regulation capacities to
meet environmental demands) but potentially maladaptive in the long
term, because it reduces the plasticity of the system (Callaghan and
Tottenham, 2016). Whilst it seems counterintuitive that positive envi-
ronmental factors would lead to a similar phenotype (i.e., accelerated
brain maturation), the stress acceleration hypothesis has focused on
cortical thinning and specific biomarkers of development, such as
frontoamygdala circuitry (Callaghan and Tottenham, 2016), whereas
the extension of the concept to the development of large scale networks
has been less explored.

In this study, we did not find an effect of negative parenting on
amygdala-PFC or network connectivity. In our previous work, we found
that maternal negative behavior was associated with increased amyg-
dala reactivity and connectivity during an emotional faces task (Pozzi
etal., 2020). Thus, it is unclear why we only found changes in relation to
positive parenting. The discrepancy in results might be related to the
different tasks used in this and our previous study (rest vs emotional
faces task), pointing to the fact that findings from task-based fMRI data
may not be generalizable to resting state studies (and vice versa). This
may be particularly important in the context of parenting and children
emotion regulation development. Taken together, these considerations
highlight once again the need for further longitudinal work to investi-
gate the contribution of both positive and negative experiences to neu-
rodevelopmental trajectories across childhood and adolescence. It may
be that both types of parenting behavior impact neurodevelopment, but
that these changes only become apparent across a longer time-period. It
is also possible that parenting behavior has more or less of an impact at
different developmental stages, which can only be discovered by
investigation of. Efforts such as the Adolescent Brain Cognitive Devel-
opment (ABCD) Study (Casey et al., 2018), where children age 9-10 will
be followed up over a 10-year period and will undergo a yearly brain
scan and complete measures of the family environment, will allow for
testing these hypotheses. It is also possible that other environmental
factors may contribute to brain development during the period that we
studied. For example, it is possible that paternal parenting factors affect
child brain development independently or in interaction with maternal
parenting. Furthermore, the relationship between parent and child is not
unidirectional. Children’s individual differences in temperament and
personality, not explored here, may also influence parenting behaviors
(Kiff et al., 2011), or moderate the influence of parenting behaviors and
neurodevelopment (Guyer et al., 2015).

We did not find an association between maternal parenting behavior-
related changes in superior parietal lobule-ECN connectivity and child
internalizing symptoms. This is somewhat consistent with our previous
work within the same sample (Pozzi et al., 2019, 2020), which we
previously interpreted as possibly being related to the low variability
and low levels of anxiety and depressive symptoms in the sample. The
lack of association with symptoms limits our ability to make inferences
about the adaptive or maladaptive nature of changes in functional
connectivity. Future research may extend the current findings by
investigating factors associated with neurodevelopment in children with
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greater variability in levels of internalizing symptoms.

It is important to note several limitations of this study. Although the
children underwent a mock MRI session before the scan, excessive mo-
tion significantly impacted the percentage of data that was retained for
the analyses. Children are at higher risk for motion in the scanner
compared to adults (Greene et al., 2016), however there are currently no
standard guidelines to preprocess and perform appropriate data clean-
ing in pediatric neuroimaging. Although recently standard pipelines
(such as fMRIprep) have begun to include age-appropriate templates
(Fonov et al., 2011), to the best of our knowledge there is a lack of
standard pediatric atlases (e.g., subcortical parcellation atlases, RSNs
atlases) and robust/automated strategies for removing motion artifacts
(e.g., ICA-based methods) specific to pediatric populations. Whilst we
adopted a data-driven approach (ICA) to investigate RSNs connectivity,
alternatives methods that rely on the selection of predefined ROIs, such
as ROI-ROI connectivity analysis, could have yielded different results. It
is important to note that such inconsistency of methods (e.g., ICA,
ROI-ROI, ROI-whole brain) may impact reproducibility of results. The
choice of RSNs was performed by visually comparing the networks and
correlating them with existing atlases (Shirer et al., 2011; Smith et al.,
2009). However, evidence shows there are inconsistencies across studies
in the nomenclature of networks, particularly networks related to ex-
ecutive and control functions (Witt et al., 2020). Thus, our results may
not be generalizable to other executive function networks. It has been
suggested that more than 6 min of scan length are required to obtain
reliable resting state data, and this could be particularly important for
longitudinal studies (Birna, 2013). Our RSNs analyses were exploratory,
and it is important to note that we did not correct for multiple com-
parisons across network analyses (dual regression and FSLnets), but only
within each set of analyses. Thus, our results should be considered
preliminary and interpreted with caution.

5. Conclusion

In this study, although we found no evidence for (group-level) age-
related changes in connectivity of resting state networks during late
childhood, we found that maternal positive behavior was associated
with decreased co-activation of the superior parietal lobule with the
ECN at wave 2 compared to wave 1, potentially suggesting that positive
parenting promotes more mature connectivity between networks (pa-
rietal regions and ECN). That our findings were not in line with hy-
potheses, which were largely based on cross-sectional research, suggests
the need for more longitudinal work in order to better understand
developmental trajectories of neural networks, and how the caregiving
environment impacts them.
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