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A B S T R A C T

There is a substantial body of research documenting the influence of early adverse experience on brain devel-
opment. In contrast, relatively little attention has been directed toward the influence of ‘normative’ variation in
parenting behaviors. This study investigated associations between parenting behaviors and structural brain net-
works, as measured by structural covariance, in a community sample of children. One hundred and forty-five
typically developing 8-year-olds and their mothers completed questionnaire measures and two observed
parent-child interaction tasks. Structural MRI scans were also obtained from the children. Structural covariance
networks based on partial correlation between cortical thickness estimates were constructed, and estimates of
efficiency were obtained using graph theoretical analysis. Associations between affective and communicative
maternal behaviors and these network metrics were investigated. High levels of observed negative affective and
communicative maternal behaviors were associated with decreased local efficiency, whereas high levels of pos-
itive affective maternal behaviors were associated with increased local efficiency. The regions implicated
(including the cingulate cortex, temporal pole, and temporo-parietal junction) are thought to be involved in the
processing of social information. Minimal support was found for an association between global efficiency and
maternal behaviors. Our findings suggest that variations in parenting behaviors are associated with structural
organization of socio-emotional brain networks in children.
1. Introduction

There is a substantial body of research documenting the influence of
adverse family environments (e.g., involving parenting in the form of
child maltreatment and neglect) on brain development (Belsky and de
Haan, 2011). In contrast, relatively less attention has been directed to-
ward the influence of ‘normative’ variation in parenting behaviors
(Morris et al., 2017). The influence of parental behaviors on brain
development may be strongest during ‘sensitive periods’ when neuronal
properties are particularly receptive to acquiring certain kinds of infor-
mation and susceptible to modification by experience (Fuhrmann et al.,
2015; Hensch, 2004; Pechtel et al., 2014). Late childhood, a time of
try Centre, Department of Psych
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intensive brain development, may be a sensitive period and consequently
in this context, parental behaviors may ‘shape’ brain structure and
function (V�ertes and Bullmore, 2015; Walhovd et al., 2017).

Although still small, a growing literature has documented associa-
tions between parenting behaviors and the structure of cortical and sub-
cortical regions have been reported across childhood and adolescence
(Belsky and de Haan, 2011; Kok et al., 2015; Luby et al., 2012). For
example, positive (warm and supportive) parenting behavior has been
found to predict more mature gray matter growth (Luby et al., 2016;
Whittle et al., 2014). Negative (aggressive and hostile) parenting
behavior, in contrast, has been linked to less mature gray matter brain
development in adolescence (Whittle et al., 2016).
iatry, The University of Melbourne 161 Barry St., Carlton, VIC, 3053, Australia.
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Table 1
Demographic and clinical participant information (N¼ 145).

Characteristic

Child age, M(SD), years 8.42 (0.33)
Males, No. (%) 68 (46.90)
CDI-2, M(SD)a 8.32 (6.07) T-Score 55, ‘Average or Lower’
SCAS, M(SD)b 26.27 (13.07) T-Score 52, ‘Normal’
LITE, M(SD)c 3.82 (2.33)
Child ethnicity
Caucasian, No. (%) 102 (71.03)
Other, No. (%) 30 (20.70)
Maternal age, M(SD), years 40.25 (5.5)
Maternal Occupational Status, M(SD)d 62.38 (19.94)

a Imputed data, The Children's Depression Inventory 2, maximum T-Score for
boys and girls 7–12 years (Kovacs, 2011).

b Imputed data, The Spence Children's Anxiety Scale maximum T-Score for boy
and girls aged 8–11 years (Spence, 1998).

c Lifetime Incidence Traumatic Events, n¼ 143 (Greenwald and Rubin, 1999).
d Socioeconomic Index 2006 (AUSEI06), n¼ 138 (McMillan et al., 2009).
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While these studies have contributed to our understanding of the
impact of parenting on particular brain structures, there is growing
recognition that applying a whole brain network approach may provide
novel insights given that brain regions do not function in isolation.
Functional magnetic resonance imaging (fMRI) research indicates the
parent-child relationship is associated with resting state networks.
Within community samples, associations have been demonstrated be-
tween maternal expression of anger and amygdala resting state connec-
tivity for adolescents (Callaghan et al., 2017), between default mode
network (DMN) connectivity and inter-parental conflict in infants (Gra-
ham et al., 2015), and between maternal sensitivity and amygdala and
hippocampus connectivity, also in infants (Rifkin-Graboi et al., 2015).
The mechanism by which parenting behaviors influence resting state
connectivity networks is not clear, however the brain regions identified
within the amygdala resting-state functional network and the DMN have
been associated with social-cognitive processing in task based fMRI
studies (Kennedy and Adolphs, 2012; Mars et al., 2012). Taken together
the functional network literature indicates large-scale networks are
involved in social-cognitive processing and are sensitive to variations in
parenting behaviors.

In contrast to functional networks, the literature for structural net-
works has focused on exposure to adverse early environments where
participants have been selected based on maltreatment criteria (Ohashi
et al., 2017; Puetz et al., 2017; Sun et al., 2018a,b; Teicher et al., 2014).
White matter network research (based on diffusion tensor imaging) has
demonstrated that exposure to childhood maltreatment has been asso-
ciated with reductions in global connectivity strength (Ohashi et al.,
2017; Puetz et al., 2017) and local connectivity (Puetz et al., 2017). Gray
matter network studies show exposure to maltreatment is associated with
altered centrality (connectedness, ‘importance’; Sun et al., 2018a,b;
Teicher et al., 2014), reduced network clustering (a similar metric to
local efficiency, see Latora and Marchiori, 2001), and modularity
(Nikolova et al., 2018). No research to our knowledge has (a) investi-
gated the influence of parenting behaviors on structural brain networks
in community-based children, and in particular (b) investigated such
important early environmental exposures on brain networks based on
structural covariance of gray matter, despite growing evidence that such
networks have relevance for understanding brain development (Khun-
drakpam et al., 2013; Nie et al., 2013), child functioning (Khundrakpam
et al., 2016), and mental health (Jiang et al., 2016).

The examination of structural brain networks derived from structural
covariance analysis of cortical thickness is based on the finding that inter-
individual differences in the structure of one brain region often covary
with inter-individual difference in other brain regions (Alexander-Bloch
et al., 2013a,b). These synchronized changes may be attributable to
common trophic influences and other genetic and environmental factors
(Alexander-Bloch et al., 2013a,b). A large range of network metrics have
been applied to investigate structural covariance networks and can be
broadly divided into measures of integration and segregation (Richmond
et al., 2016). Network efficiency is a fundamental network property that
can be measured locally as communication between a node (i.e., cortical
gray matter region) and its first neighbors to reflect the tendency for
localized processing (segregation) within the network (Latora and
Marchiori, 2001; Rubinov and Sporns, 2010). Global network efficiency
can be conceptualized as the efficiency of parallel information transfer,
where every node sends information concurrently along the edges
(anatomical connections) of the network (Fan et al., 2011). Global effi-
ciency is a measure of a network's ability to combine information from
distributed brain regions (integration; Rubinov and Sporns, 2010).

Here we focus on network efficiency as it (a) provides insight into
fundamental network organizational principles, (b) has been associated
with family environments (aforementioned), and (c) changes across
development. Although network development was not directly tested in
this study, knowledge of preliminary developmental trends was utilized
to hypothesize about associations between parenting and network effi-
ciency. During late childhood (between 8 and 12 years of age), local
2

efficiency has been observed to decrease relative to younger and older
age groups (Khundrakpam et al., 2013; Nie et al., 2013; Richmond et al.,
2016). For the same developmental period, global efficiency has been
observed to peak and may flatten out in adolescence (Khundrakpam
et al., 2013; Nie et al., 2013).

The aim of this study was to investigate the relationship between
parenting behavior and efficiency of structural brain networks, as
measured by structural covariance of cortical thickness, in late child-
hood. Late childhood was of particular interest given that it is a sensitive
period of brain development, and it represents a period where parents are
of particular importance prior to the transition to adolescence when
peers begin to have a more influential role (Lamblin et al., 2017). We
hypothesized that more positive and less negative parenting behaviors
would be associated with more optimal network efficiency. Given higher
global efficiency is thought to be optimal in children - it has been asso-
ciated with higher verbal intelligence (Khundrakpam et al., 2016) and
absence of conduct disorder (Jiang et al., 2016), we hypothesized more
positive and less negative parenting behaviors would be associated with
higher global efficiency. Findings for local efficiency, however, have
been mixed, with both higher and lower estimates found to be ‘optimal’
(Bonilha et al., 2014; Hosseini et al., 2016; Jiang et al., 2016). Given that
the emerging developmental trajectory for local efficiency indicates a
decrease in late childhood (between 8 and 12 years of age) relative to
younger and older age groups (Khundrakpam et al., 2013; Nie et al.,
2013; Richmond et al., 2016) and our other work suggesting that positive
parenting behaviors are associated with accelerated cortical develop-
ment (Whittle et al., 2014), we hypothesized that more positive and less
negative parenting behaviors would be associated with lower local
efficiency.

2. Methods and materials

2.1. Participants and recruitment

The data included in this study came from the Families and Childhood
Transitions Study (FACTS) conducted at The University of Melbourne,
Australia. The research was approved by the human research ethics
committee at The University of Melbourne, and written informed consent
was obtained from each child and a parent/guardian. Abbreviated
summaries andmeasures relevant to this analysis are provided below and
further details can be sourced in the study protocol (Simmons et al.,
2017). The current study included baseline data from FACTS, where
participating dyads comprised 145 children and their mothers (Table 1).

Although not the case for all families, socioeconomic disadvantage
has been associated with suboptimal parenting practices (Newland et al.,
2013; Pereira et al., 2013). To ensure that we did not recruit a sample
biased for high socioeconomic advantage and subsequent low variation
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in negative and positive parenting behaviors (Galea and Tracy, 2007),
participant recruitment focused on suburbs of Melbourne that scored
within the lowest tertile on the Socioeconomic Indexes for Areas (SEIFA)
scale of advantage (Australian Bureau of Statistics, 2013).

Eight-year-old typically developing children were invited to partici-
pate in the study. Only mothers were recruited to take part in the
assessment due to budget constraints. Participation was not restricted to
families with biological mothers; one mother not biologically related to
her child participated (0.69% of sample). Families who indicated they
wished to participate were contacted for a brief telephone interview to
assess the exclusion criteria, which included significant motor or sensory
impairments, and criteria related to having a Magnetic Resonance Im-
aging (MRI) scan.
2.2. Procedure

Children and their mothers completed an assessment including a MRI
scan and videotaped family interactions. Mothers completed an inter-
view comprising questions about the children's demographics, health,
and developmental histories.

2.2.1. Questionnaire measures

2.2.1.1. The Children's Depression Inventory 2 (CDI-2). The CDI-2
(Kovacs, 2011) is a 28 item self-report measure of cognitive, affective,
and behavioral signs of depression in children and adolescents aged 7–17
years. Participants select one of three options for each item that described
them best, based upon the previous two weeks. The CDI-2 yields a Total
score, two scale scores (Emotional Problems, Functional Problems) and
four subscale scores (Negative Mood/Physical Symptoms, Negative
Self-Esteem, Interpersonal Problems, Ineffectiveness). Total and scale
scores were examined. The CDI-2 has normative data in the relevant age
range and reliability and validity evidence across community and clinical
populations (Kovacs, 2011).

2.2.1.2. The Spence Children's Anxiety Scale (SCAS). The SCAS is a self-
report measure of anxiety symptoms for children aged from 8 to 15
years (Spence, 1998). The measure comprises 44 items, on which par-
ticipants rate the degree to which they have experienced an event, on a
four-point scale, ranging from never to always. The SCAS yields a Total
score and six sub-scale scores: Obsessive-compulsive Problems, Separa-
tion Anxiety, Social Phobia, Panic/Agoraphobia, Generalized Anxiety
Symptoms, and Concerns of Physical injury (Spence, 1998). Total score
was examined. The SCAS has been identified as a reliable and valid
measure across diverse childhood populations (Essau et al., 2002; Holly
et al., 2014).

2.2.1.3. The lifetime incidence of traumatic events (LITE). The LITE
(Greenwald and Rubin, 1999) is a 16-item parent-report screening in-
strument which assesses the type of loss or trauma a child has experi-
enced. The LITE parent report includes items that screen for exposure to
events including car accidents, death of family members, and physical
violence. Parents respond yes or no to each event, record howmany times
it occurred, at what age, how much it upset the child, and how it bothers
the child now. Greenwald and Rubin (1999) report the measure has good
reliability and adequate validity. The LITE parent report was adapted, at
the request of The University of Melbourne Ethics Committee, by
removing the two items on sexual abuse and adding items covering
mother-child separations and domestic relocation. The LITE parent
report has no standardized scoring system and was scored by summing
the number of endorsed items (Greenwald and Rubin, 1999).

2.2.1.4. The australian Socioeconomic Index 2006 (AUSEI06). The
AUSE106 was used to assess maternal occupational status (McMillan
et al., 2009). The AUSEI06 is based upon 2006 Australian Census data
3

and is a continuous measure of occupational status, ranging from 0, low
status, to 100, high status (McMillan et al., 2009).

2.2.2. Family interaction assessment and measures
Mother-child dyads completed two 15-min laboratory-based inter-

action tasks, which were video recorded for subsequent coding using a
modified version of The Family Interaction Macro-coding system (FIMS,
see supplemental information; Holmbeck et al., 2007). An
event-planning interaction (EPI) was completed first, followed by a
problem-solving interaction (PSI; Gilboa and Revelle, 1994). In the EPI,
dyads were asked to plan enjoyable activities together, such as vacations
or common hobbies (MacPhillamy and Lewinsohn, 1982). In the PSI, the
dyads were asked to discuss and try to resolve areas of conflict chosen
(Prinz, Foster, Kent and O'Leary, 1979). The EPI and PSI tasks were
intended to differentially elicit positive and negative behaviors,
respectively.

To identify different aspect of maternal behavior, an exploratory
principal components analysis was conducted using the FIMS mother-
child data (Richmond et al., in press). In brief, the PCA was run for
155 mother-child dyads (10 of whom did not have MRI data) to obtain
composite maternal parenting behavior scores. A four-factor solution
explained a total of 56.76% of the variance, with components comprising
1) Negativity EPI - negative maternal behaviors during the EPI, such as
negative and aggressive affect; 2) Warmth. - codes related to positive
affect, such as humor and warmth; 3) Negativity PSI - negative maternal
behavior during the PSI, such as negative and aggressive affect; and 4)
Communication - codes related to listening, structuring dialogue, and
clarity of thought (see Tables S1 and S2). Participant scores for each
parenting component were estimated (Harman, 1976) and divided into
tertiles: low-, moderate-, and high-. To evaluate whether results were
dependant on these groupings, participants were also divided into two
groups: low-, and high-, based on a median-split, and supplementary
analyses were conducted. Groups were required because structural
covariance networks are constructed from correlations of cortical thick-
ness. Consequently, a structural covariance network represents a group of
participants and not the network of an individual.

2.2.3. MRI acquisition and processing
The MRI procedure began with a mock scan in a replica MRI to

minimize the likelihood of movement artefact, and participant anxiety.
Neuroimaging data were acquired on the 3T Siemens TIM Trio scanner
(Erlangen, Germany) at the Murdoch Children's Research Institute, Royal
Children's Hospital, Melbourne. Participants lay supine with their head
supported in a 32-channel head coil. T1-weighted images were acquired
during a 5:19min sequence (MPRAGE: repetition time¼ 2530msec;
multiple echo times¼ 1.74; 3.6; 5.5; 7.3 msec; flip angle¼ 7�, field of
view¼ 256� 256mm2) and produced 176 contiguous 1.0 mm thick sli-
ces (voxel dimensions¼ 1.0mm3). Image quality was visually inspected
at the time of acquisition by the radiographer. If movement artefact was
detected and time permitted, with the participant's consent the sequence
was repeated.

2.2.4. Structural image processing
FreeSurfer was used to generate models of the cortical surface and to

model cortical thickness from the T1-weighted images (Version 5.3;
Fischl, 2012). The processing steps have been described in detail else-
where (Dale et al., 1999; Fischl et al., 1999). All T1-weighted images were
subject to a manual quality assessment procedure involving visual in-
spection of all image slices per participant, manual edits were made
where cortical surfaces were under- or over-estimated on four or more
image slices. Of the 153 acquired scans, manual edits were made to 55
and one was excluded due to excessive motion. Outlier detection was
used pre- and post-manual edits to assess image quality.

2.2.5. Missing data
There was no missing family interaction data. For CDI-2 and SCAS
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data, 19% and 18% of participants, respectively, had missing data on at
least one item. For both questionnaire measures (CDI-2 and SCAS) the
mechanism for missing data was investigated (see SI for details). To
predict missing values, multiple imputation was carried out at the item
level; five imputed data sets were generated and pooled results were
reported (Enders, 2010; van Buuren and Groothuis-Oudshoorn, 2011).
For SCAS data, one participant did not complete any items and was
removed. For the LITE data, two participants did not complete any items
and were removed. Missing items on the LITE were not imputed as the
measure is a screen only, missing items were assumed as not endorsed.
Similarly, missing maternal occupational data (n¼ 7) was not imputed.

2.2.6. Structural covariance network definition
Network nodes were defined by the FreeSurfer parcellation of the

cortical gray matter into regions in accordance with the Destrieux atlas,
74 regions per hemisphere (Destrieux et al., 2010). Network edges were
defined by partial correlations of average cortical thickness between
pairs of nodes (correlations of cortical thickness after removing variance
shared with other nodes; He et al., 2008; Teicher et al., 2014). A sparse
partial correlation estimation procedure was applied to identify signifi-
cant, non-zero partial correlations (Lasso, least absolute shrinkage and
selection operator; Tibshirani, 1996, see supplemental information;
2011). Sparse inverse covariance estimates have been applied recently to
characterize functional and structural networks in clinical populations
and to identify statistically significant group differences (Lefort-Besnard
et al., 2018). All networks were analyzed as binary and undirected, which
assumes the edges have no orientation (Sporns, 2012).

2.2.7. Structural covariance network analysis

2.2.7.1. Parenting component characteristics. To establish whether there
may be any variables confounding associations between parenting and
brain networks, we investigated between-group differences for the low-,
moderate, and high-groups for each of the four parenting components for
the following variables using ANOVA: child age, sex, depression symp-
toms, anxiety symptoms, incidence of traumatic events, and maternal
occupational status. We applied an FDR (5%) to adjust for the multiple
comparisons across the four parenting components (i.e. 24 in total).

2.2.7.2. Network parameters. The binarized graphs were used to calcu-
late global efficiency and local efficiency. Small-worldness was also
calculated as a check of network properties. As the equations for these
graph metrics are defined elsewhere only brief definitions are provided.
Global efficiency was defined as the average inverse of the characteristic
path length, where the characteristic path length was the minimum
number of edges that must be traversed to go from one node to another
(Bullmore and Sporns, 2009; Latora and Marchiori, 2001). Local effi-
ciency, as a measure of integration between a node and its immediate
neighbors, was defined with respect to the subgraph comprising all the
node's neighbors, after removal of the node and its incident edges (For-
nito et al., 2016). The local efficiency of each node was also averaged to
estimate the mean local efficiency of a network.

The small-worldness of a network was quantified as the ratio of the
normalized clustering coefficient and path length. Calculation of the
normalized clustering coefficient involved construction of null networks
(random graphs) using a rewiring algorithm, which generates undi-
rected, connected simple graphs based on the degree distribution of the
network of interest; an average of 100 networks was used.

2.2.7.3. Network parameter differences between parenting groups. To
determine if differences in network parameters (mean local efficiency,
global efficiency, and small-worldness) existed between the three
parenting Groups (low-, moderate-, high-) for each of the four compo-
nents (Negativity EPI, Warmth, Positivity PSI, Communication) a
nonparametric permutation test procedure was carried out (Bullmore
4

et al., 1999; He et al., 2007). First, for each parenting component, the
networks properties were calculated for each group using the whole
group regularization parameter. Next, to test the null hypothesis that
differences between the low-, moderate-, and high-groups might occur by
chance, participants were randomly allocated to one of three groups and
networks were constructed per the sparse partial correlation estimation
procedure detailed previously. Next, for each network property, the ab-
solute maximum difference for the three pairwise comparisons was
determined. The random allocation procedure was repeated 5000 times
(per network property) and the 95 percentile points for each distribution
were used as the critical values for a two-tailed test of the null hypothesis
with a probability of type 1 error of 0.05.

We applied an FDR of 5% to adjust for the multiple comparisons of
mean local and global efficiency across the between-group contrasts for
the four parenting components (i.e. 2 (global, local) x 3 (group com-
parisons) x 4 (parenting components)¼ 24 in total). We investigated
distributions of local efficiency using the Kolmogorov-Smirnov two-
sample test which tests the hypothesis that two independent samples
have been drawn for the same sample (Scheff, 2016). In addition, we
performed a region-by-region comparison of group differences in local
efficiency by applying the nonparametric permutation procedure
described above. Adjustment for multiple comparisons was made using
an FDR of 5% (Khundrakpam et al., 2016; Sun et al., 2018a,b). Post-hoc
analyses of significant main effects used Fisher's least significant differ-
ence test to correct for multiple comparisons (Levin et al., 1994).

Key analysis resources are listed in Supplemental Table S6. Raw data
is available by contacting the corresponding author.

3. Results

3.1. Parenting group characteristics

The descriptive statistics for the low-, moderate, and high-groups of
each parenting component are listed in Table 2 and the distributions
presented graphically in Supplemental Figs. S1–S4. Correlations between
the parenting components are presented in Table S3 (FDR 5%). For each
parenting component (Negativity PSI, Warmth, Negativity EPI, and
Communication) no significant between-group differences were found
for the low-, moderate-, and high-groups for age (child), sex, depression
symptoms, anxiety symptoms, incidence of traumatic events, or maternal
occupational status (FDR 5%; Table S4). In addition, no significant cor-
relations were found between parenting component scores and depres-
sion symptoms, anxiety symptoms, incidence of traumatic events, or
maternal occupational status (FDR 5%; Table S5). Distributions for
depression symptoms, anxiety symptoms, incidence of traumatic events,
and maternal occupational status presented graphically in Supplemental
Figs. S5–S8.

3.2. Sparse estimation

The regularization parameter for the sparse estimation procedure, ρ
was selected by cross-validation based on the data for all participants, for
the Destrieux parcellation ρ¼ 0.184.

3.3. Network parameter differences between parenting groups

Comparative analyses (nonparametric permutation tests) of topolog-
ical properties (global efficiency, mean local efficiency, local efficiency,
and small-worldness) were performed for each of the four parenting
components (Negativity EPI, Warmth, Negativity PSI, and Communica-
tion) between the three groups (low-, moderate-, and high-).

3.3.1. Parenting and mean local efficiency
Comparisons for mean local efficiency are presented in Fig. 1 and

Table 3 (FDR 5%). For Negativity EPI, the low group had increased mean
local efficiency compared with the moderate and high groups. For



Ta
bl
e
2

G
ro
up

in
fo
rm

at
io
n
fr
om

fa
m
ily

in
te
ra
ct
io
n
m
ac
ro
-c
od

in
g
sy
st
em

pr
in
ci
pa

lc
om

po
ne

nt
s
an

al
ys
is

(N
¼
14

5)
.

Pa
re
nt
in
g
C
om

po
ne

nt
Sk

ew
K
ur
to
si
s

Lo
w
-

M
od

er
at
e-

H
ig
h-

N
M
in

M
ax

R
an

ge
M
ea
n
(S
D
)

N
M
in

M
ax

R
an

ge
M
ea
n
(S
D
)

N
M
in

M
ax

R
an

ge
M
ea
n
(S
D
)

N
eg

at
iv
it
y
EP

I
2.
44

7.
73

49
�1

.9
3

�0
.4
8

1.
45

�0
.6
4
(0
.2
3)

48
�0

.4
7

�0
.1
6

0.
31

�0
.3
3
(0
.0
9)

48
�0

.1
6

5.
61

5.
76

1.
06

(1
.2
1)

W
ar
m
th

0.
24

1.
28

49
�3

.5
6

�0
.4
5

3.
11

�1
.0
0
(0
.5
5)

48
�0

.4
4

0.
29

0.
73

�0
.0
9
(0
.2
3)

48
0.
34

3.
13

2.
79

1.
03

(0
.6
5)

N
eg

at
iv
it
y
PS

I
0.
97

0.
27

49
�1

.3
9

�0
.6
8

0.
71

�0
.9
6
(0
.1
4)

48
�0

.6
8

0.
34

1.
02

�0
.2
4
(0
.2
9)

48
0.
38

3.
38

3.
00

1.
20

(0
.7
4)

C
om

m
un

ic
at
io
n

�1
.5
9

3.
19

49
�4

.2
4

�0
.0
1

4.
25

�1
.1
1
(0
.9
9)

48
0.
02

0.
52

0.
50

0.
31

(0
.1
4)

48
0.
53

1.
85

1.
32

0.
85

(0
.2
9)

N
ot
e.

A
bb

re
vi
at
io
ns
:E

PI
,e

ve
nt
-p
la
nn

in
g
in
te
ra
ct
io
n;

M
in
,m

in
im

um
;M

ax
,m

ax
im

um
;P

SI
,p

ro
bl
em

-s
ol
vi
ng

in
te
ra
ct
io
n.

S. Richmond et al. NeuroImage 202 (2019) 115965

5

Negativity PSI, the low group had increased mean local efficiency
compared to the moderate and high groups. For Communication, the low
group had increased mean local efficiency compared to the moderate and
high groups. For Warmth, the moderate and high Groups had increased
mean local efficiency compared to the low group.

Comparisons for mean local efficiency for the two-group analysis are
presented in Table S7. The pattern of results was similar to that of the
tertile groupings, however, the comparisons did not reach significance.

3.3.2. Parenting and global efficiency
For the four parenting components, there were no significant group

differences for global efficiency. Comparisons for global efficiency for the
two-group analysis are presented in Table S7 and reflected the same
pattern as the tertile groupings.

3.3.3. Parenting and small-worldness
Each group (low-, moderate-, and high-) of the four parenting com-

ponents displayed small-world topology (sigma >1; Table 4). For Nega-
tivity EPI, the low group had increased sigma compared to the moderate
and high groups (Table 5, FDR 5%). For Negativity PSI, the high group
had decreased sigma compared to the moderate and low groups. Changes
in sigma across the parenting groups were driven by the clustering co-
efficients for these groups. (Table 5, FDR 5%).

3.3.4. Parenting and local efficiency per region (node)
The results for mean local and global efficiency were based on

network averages. Given the eight significant differences identified
(Table 3) for mean local efficiency between low-, moderate, and high-
groups for each of four parenting components, we investigated effi-
ciency for the regions (nodes). The Kolmogorov-Smirnov test identified
three comparisons (e.g., low-Warmth compared to moderate-Warmth)
where there was a statistically significant difference between the pairs
(Table 6, FDR 5%). Four comparisons identified using the permutation
based approach were not identified by the Kolmogorov-Smirnov test (e.g,
difference in mean local efficiency for low and high levels of Negativity
PSI (Table 3).

We identified 31 regions (15 unique) with a significant difference in
local efficiency across the four parenting components (FDR adjusted at
5%; Table 7 and Fig. 2). Between low and moderate and low and high
levels of Negativity EPI, all regions decreased in local efficiency, e.g.,
superior frontal gyrus, inferior temporal gyrus, and the superior part of
the precentral gyrus. Between moderate and high levels of Negativity
EPI, three of four regions increased in local efficiency, superior frontal
gyrus, inferior temporal gyrus, and the superior part of the precentral
gyrus.

For Warmth, significant differences in local efficiency were identified
for all three group comparisons (four regions, low – moderate; two re-
gions, low – high; two regions, moderate to high). In all regions except
the middle-anterior part of the cingulate gyrus and sulcus (for the low to
moderate comparison) local efficiency increased. The subcallosal gyrus
and lateral occipito-temporal sulcus regions were observed to increase
across low to moderate and low to high. The regions implicated are
located within the occipital, parietal, medial prefrontal, and temporal
cortices.

For Negativity PSI, significant differences in local efficiency were
identified in two group comparisons (three regions, low –moderate; two
regions, moderate – high). For low to moderate levels of negative
parenting during the PSI task, two of three regions displayed a decrease in
local efficiency (calcarine sulcus and superior parietal lobule). For
moderate to high levels of negative parenting during the EPI task, the
same two regions increased in local efficiency (calcarine sulcus and su-
perior parietal lobule).

For Communication, significant differences in local efficiency were
identified for all three group comparisons (three regions, low –moderate;
one region, low – high; four regions, moderate – high). For an increase in
Communication from low to moderate levels, all regions had decreased



Fig. 1. Mean network efficiency for parenting components.

Table 3
Mean local efficiency, global efficiency, and absolute group differences.

Parenting Component Low Moderate High LE omnibus p values Low – Moderate Low - High Moderate – High

LE GE LE GE LE GE LE diff GE diff LE diff GE diff LE diff GE diff

Negativity EPI .484 .553 .451 .549 .459 .549 p< .001 .032*** .004 .025** .004 -.007 0.000
Warmth .443 .548 .475 .550 .472 .549 p< .001 -.032**** -.002 -.030*** -.001 .002 0.002
Negativity PSI .471 .549 .458 .544 .446 .550 p< .001 .013 .005 .025*** -.001 .012 �0.006
Comm .461 .548 .436 .544 .441 .547 p< .001 .025** .004 .020* .002 -.006 �0.003

Note. Abbreviations: diff, difference; EPI, event-planning interaction; GE, global efficiency; LE, local efficiency; PSI, problem-solving interaction; Comm, communi-
cation.
FDR (5%) adjusted p-values.
*p< .05.
**p< .01.
***p< .001.

Table 4
Small-world index.

Parenting Component Low Moderate High

Sigma L/Lrand C/Crand sigma L/Lrand C/Crand Sigma L/Lrand C/Crand

Negativity EPI 1.488 1.947/1.926 0.192/0.128 1.395 1.965/1.942 0.178/0.126 1.406 1.967/1.940 0.182/0.128
Warmth 1.415 1.965/1.948 0.177/0.124 1.470 1.957/1.938 0.188/0.126 1.488 1.966/1.937 0.189/0.125
Negativity PSI 1.469 1.966/1.939 0.187/0.125 1.477 1.987/1.957 0.183/0.122 1.379 1.960/1.942 0.173/0.125
Communication 1.432 1.968/1.942 0.183/0.126 1.418 1.985/1.962 0.173/0.121 1.441 1.974/1.952 0.181/0.124

Note. Abbreviations: EPI, event-planning interaction; PSI, problem-solving interaction; rand, random.
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local efficiency. Regions implicatedwere located in parietal and temporal
cortices. For low to high levels of Communication, the middle-anterior
part of the cingulate gyrus and sulcus increased in local efficiency. For
6

moderate to high levels of Communication, three of four regions dis-
played an increase in local efficiency: inferior temporal gyrus, superior
temporal sulcus, and the middle-anterior part of the cingulate gyrus.



Table 5
Absolute group differences, small-worldness.

Parenting Component Low – Moderate Low – High Moderate – High

Negativity EPI 0.093* 0.082* �0.011
Warmth �0.055 �0.073 �0.018
Negativity PSI �0.007 0.103* 0.110***
Communication 0.014 �0.009 �0.023

Note. Abbreviations: EPI, event-planning interaction; PSI, problem-solving
interaction.
FDR (5%) adjusted p-values.
*p< .05.
**p< .01.
***p< .001.

Table 6
Kolmogorov-Smirnov Test for equality of local Efficiency distributions.

Parenting Component Low – Moderate Low – High Moderate – High

Negativity EPI .196* .148 .128
Warmth .189* .223* .095
Negativity PSI .095 .155 .149
Communication .135 .169 .101

Note. Abbreviations: EPI, event-planning interaction; PSI, problem-solving
interaction.
FDR (5%) adjusted p-values *p< .05. **p< .01. ***p< .001.

Table 7
Cortical regions (nodes) with significant between-group differences in local
efficiency.

Cortical region (node) No.a Local Efficiency Difference

Negativity EPI: low to moderate low moderate

Superior frontal gyrus (R) 16 0.588 0.415 L>H*
Inferior temporal gyrus (L) 37 0.567 0.311 L>H*
Middle temporal gyrus (L) 38 0.565 0.308 L>H*
Superior part of the precentral
gyrus (L)

69 0.559 0.255 L>H**

Negativity EPI: low to high low high

Orbital sulci (L) 64 0.657 0.314 L>H**
Subparietal sulcus (L) 71 0.523 0.205 L>H**
Negativity EPI: moderate to
high

moderate high

Superior frontal gyrus (R) 16 0.415 0.577 M<H*
Inferior temporal gyrus (L) 37 0.311 0.507 M<H*
Superior part of the precentral
gyrus (L)

69 0.255 0.608 M<H**

Subparietal sulcus (L) 71 0.560 0.205 M>H***
Warmth: low to moderate low moderate

Angular gyrus (R) 25 0.392 0.577 L<H*
Subcallosal area, subcallosal gyrus
(R)

32 0.045 0.386 L<H*

Lateral occipito-temporal sulcus
(R)

60 0.119 0.502 L<H**

Middle-anterior part of the
cingulate gyrus and sulcus
(aMCC) (L)

7 0.513 0.278 L>H*

Warmth: low to high low high

Subcallosal area, subcallosal gyrus
(R)

32 0.045 0.386 L<H*

Lateral occipito-temporal sulcus
(R)

60 0.119 0.502 L<H**

Warmth: moderate to high moderate high

Superior temporal sulcus (parallel
sulcus) (R)

73 0.432 0.601 M<H*

Middle-anterior part of the
cingulate gyrus and sulcus
(aMCC) (L)

7 0.278 0.530 M < H*

Negativity PSI: low to moderate low moderate

Supramarginal gyrus (R) 26 0.301 0.530 L<M**
Calcarine sulcus (R) 44 0.534 0.311 L>M*
Superior parietal lobule (L) 27 0.470 0.236 L>M*
Negativity PSI: moderate to
high

moderate high

Calcarine sulcus (R) 44 0.311 0.627 M<H**
Superior parietal lobule (L) 27 0.236 0.559 M<H*
Communication: low to
moderate

low moderate

Angular gyrus (R) 25 0.563 0.358 L>M**
Inferior temporal gyrus (R) 37 0.590 0.256 L>M**
Superior temporal sulcus (parallel
sulcus) (R)

73 0.564 0.341 L>M**

Communication: low to high low high

Middle-anterior part of the
cingulate gyrus and sulcus
(aMCC) (L)

7 0.278 0.617 L<H**

Communication: moderate to
high

moderate high

Inferior temporal gyrus (R) 37 0.256 0.592 M<H**
Superior temporal sulcus (parallel
sulcus) (R)

73 0.341 0.531 M<H**

Middle-anterior part of the
cingulate gyrus and sulcus
(aMCC) (L)

7 0.262 0.617 M<H***

Pericallosal sulcus (L) 66 0.551 0.182 M>H*

Note. Abbreviations: L, left; R, right.
FDR (5%) adjusted p-values *p< .05. **p< .01.

a Anatomical parcellation based on Destriuex atlas (Destrieux et al., 2010).
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4. Discussion

This study, for the first time, demonstrates associations between
maternal parenting behaviors and efficiency of structural brain networks
in late childhood in a community-based sample. We hypothesized that
more positive and less negative maternal parenting behaviors would be
associated with lower local and higher global efficiency. Associations
were found; however, they were not as predicted. Indeed, (a) minimal
support was found for a relationship between global efficiency and
maternal behaviors; (b) more negative maternal affective parenting was
associated with decreased local efficiency; (c) more positive affective
maternal parenting was associated with increased local efficiency.

Overall, for non-optimal (i.e., high negative and low positive) affec-
tive maternal parenting, mean local efficiency decreased. More regions
displayed decreased local efficiency when the parenting behavior and the
context were not congruent (i.e., Negativity EPI, negative parenting
during a task designed to elicit positive affective behaviors) compared to
when they were congruent (i.e., Negativity PSI, negative parenting dur-
ing a task designed to elicit negative affective behaviors). Earlier work
has highlighted the importance of affective context on parenting be-
haviors with respect to predicting child mental health (Schwartz et al.,
2012, 2014). In our previous longitudinal study of adolescents, rates of
maternal aggressive behavior in a non-congruent context significantly
predicted major depressive disorder onset (Schwartz et al., 2014), but
aggressive behavior in a congruent context did not. Further, we have also
found that maternal aggressive behavior in a non-congruent context
predicts poor functioning in adolescents via alterations in structural brain
development (Whittle et al., 2016). Thus, it is possible that negative
maternal behavior that is ‘out of context’ may have more of a consistent
(and potentially negative) impact on child brain organization and mental
health.

Although no previous literature has investigated links between
maternal parenting behavior and structural brain networks, our results
for negative parenting are consistent with the recent findings of Nikolova
et al. (2018). Nikolova et at. (2018) demonstrated that exposure to
childhood maltreatment was associated with lower network clustering, a
parameter comparable to local efficiency, in young adults. Further, using
the unpredictable chronic mild stress paradigm in mice, Nikolova et al.
(2018) identified a stress-related loss of network clustering. The authors
suggest that this cross-species evidence for large-scale brain network
7



Fig. 2. Nodes showing significant between-group differences (FDR adjusted at 5%) in local efficiency based on pair-wise comparisons among low-, moderate- and
high-maternal parenting groups. Abbreviations: aMCC, Middle-anterior part of the cingulate gyrus and sulcus; AG, angular gyrus; CS, calcarine sulcus; ITG, inferior
temporal gyrus; LOTS, Lateral occipito-temporal sulcus; MTG, middle temporal gyrus; OS, orbital sulci; PS, pericallosal sulcus; subPS, subparietal sulcus; SC, sub-
callosal area, subcallosal gyrus; SFG, superior frontal gyrus; SPL, superior parietal lobule; SMG, supramarginal gyrus; SPCG, superior part of the precentral gyrus; STS,
superior temporal sulcus.
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alterations associated with chronic stress may indicate a mechanistic
pathway for psychopathology.

While the consistency between our local efficiency findings and those
of Nikolova et al. (2018) is promising, our findings were not as predicted.
We hypothesized that more optimal (i.e., more positive and less negative)
8

parenting would be associated with reduced local efficiency, which we
speculated reflects accelerated maturation (or exaggeration) of the
normal pattern of reducing local efficiency during late childhood
(Khundrakpam et al., 2013; Nie et al., 2013). Although the develop-
mental studies from which we drew our hypothesis appear convergent,
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the age ranges for the trajectory turning points are wide and the lowest
value for local efficiency has been observed between approximately 8
and 12 years of age (Khundrakpam et al., 2013; Nie et al., 2013). Thus,
we only have a preliminary idea of the developmental trajectory of local
efficiency and finer grained, age specific results are required.

It is possible that low network efficiency represents an adaptive
mechanism. Given that high levels of negative affective and low levels of
positive affective parenting are likely to be detrimental to children's
development, it is plausible that these children have had to mature more
quickly to ‘adapt’ to non-optimal parenting. In terms of local efficiency,
faster maturation might be reflected in an acceleration or exaggeration of
the normative pattern (i.e., decreased) for late childhood. This notion is
consistent with functional MRI studies of the amygdala-prefrontal cortex
circuit that indicate accelerated connectivity, in children and adoles-
cents, in response to early deprivation (Gee et al., 2013) and insensitive
parenting (Thijssen et al., 2017).

High-levels of communicative behaviors were associated with
deceased local efficiency, in a pattern similar to the negative affective
parenting behaviors. Given communicative parental behaviors have been
linked to enhanced child functioning, and found to be protective in the
development of psychopathology in adolescents, this result was unex-
pected (Davidson and Cardemil, 2009; Ohannessian, 2013; Thomas and
Zimmer-Gembeck, 2007). Decreased local efficiency particularly for the
high-Communication group might suggest an adaptive mechanism
related to more mature structural networks, as suggested above for high
negative and low positive parenting.

It is important to note that the interpretation of local efficiency based
on maturation and adaptation is speculative, particularly given that the
current study was not longitudinal, and because our hypothesis was
drawn from structural covariance findings of correlations of cortical
thickness (Khundrakpam et al., 2013; Nie et al., 2013), and not partial
correlations as was the case for the current study. Further, our inter-
pretation of ‘optimal’ parenting behaviors is speculative, and it would be
helpful to extrapolate what the levels of observed maternal behaviors
(low-, moderate-, and high-) in the interaction tasks may represent in
terms of more naturalistic, everyday maternal-child communication, and
also how they predict different aspects of child functioning.

The cingulate cortex (middle-anterior), an area implicated in
emotional processing, demonstrated a differential pattern of local effi-
ciency for increasing levels of communication and warmth. This region
has been classified as part of the medial prefrontal cortex (mPFC) and is
considered part of the ‘social brain’ (Frith, 2007; Sandi and Haller, 2015).
In addition, these areas are consistent with a resting state functional
connectivity study that demonstrated that infants exposed to higher
inter-parental conflict had stronger connectivity between the posterior
cingulate cortex (PCC) and the anterior medial prefrontal cortex (Graham
et al., 2015); two core Default Mode Network regions. These regions have
been shown to be an important for regulating stress and emotions in fMRI
work in children and adults (Fonzo et al., 2010; Gee et al., 2013;
Meyer-Lindenberg and Tost, 2012). Taken together, these findings sug-
gest regions of the social brain and Default Mode Network (DMN)may be
susceptible to parenting behaviors.

Children exposed to high levels of negative affective (EPI) and
communicative behaviors, demonstrated changes in local efficiency in
the temporal gyri (inferior and middle) and sulci (superior). These re-
gions run into the anterior temporal lobe, an area thought to play a
critical role in representing and retrieving social knowledge (facts about
people and social situations) and identified as part of the ‘social brain’
(Frith, 2007; Olson et al., 2013). Developmental functional connectivity
studies confirm the temporal gyri/temporal cortex as part of the amyg-
dala resting network and have demonstrated associations with maternal
depression and expression of anger (Callaghan et al., 2017; Qiu et al.,
2015). Our findings are consistent with the temporal lobe as an area
relevant to the processing of social knowledge.

Of note, for warmth (low to moderate) and communicative behaviors
(low to moderate) the angular gyrus, which is located within the area of
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the temporoparietal junction (TPJ), was identified to have significant
changes in local efficiency. Similarly, for low to moderate negative be-
haviors during the PSI the supramarginal gyrus, also located within the
TPJ, was observed to have decreased local efficiency. The TPJ is theo-
rized to be important to social cognition as it enables individuals un-
derstand others' mental states, and to appreciate that these may differ
from our own, referred to as Theory of Mind (Frith, 2007; Gallagher and
Frith, 2003). Specifically, within this mentalizing network, although
other regions have been acknowledged, the anterior dorsal mPFC and
bilateral TPJ are the most consistently activated across different tasks
and modalities, (Molenberghs et al., 2016). Identification of regions
located in the vicinity of the TPJ for high levels of warmth, communi-
cative and negative maternal behaviors, may suggest that these behaviors
are related to efficiency of processing another person's perspective.

There are several important analytical choices that underlie and
strengthen our local efficiency findings (a) the group differences (e.g.,
Communication: low to moderate): that were investigated at the regional
level were first identified as significant from averaging local efficiency
across all regions (i.e. based on the mean local efficiency) to minimize
multiple comparisons and spurious findings; (b) all p-values, whether
averaged (mean local and global efficiency) or at the regional level were
corrected for multiple comparisons using a FDR of 5%; (c) given no
between-group differences were identified for age (child), sex, depres-
sion symptoms, anxiety symptoms, incidence of traumatic events, or
maternal occupational status it is unlikely that these variables are driving
the differences in network efficiency.

Overall, compared to local efficiency findings, no support was found
for an association between observed parenting behaviors and global ef-
ficiency. Given the lack of findings for global efficiency, it is possible that
the structural covariance analytical technique used in the current study is
not sensitive to changes in global efficiency or alternatively, global effi-
ciency may not be sensitive to the effects of parenting as measured in this
study. All groups demonstrated small-world organization and the small-
world index results followed a similar pattern to the local efficiency
findings. By visual inspection, the small-world index typically reached its
highest value for parenting groups with the highest clustering coefficient
and since the clustering coefficient is a similar concept to local efficiency,
these results are consistent with the definitions of graph theory.

There are a number of limitations of this work that should be
considered in interpreting findings. First, we were unable to examine the
relative contribution of fathers' behavior due to budget constraints. Fa-
thers play a significant role in the emotional development of their chil-
dren and the findings relating to mother's affective parental behaviors
may not generalize to fathers (Cassano et al., 2014; Schwartz et al.,
2016). Second, because dyads were predominantly Caucasian with
children aged 8-years, care should be taken in generalizing the findings
to ethnic minority families or to older or younger children. Third, as
discussed, the findings are limited by the cross-sectional nature of the
data. Fourth, we did not investigate the bi-directional nature of dyadic
interactions. Fifth, we were restricted to a between-subjects design and
power may have been an issue. A power analysis would be difficult to
conduct because, to the best of our knowledge, the available
meta-analyses generally assess difference between groups with dis-
ease/disorder and healthy controls (e.g., Ioannidis, 2011 for brain vol-
ume abnormalities) and would be likely to overestimate effect size in
typical development. In addition, given that covariance analysis does not
provide network metrics for individuals it was not possible to calculate a
standard measure of effect size. Estimating plausible effect sizes is
important for reproducibility and is an area of exploration for future
work. Sixth, we cannot rule out that the association between parenting
and structural brain networks in offspring is based on genetic factors. For
example, mothers high on communicative behaviours could have more
efficient structural brain networks and then have biological children with
more efficient networks. Finally, structural covariance in general, and
more specifically the sparse partial correlation estimation applied in the
current study, is a relatively newmethodology for constructing structural
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brain networks and therefore the results should be interpreted with
caution. Ultimately, exploring structural covariance using different
methodologies is likely to increase our understanding but it is also
important to consider underlying assumptions and limitations. We
analyzed the data based on the Destrieux parcellation. It is plausible that
other parcellations may be more biologically meaningful (Eickhoff et al.,
2018) and that the results would be impacted if an alternative parcella-
tion scheme was considered (Zalesky et al., 2010). Future work in this
area might include comparisons across multiple parcellation schemes. In
contrast to our between-subjects approach, future work might also
consider how individual differences in maternal behavior relate to stru-
cutural covariance between pairs of regions (nodes; Valk et al., 2017).

In the current study, regression was not used to remove the effect of
any confounding variables. Previous work has typically accounted for the
impact of multiple scanners, age, and sex (e.g., Khundrakpam et al.,
2016; Teicher et al., 2014). Here, age was tightly controlled and all scans
were conducted on the same scanner, so neither of these variables war-
ranted attention. It is likely though that sex may be related to structural
covariance networks, given the findings for sex differences in brain
structure (Cosgrove et al., 2007). Here the impact of sex was not inves-
tigated because under the current design, had we grouped by sex, the
number of participants in the low-, moderate- and high-parenting groups
would have been small (approximately 20 participants per group) and we
were concerned the findings would have been under-powered. Future
work in this area could evaluate the use of residual variances on our
analytic approach, sparse partial correlation estimation.

We employed a number of steps to address possible motion induced
artefact in the current study (Vijayakumar et al., 2018). As described
above, prior to scanning, participants were prepared using a mock-scan.
During scanning head cushioning was used and image quality was
assessed and re-acquired if appropriate. Data quality was assessed by
visual inspection and outlier detection during image processing. The
criteria for intervening and the number of manual corrections under-
taken was reported. Future work could benefit from the inclusion of a
quantitative measurement of motion.

5. Conclusion

This study is the first to explore the association between variations in
parenting behavior and gray matter structural brain networks in child-
hood. The results provide preliminary evidence that variations in the
affective and communicative aspects of typical family environments are
associated with the efficiency of structural covariance networks. It is
possible that these alterations in the properties of structural brain net-
works are one mechanism by which affective parental behaviors exert
their influence on symptoms of psychopathology (Schwartz et al., 2016;
Shortt et al., 2016). It would be of interest for future research to explore
whether parenting behaviors are related to the development of structural
covariance networks and psychopathology over time.
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