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Abstract An extensive literature has detailed how mal-
treatment experience impacts brain structure in children
and adolescents. However, there is a dearth of studies on
the influence of maltreatment on surface based indices, and
to date no study has investigated how sex influences the
impact of maltreatment on cortical thickness, surface area
and local gyrification. We investigated sex differences in
these measures of cortical structure in a large community
sample of children aged 10-14 years (n = 122) comprising
62 children with verified maltreatment experience and 60
matched non-maltreated controls. The maltreated group
relative to the controls presented with a pattern of
decreased cortical thickness within a region of right ante-
rior cingulate, orbitofrontal cortex and superior frontal
gyrus; decreased surface area within the right inferior
parietal cortex; and increased local gyrification within left
superior parietal cortex. This atypical pattern of cortical
structure was similar across males and females. An inter-
action between maltreatment exposure and sex was found
only in local gyrification, within two clusters: the right
tempo-parietal junction and the left precentral gyrus. These
findings suggest that maltreatment impacts cortical struc-
ture in brain areas associated with emotional regulation and
theory of mind, with few differences between the sexes.

Electronic supplementary material The online version of this
article (doi:10.1007/s00702-016-1523-8) contains supplementary
material, which is available to authorized users.

D< Philip A. Kelly
philip.kelly.09@ucl.ac.uk

Division of Psychology and Language Sciences, University
College London, Gower Street, London WC1 6BT, UK

2 The Anna Freud Centre, Maresfield Gardens,
London NW3 5SU, UK

Keywords Maltreatment - Sex differences - Cortical
thickness - Gyrification - Surface area - Latent vulnerability

Introduction

Childhood maltreatment is increasingly recognised as
major public health concern (Gilbert et al. 2009). It sig-
nificantly increases the risk of a range of psychiatric dis-
orders across the lifespan (Gilbert et al. 2009), including
depression, anxiety and post-traumatic stress disorder
(Anda et al. 2006; De Bellis 2001; Scott et al. 2010). Early
adolescence represents a critical time in development when
many psychiatric disorders begin to emerge (Paus et al.
2008; Uhlhaas and Singer 2011) and many of these dis-
orders are characterized by different patterns of prevalence,
age of onset and symptomatology between males and
females (e.g. Crijnen et al. 1997; Leadbeater et al. 1999).
Sex differences have also been reported for psychiatric
outcomes in maltreated samples. According to the extant
literature, females are more likely to present with inter-
nalising and males with externalising symptomatology
after maltreatment experience (Bos et al. 2011; Keyes et al.
2012). However, we know relatively little about neurobi-
ological sex differences in individuals who have experi-
enced maltreatment; furthermore, the research to date has
focussed on volumetric differences (Lim et al. 2014).
Characterizing the neurobiological sequelae of childhood
maltreatment across males and females in relation to more
fine-grained surface level indices may provide clues as to
possible sex differences in patterns of latent vulnerability
to subsequent psychiatric disorder (Kelly et al. 2015;
McCrory and Viding 2015).
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The impact of maltreatment on gray matter volume
and the influence of sex

A growing number of investigations have now associated
maltreatment exposure with atypical gray matter volume
(GMV) in child and adult samples. A recent meta-analysis
that combined twelve studies of adults and children
reported a broad pattern of reduced GMV in maltreated
individuals in a number of regions, including the orbito-
frontal gyrus, the superior and middle temporal gyri,
amygdala, insula, and para-hippocampal gyri (Lim et al.
2014). However, given that this meta-analysis combined
studies of child and adult samples, the majority of which
were comprised of individuals with concurrent psychiatric
disorders, one must be cautious in assuming specificity of
all of these GMV differences to maltreatment experience in
children (Lim et al. 2014).

To date, few studies have investigated the potential
interaction between maltreatment and sex in relation to
brain structure (De Bellis and Keshavan 2003; De Bellis
et al. 1999; De Bellis and Kuchibhatla 2006; Edmiston
et al. 2011). Structural sex differences have been noted in a
number of regions that are also significantly reduced fol-
lowing maltreatment (Chen et al. 2007; Koolschijn and
Crone 2013; Peper et al. 2009). A set of early influential
studies by De Bellis and colleagues, found that maltreated
boys with PTSD presented with smaller cerebral volumes
and larger ventricular volumes in comparison to maltreated
females with PTSD (De Bellis and Keshavan 2003; De
Bellis et al. 1999), implying that maltreatment exposure
may have a differential impact in males than females. One
correlational study has explored sex differences and the
impact of maltreatment on regional GMV in a single group
of children exposed to adversity (Edmiston et al. 2011).
Namely, Edmiston and colleagues found that early trauma
was associated with GMV decreases in emotional regula-
tion areas in females including dorsolateral and orbito-
frontal cortex, and decreases in caudate regions in males.
Unfortunately, it was not possible to ascertain that the
regions associated with sex differences reflected sex dif-
ferences in response to maltreatment, as opposed to
potential confounds such as 1Q or SES (which were not
accounted for in this analysis).

In a recent volumetric study of sex differences in mal-
treated children, free of psychiatric diagnosis, we found
that reduced GMV in the medial orbitofrontal cortex
(mOFC), bilateral middle temporal lobes (MTL) and
bilateral supramarginal gyrus in maltreated children com-
pared to matched controls (Kelly et al. 2015). Sex differ-
ences were observed only in the supramarginal gyrus and
the postcentral gyrus, but it appeared that maltreatment
exerted largely similar effects on GMV in both sexes.
However, measurement of GMV may in fact provide a
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relatively blunt index of altered brain structure and more
subtle sex differences may be apparent when brain struc-
ture is interrogated by surface-based methods.

The determinants of GMV

GMV is determined by two separable cortical indices,
cortical thickness (CT) and surface area (SA), which are
under distinct genetic influence and which have different
developmental trajectories (Panizzon et al. 2009; Schaer
et al. 2008). Local gyrification (1GI) is another surface-
based property which reflects cortical complexity and
folding, and is suggested to support increases in cortical
surface area (Reillo et al. 2011). CT is a reflection of
cortical layers (Rakic 1988), density of neurons and related
developmental processes, such as myelination (Paus et al.
1999; Sowell 2004). SA, while also providing a reflection
of neuronal density (Sisodiya and Free 1997; Sisodiya et al.
1996), reflects the number of cortical columns within each
region (Rakic 1988). Structural variations within these
cortical indices have been associated with psychiatric dis-
orders, such as conduct disorder (Hyatt et al. 2012),
schizophrenia (Nesvag et al. 2014; Palaniyappan and Lid-
dle 2012) and depression (Jaworska et al. 2014; Wagner
et al. 2012). Variations in these indices can provide us with
important clues about underlying neurodevelopment; for
instance cortical thickness reductions are believed to
optimise computation in frequently used circuits (Sowell
et al. 2007), while alterations in cortical gyrification have
been associated with neural connectivity patterns (Van
Essen 1997).

Sex differences, maltreatment and surface based
indices

Consistent with studies indicating global and local GMV
differences between males and females (Allen et al. 2003;
Chen et al. 2007; Cosgrove et al. 2007; Koolschijn and
Crone 2013; Luders et al. 2009; Peper et al. 2009; Shin
et al. 2005), CT and SA and their developmental trajectory
have been reported to differ between the sexes (Im et al.
2006; Luders et al. 2005, 2006; Lv et al. 2010; Mutlu et al.
2013; Raznahan et al. 2011; Sowell et al. 2007). It is also
noteworthy that in relation to gyrification females tend to
show patterns of highly localised increases compared to
men (Luders et al. 2006).

A limited number of studies have investigated surface
based measures in relation to maltreatment exposure. These
previous studies discovered associations between early
adversity and atypical cortical thickness, such as reductions
in the lingual gyrus (Tomoda et al. 2012), the left anterior
cingulate cortex (Heim et al. 2013) and accelerated thin-
ning in frontal and precentral areas (Whittle et al. 2013). In
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our own study of cortical thickness, surface area and
gyrification in children who had experienced documented
maltreatment, we reported alterations in all surface based
measures compared with carefully matched controls (Kelly
et al. 2013). Specifically, reduced cortical thickness was
observed in an extended cluster that incorporated the
anterior cingulate, superior frontal gyrus and orbitofrontal
cortex, with a number of regional differences in surface
area and gyrification including reduced surface area in the
middle temporal lobe and lingual gyrus. However, because
the sample was relatively small, it was not possible to
investigate sex differences, therefore we do not know
whether the findings were equally driven by the males and
females within the sample. To our knowledge, no study to
date has investigated the sexually dimorphic impact of
maltreatment on surface-based cortical indices.

The present study

Our primary aim was to investigate regional differences in
cortical thickness, surface area and gyrification associated
with maltreatment and to subsequently investigate possible
sex differences in how maltreatment may impact these
indices. Given that surface area is thought to show more
sexual dimorphism than cortical thickness (Raznahan et al.
2011), we expected that sex differences following mal-
treatment exposure might be particularly apparent in rela-
tion to surface area and its determinant, local gyrification.
We predicted that the general pattern of maltreatment
related differences would overlap with those of our previ-
ous surface-based study (Kelly et al. 2013).

Method
Participants

A total of 122 children aged 10-14 years were recruited
from London and the South-East of England as part of two
related studies investigating the neural correlates of
childhood maltreatment. Children with documented expe-
riences of maltreatment (physical, sexual, emotional abuse
or neglect; total n = 62) were recruited from Social Ser-
vices (SS) departments in London (n = 52) and affiliated
adoption agencies (n = 10). An additional n = 60 com-
parison children who had no documented history of mal-
treatment were recruited from primary and secondary
schools, as well as after-school youth clubs in the London
area, and via newspaper and internet advertisement.
Exclusion criteria for the comparison group included any
previous contact with SS with regard to the quality of care
or maltreatment of the child. Participants in the maltreated
and comparison groups were matched on age, pubertal

status, sex, handedness, cognitive ability, socio-economic
status and ethnicity (see Table 1).

Assent to participate in the study was obtained for all
children. For children living with their biological or
adoptive parents, consent was obtained from at least one
parent. Where there was shared parental responsibility
with SS, consent was obtained from the biological parent
of the child (if contactable), and SS. Exclusion criteria for
all participants included a diagnosis of learning disability,
pervasive developmental disorder, neurological abnor-
malities, standard MRI contra-indications (e.g. ferromag-
netic implants or braces) and cognitive ability (WASI)
<70. All procedures in the study were approved by
University College London Research Ethics Committee
(0895/002).

A subset of participants included in the present study
(43/122; 22 maltreated and 21 non-maltreated) had been
included in a previous study examining the impact of
maltreatment on surface-based indices of cortical structure
(Kelly et al. 2013). The same magnetization prepared
rapid gradient echo sequence was employed on the
identical MRI scanner for all participants. The present
sample is identical to that included in a recent study of
maltreatment, sex differences, GMV and attentional bias
(Kelly et al. 2015).

Measures
Maltreatment history

Social services case files for the maltreated group were
independently rated on a child-maltreatment rating scale
(Kaufman et al. 1994). This five point scale is rated from
0 = ‘no abuse present’ to 4 = ‘evidence of severe abuse’
by the child’s social worker or the adoptive parent based
on information provided by social services in relation to
each maltreatment subtype. As is typically found, most
maltreated individuals experienced more than one form of
maltreatment (90.30 % of the sample were reported to
have experienced two or more forms). The most com-
monly reported forms of maltreatment were neglect
(82.26 % of sample here; M = 3.24, SD = 1.12) and
emotional abuse (93.55 % of sample; M = 2.93,
SD = .92). Physical abuse (1935 %, M = 1.92,
SD = 1.16) and sexual abuse (12.90 % here, M = 2.29,
SD = 1.38) were less common.

Cognitive ability
Participants were administered the vocabulary and matrix
reasoning subtests of the Wechsler Abbreviated Scale of

Intelligence (WASI; Wechsler 1999) in order to provide an
estimated Full Scale Intelligence Quotient (FSIQ).
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Table 1 Socio-demographic

characteristics and psychiatric Control (z = 60) MT (n = 62) P
symptomatology for the Socio-demographic measures
maltreated and non-maltreated Tanner stage 61
groups
Pre/early pubertal (%) 15 (25) 22 (35)
Mid pubertal (%) 23 (38) 24 (39)
Late/post pubertal (%) 22 (37) 16 (26)
Sex, n of males (%) 25 (42) 33 (53) .20
Ethnicity, n of Caucasian (%) 31 (52) 39 (63) 21
Handedness, n of right handed (%) 53 (88) 46 (74) 37
Mean SD Mean SD )4
Age (years) 12.68 1.14 12.24 1.52 .07
WASI, 2 scale subset® 108.88 10.49 104.81 13.23 .06
Puberty Development Scale 2.22 .66 2.04 1 15
SES composite score 3.15 .87 2.89 1.08 22
Psychiatric symptomatology
TSCC
Anxiety 45.26 11.17 45.72 15.95 .87
Depression 44.19 9.94 44.08 14.55 97
Anger 41.84 9.07 43.80 13.35 42
Post-traumatic stress 43.02 8.30 45.60 14.48 31
Dissociation 43.28 11.46 45.88 13.92 .33
Dissociation (overt) 45.28 9.52 45.78 13.68 .84
Dissociation (fantasy) 44.33 11.28 46.90 14.63 .35
SDQ
Emotional symptoms 2.38 2.05 3.22 2.65 .06
Conduct problems 1.32 1.42 2.70 2.05 .00
Hyperactivity/inattention 2.68 1.99 423 2.65 .00
Peer problems 1.22 1.27 2.03 1.90 .01
Total difficulties 7.46 5.05 11.48 7.42 .01

All p values derived from ¢ tests with the exception of sex, ethnicity, handedness and Tanner stage
comparisons which used Chi square tests

SES socio-economic status, 7SCC Trauma Symptom Checklist for Children, SDQ Strengths and Difficulties

Questionnaire

# No participant scored below 70 or above 130 on the WASI

Socio-economic status

Current socio-economic status was assessed using infor-
mation collected from the parent or caregiver, including
highest level of education, household income, and current
occupation. Highest level education was rated on a 6 point
scale from 0 =‘no formal qualifications’ to 5 =‘postgrad-
uate qualification’. Household income was rated on an 8
point scale from 1 = ‘£0-£10,000° to 8='£60,000-
£70,000+’. Current occupation of the primary care giver
was classified using the National Statistics Socio-economic
Classification’s Standard Occupation Classification 2000
manual (Office for National Statistics 2005) on a four class
scale from 1 =‘managerial and professional occupation’ to
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3 = ‘routine and manual occupation’ with four coding for
participants who had never worked or were long-term
unemployed. The measure of occupation was reverse coded
and a composite score was derived from the mean of these
three scales, so that a greater score indicated a greater level
of socio-economic status.

Pubertal status

Pubertal development was assessed with both the self-re-
port and parent-rated eight-item Puberty Development
Scale (PDS; Petersen et al. 1988). An average pubertal
development scale and a two stage indicator of pubertal
development based upon Tanner stage were derived from
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these scores. There was a 72.3 % agreement between
parent and child reported two-level indicator of pubertal
development.

Psychiatric symptomatology

The Trauma Symptom Checklist for Children (TSCC;
Briere 1996) was used to assess posttraumatic symptoma-
tology and other symptom clusters. This 44-item self-report
measure has five clinical scales (anger, depression, anxiety,
posttraumatic stress and dissociation) and two validity
scales (under- and hyper-response). Each item is rated on a
four-point scale from ‘never’ to ‘almost all the time’.
Cronbach’s alpha for the scales varied from .84 to .88.

The Strength and Difficulties Questionnaire (SDQ;
Goodman 1997), a 25 item self-report measure was inclu-
ded to assess general psychological and behavioural func-
tioning. The SDQ included five behavioural scales
(emotional symptoms, conduct problems, hyperactivity,
peer problems, and prosocial behaviour) and a total diffi-
culties score. Items were rated from ‘not true’ to ‘certainly
true’ on a three-point scale. Cronbach’s alpha for the scales
varied from .65 to .81.

MRI acquisition

Participants were scanned with a 1.5 T Siemens (Siemens
Medical Systems, Munich, Germany) Avanto MRI scanner
with a 32-channel head coil. A high-resolution, three-di-
mensional T1-weighted structural scan was acquired with a
magnetization prepared rapid gradient echo sequence.

Imaging parameters were: 176 slices; slice thick-
ness = 1 mm; gap between slices =.5 mm; echo
time = 2730 ms; repetition time = 3.57 ms; field of

view = 256 mm x 256 mmz; matrix size = 256 x 256;
voxel size = 1 x 1 x 1 mm resolution. The scanning time
was 5.5 min. Foam padding was used against the sides and
the back of the head of the participant, to minimize head
motion. Ear buds attenuated scanner noise.

MRI processing and analysis

All T1-weighted images were initially manually inspected
for any deformations or inconsistencies that may impede its
processing such as movement artefacts or structural
abnormalities. If the image was thought to represent poor
quality or had any ostensible deformations, the participant
was excluded. From an initial recruitment of 137 partici-
pants, a total of 15 participants (MT = 8, non-MT = 7)
were excluded from the analysis due to concerns over
image quality, resulting in a final sample of 122 (Table 1).

Cortical reconstruction was performed with the Free-
Surfer image analysis suite (Dale et al. 1999; Fischl and

Dale 2000; Fischl et al. 1999a, 2004). In brief, the initial
steps in this well-validated (Dale et al. 1999; Fischl et al.
1999a; Ségonne et al. 2004) surface based morphometric
pipeline were as follows. Removal of non-brain tissue
using a hybrid watershed/surface deformation procedure
(Ségonne et al. 2004), automated Talairach transformation,
intensity normalization (Sled et al. 1998), tessellation of
the gray matter white matter boundary, automated topology
correction (Fischl et al. 2001; Ségonne et al. 2007), and
surface deformation following intensity gradients to opti-
mally place the gray/white and gray/cerebrospinal fluid
borders at the location where the greatest shift in intensity
defines the transition to the other tissue class (Dale et al.
1999; Dale and Sereno 1993; Fischl and Dale 2000). The
structural measures were calculated in native space of each
participant and transformed into a spherical representation
which are registered to a common spherical atlas. The atlas
is based on individual cortical folding patterns to match
cortical geometry across subjects, preserving the vertex
identities (Fischl et al. 1999b). All participant’s surface
models were inspected for accuracy and manual edits were
made when there were inconsistencies in the differentiation
between pial surface and other organic matter, including
dura and bone.

Cortical thickness at each vertex was measured by cal-
culating the shortest distance from the gray/white matter
boundary to the pial surface (in millimetres). Surface area
measurement was quantified by assigning an area to each
vertex equal to the average of its surrounding triangles.
When the vertex areas are summed over all vertices, the
total is equal to the sum of the areas of the triangles. The
surface area was calculated at the pial level and represents
the area of vertex on the gray matter surface, calculated as
the average of the area of the tessellated triangles touching
that vertex. Parcellation of each participant’s cortex into
gyral regions was based on the Desiken-Killiany atlas
(Desikan et al. 2006). Surface area was not analysed at the
vertex-level as the values provided by the standard Free-
Surfer pipeline do not provide an accurate measure of
surface area, rather it indicates a measure of areal expan-
sion to the study template. The average surface area value
for each parcellated region provides an accurate measure of
surface are and was extracted for all participants.

The local gyrification index (1GI) is a supplementary
measure incorporated within the FreeSurfer image analysis
suite which takes into account the intrinsic 3D nature
compared with 2D methods (Schaer et al. 2008). The 1GI
method uses the pial and white matter surface identification
against an additional outer hull layer that tightly wraps the
pial surface. The 1GI value at each vertex is computed
within 25 mm circular regions of interest and represents
the ratio of pial surface to outer hull surface, an indication
of sulcal cortex buried in its locality and thus the extent of
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cortical folding. See Schaer and colleagues (Schaer et al.
2008) for further details of this analytic approach. Vertex-
level cortical thickness, and local gyrification index for
each participant were mapped onto a normalised cortical
surface to perform group analysis and to investigate the
interaction between sex and maltreatment exposure.
Analyses on extracted cortical surface area values were
performed within SPSS v.20 (IBM, Armonk, NY).

Statistical analysis
Group differences

Regionally specific between group differences in cortical
thickness, surface area and 1GI were investigated within
the QDEC application of FreeSurfer using a two sample
t test model. Cortical thickness measurements were
smoothed with a full-width-at-half-maximum kernel of
15 mm. Local gyrification index measurements were not
smoothed due to 1GI maps being inherently smooth (given
that GI is calculated in a radius of 25 mm). Excessive
smoothing of the 1GI data can contribute to the failure in
computing Monte-Carlo null-z simulation to correct for
multiple comparisons. Between group differences were
corrected for multiple comparisons with a Monte Carlo
simulation (p < .05 two-tailed; to maximise sensitivity to
potential group differences and sex by group interactions)
and adjusted for interhemispheric comparisons. When
regions of difference were found to be significant between
the maltreated and non-maltreated groups, the mean
structural value was extracted from the significant cluster
in participant’s native space. Cortical thickness, surface
area, and local gyrification undergo dynamic changes
during childhood and adolescence and are known to be
influenced by IQ and age (Giedd and Rapoport 2010;
Raznahan et al. 2011; Shaw et al. 2006). Although there
were no significant group differences in age, sex, and IQ,
our statistical models were run with these variables and
intracranial volume (ICV) included as covariates of no
interest. These extracted cortical thickness, surface area
and local gyrification values were imported into SPSS
v.20 (IBM, Armonk, NY) to undertake further analysis to
examine the relationship with maltreatment characteris-
tics and psychiatric symptomatology, as well as a poten-
tially confounding influence of pubertal stage. A mixed-
model analysis of variance (ANOVA) was used to assess
group differences in gyral level surface area across the
whole cortex. Group (maltreated versus non-maltreated)
was assigned as the between subject factor and region (34
gyral regions per hemisphere) as the within-subject fac-
tors. Independent ¢ tests were used to examine group
differences in gyral level cortical thickness. Due to the
relatively large number of independent 7 tests, a false

@ Springer

discovery-rate correction was performed to control for
multiple comparisons across both hemispheres (Ben-
jamini and Hochberg 1995).

Sex differences

To investigate sex differences in the impact of maltreat-
ment on surface-based cortical indices, two statistical
approaches were implemented. First to investigate whe-
ther the local significant differences in the surface-based
measures associated with maltreatment were driven pri-
marily by an effect in males and females, a 2 x 2
ANOVA was implemented within SPSS on the extracted
cortical thickness, surface area and local gyrification
values. Second, to investigate group by sex interactions at
the level of the whole brain, which may have been
occluded in the main effect of group analysis, sex and
group were included as variables of interest in QDEC and
an interaction on a whole brain scale (by hemisphere) was
examined. Again, age, 1Q, and ICV were included as
covariates of no interest within all statistical models. In an
additional step pubertal status was included as a covariate
of no interest. Potential interactions between sex and
maltreatment exposure in surface area were examined by
parcellated gyral region within SPSS, using a similar
model design implemented in FreeSurfer. A mixed-model
analysis of variance (ANOVA) with group and sex as
between-subject factors and gyral region as within-subject
factors was used, and corrected for multiple comparisons
(Benjamini and Hochberg 1995).

Results

Socio-demographic variables, psychiatric
symptomatology and global cortical measures

The maltreated group did not differ from the non-maltreated
group in relation to sex, age, pubertal status, handedness, 1Q,
SES and ethnicity (Table 1). The maltreated group relative
to the non-maltreated group did not differ on any of the
subscales of the TSCC, but did show heightened scores on
the conduct problems [f(;0) = —4.25, p < .001] and
hyperactivity [#(;2) = —3.62, p < .001] subscales of the
SDQ. There were no significant interactions between sex
and maltreatment exposure on any of the subscales of the
SDQ and the TSCC. The maltreated and non-maltreated
groups did not differ on intracranial volume (ICV), total
surface area or mean cortical thickness and 1GI values, and
group by sex interactions were not significant for any of
these cortical measures. However, surface area and esti-
mated ICV were found to be greater in males compared to
females across both groups (Supplemental Table S1.)
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Group differences
Cortical thickness

We first investigated the main effect of maltreatment
exposure on cortical thickness across each hemisphere to
identify regions associated with maltreatment including
age, sex, IQ, and ICV as covariates of no interest. The
maltreated group was found to have significantly reduced
cortical thickness within one frontal cluster in the right
hemisphere, compared to the non-maltreated group. The
frontal cluster’s peak coordinate (Fig. 1; Table 2, cluster 1:
x =28, y=137, z= —4; cluster corrected p < .05) fell
within the medial orbitofrontal cortex, with the cluster
extending into aspects of the anterior cingulate and supe-
rior frontal gyrus. No other clusters were found to be sig-
nificantly thinner or thicker within the maltreated group
compared to the non-maltreated peers.

Surface area

Independent ¢ tests, corrected for multiple comparisons per
hemisphere (Benjamini and Hochberg 1995), were per-
formed on each gyral region (34 gyral regions) per hemi-
sphere with age, sex, IQ, and ICV included as covariates of
no interest. The right inferior parietal cortex had a signif-
icantly reduced surface area in the maltreated group

compared to control non-maltreated subjects (Fig. 1;
Table 2, cluster 2: F = 11.99, p < .002; FDR corrected for
multiple comparisons and hemispheres). Notably, bilateral
entorhinal cortex [left, F(1,115) = 4.65, p = .03; right,
F(1,115) = 4.62, p = .03], bilateral supramarginal [left,
F(1,115) =576, p=.02; right, F(1,115) = 6.03;
p=.02] and right middle temporal cortex
[F(1,115) = 4.7, p = .03] were found to show a reductions
in surface area, however, these did not survive corrections
for multiple comparisons. Reductions in SA of the left
lingual gyrus and left middle temporal area (areas of
reduced SA reported in Kelly et al. (2013) did not reach
statistical significance—although the direction of the effect
was consistent with our previous study [left lingual,
F(1,115) =3.30; p=.07; left middle temporal,
F(1,115) = 3.22; p = .07]. No other regions were found to
survive correction for multiple comparisons.

Local gyrification

Investigating regions of atypical local gyrification associ-
ated with maltreatment with age, sex, IQ, and ICV included
as covariates of no interest, one significant cluster was
identified within the left hemisphere reflecting increased
IGI within the maltreated group compared to the non-
maltreated group (Fig. 1; Table 2, cluster 3: x = —25,
y = —58, z = 53; Monte Carlo null-z simulation corrected

Fig. 1 Clusters of significantly different cortical structure between
the maltreated group and the non-maltreated peers. Cluster / indicates
a significantly reduced right hemisphere region of cortical thickness
(CT) among the maltreated children relative to the controls within a
region that encompasses the orbitofrontal cortex, superior frontal
gyrus and anterior cingulate cortex. Cluster 3 indicates a significant
left hemisphere increase in local gyrification index (1GI) in a region of

the superior parietal cortex within the maltreated children compared
to the controls. Cluster 2 depicts the parcellated gyral region found to
have decreased surface area (SA) within the maltreated children
compared to the controls. All results were corrected for multiple
comparisons using a monte-carlo null-z simulation (<.05) and
adjusted for interhemispheric comparison. The colour bar visualises
the log10 significance value of the clusters (4/—4 = p < .0001)
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Table 2 Significant clusters of surface-based measure group differences between the maltreated and non-maltreated group

Cluster no. L/R Max-logig Deluster Area (mmz) Local maxima (x, y, z)

Cortical thickness

Control > maltreated

Rostral ACC/superior frontal 1 R 3.95 .002* 2429 8 37 —4
Local gyrification
Control < maltreated
Superior parietal 3 L —2.57 .017* 585 =25 —58 53
Cluster no. L/R Controls Maltreated F )4
Mean SD Mean SD
Surface area
Control > maltreated
Inferior parietal 2 R 5951 703.92 5573.77 704.40 11.99 >.01%%*

L left, R right, p.juser cluster probability

* Corrected for multiple comparisons using a monte-carlo null-z simulation and adjusted for interhemispheric comparison

** Survived false discovery rate correction (¢ < .05) and adjusted for interhemispheric comparison

p < .05). The peak was located within the superior parietal
cortex.

The influence of sex on the impact of maltreatment
on GMV

Cortical thickness

In the analysis of cortical thickness, with age, 1Q, and ICV
included as covariates of no interest, there was no signifi-
cant main effect of sex [F(1,115) = 2.56, p = .11] and sex
and group did not significantly interact within the cluster
encompassing the medial OFC/anterior cingulate cor-
tex/superior frontal cortex [F(1,115) = .19, p = .67],
suggesting no differential effect of maltreatment exposure
on cortical thickness in male and female children in this
region. In the second step of the analyses, no interactions
between sex and maltreatment were detected for cortical
thickness in either the left or right hemisphere.

Surface area

In the analysis of surface area, with age, IQ, and ICV
included as covariates of no interest, there was no signifi-
cant main effect of sex [F(1,115) = .29, p = .59] and no
group by sex interaction [F(1,115) = .12, p = .73] within
the inferior parietal cortex, indicating that the atypical
surface area within this region associated with maltreat-
ment was similar in both males and females. The analysis
was run excluding age, IQ and ICV as covariates and while
there was no group by sex interaction [F(1,118) = .05,
p = .83], there was a significant main effect of sex
[F(1,118) = 9.7, p < .05]. This is unsurprising given that
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global surface area was found to be significantly different
between the sexes.

In the second step of the analyses, a significant inter-
action between group and sex was observed in bilateral
regions of insula [left, F(1,115) =9.02, p < .01; right,
F(1,115) = 8.23, p = .01] and pars triangularis [right,
F(1,115) = 6.70, p = .01]. However, these regions did not
survive cluster correction for multiple comparisons. No
other regions were found to show a main effect of sex or a
group by sex interaction.

Local gyrification

In the analysis local gyrification, with age, 1Q, and ICV
included as covariates of no interest, there was no signifi-
cant main effect of sex [F(1,115) = 3.41, p = .07] and no
group by sex interaction [F(1,115) = .01, p = 91], indi-
cating that the atypical local gyrification in parietal cortex
associated, which characterised the maltreated group
overall, was similar in both sexes.

In the second step of the analyses, two significant
bilateral clusters were revealed, indicating an interaction
between sex and maltreatment. The peak coordinate within
the left hemisphere cluster was located within the precen-
tral gyrus (Fig. 2; Table 3, cluster 4: x = —34, y = —6,
z = 45; cluster corrected p < .05). Within the right hemi-
sphere a significant cluster was identified with its peak
located within middle temporal gyrus (Figs. 2, 3, cluster 5:
x =44, y = —68, z = 7; cluster corrected p < .05) and
extending into aspects of the inferior parietal cortex
(Fig. 2, cluster 5). Inspection of the extracted adjusted
mean 1GI indicated a similar pattern across both significant
clusters: a reduction in 1GI in maltreated females compared
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Fig. 2 Clusters of a significant interaction between maltreatment
exposure and sex in local gyrification index. Significant clusters
reflecting group by sex interaction in local gyrification across both
hemispheres projected onto an inflated average surface. In the left
hemisphere, cluster 4 lies within the precentral gyrus (x = —37,
y = —6, z = 45). In the right hemisphere, cluster 5°s peak lies within

the middle temporal lobe and extends into aspects of the inferior
parietal gyrus (x = 44, y = —68, z = 7). LH left hemisphere; RH
right hemisphere. All results were corrected for multiple comparisons
using a Monte-Carlo null-z simulation (<.05) and adjusted for
interhemispheric comparison. The colour bar visualises the logl0
significance value of the clusters (4/—4 = p < .0001)

Table 3 Significant clusters of interaction between maltreatment exposure and sex in local gyrification index

Anatomical regions Cluster no. L/R Max-logq Deluster Area (mmz) Local maxima (x, y, z)
precentral gyrus 4 L —4.00 <.002* 1402 —34 -6 45
Middle temporal/inferior parietal 5 R —4.00 <.002%* 1509 44 —68 7

L left, R right, p.j.ger cluster probability

* Corrected for multiple comparisons using a monte-carlo null-z simulation and adjusted for interhemispheric comparison

Left precentral cluster
37
3.68
367
3.66 367
3.64
O 362
c 36
S 3.58
3.56
3.54
3.52
35

—A-Males
-#-Females

Controls Maltreated

Right middle temporal cluster

3.59

—A-Males
-#-Females

3.44

Controls Maltreated

Fig. 3 Plot of the mean local gyrification values extracted from the left precentral (cluster 4, Fig. 2) and right middle temporal/inferior parietal

(cluster 5, Fig. 2) clusters split by group and sex
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with non-maltreated females and an increase in IGI in
maltreated males compared with non-maltreated males
(Fig. 3). However, follow-up pairwise comparisons of the
adjusted means demonstrated that the maltreated males
differed significantly from their male control counterparts
and also the male and female controls differed signifi-
cantly. The maltreated males and females did not differ
significantly in 1GI within both of the clusters.

For all analyses excluding our set of covariate (age, sex,
IQ, and ICV) did not significantly alter the pattern of
findings. Furthermore, entering pubertal status as a
covariate of no interest also did not significantly change the
pattern or significance of the results.

Psychiatric symptomatology and maltreatment
severity

A 2 x 2 ANOVA was employed to explore group by sex
interactions in psychiatric symptomatology and maltreat-
ment severity. We found that there was no main effect of sex
and no group by sex interaction for any of the subscales or
total scores on the TSCC or SDQ. No significant associations
were found between the extracted mean cortical values from
the significant clusters and maltreatment severity (as indexed
by either the mean total Kaufman score or maltreatment
subtype scores) within the maltreated group.

Discussion

The current study sought to systematically investigate
regional differences in CT, SA and IGI associated with
maltreatment and to subsequently investigate possible sex
differences in how maltreatment may impact these indices.
We found that maltreatment exposure was associated with
a decrease in CT within a frontal cluster including the
medial OFC and anterior cingulate, a SA decrease within
the inferior parietal cortex and an IGI increase within the
superior parietal cortex. Only in our measure of local
gyrification did we find an interaction between maltreat-
ment and sex. Specifically, two clusters within the left
precentral cortex and right tempo-parietal junction showed
increased 1GI in the male children who had been exposed to
maltreatment relative to their peers, but this pattern was not
observed for female children.

The influence of maltreatment on surface-based
measures of cortical structure

Cortical thickness

Reduced CT was observed within a region of medial OFC,
anterior cingulate and superior frontal cortex, similar to a
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cluster of reduced CT reported in our previous study, which
included a subsample of the current cohort of participants.
This suggests that CT decreases in this frontal region may
be a reliable correlate of maltreatment experience, poten-
tially acting as a precursor to volumetric deficits seen in
adult samples (Cohen et al. 2006; Kelly et al. 2013;
Kitayama et al. 2006; Lim et al. 2014). Importantly, animal
studies of early stress, and volumetric and surface-based
studies of individuals with PTSD have indicated the
structural sensitivity of the frontal and prefrontal regions to
stress (Arnsten 2009; Bremner 1999; Dickie et al. 2013;
Geuze et al. 2008; Kitayama et al. 2006; Shin et al. 2006).
Atypical structure within this region in PTSD samples, and
the association between these areas and emotion regulation
(Etkin et al. 2011), suggests that these cortical thickness
differences may be relevant for our understanding of the
relationship between environmental adversity and mal-
adaptive emotional regulation. Due to the cubic trajectory
of cortical thickness development within frontal regions
across adolescence (Shaw et al. 2008), it will be important
to collect longitudinal data in maltreated samples. As
cortical thickness decreases are believed to optimise
computation in frequently used circuits through processes,
such as apoptosis (Sowell et al. 2007), one possibility is
that maltreated individuals recruit these frontal regions to a
greater degree than their non-maltreated peers.

Surface area

Reduced SA was detected within the parcellated region of
the right inferior parietal cortex within the maltreated
males and females compared to their non-maltreated peers;
by contrast, our previous study found SA decreases in left
middle temporal and lingual gyri associated with mal-
treatment (Kelly et al. 2013). It is not possible to arbitrate
where the differences in the SA findings stem from. These
could reflect differences in maltreatment subtype experi-
ence across the studies (the proportion of maltreated chil-
dren reporting experiences of physical abuse was much
higher in the Kelly et al. (2013) study), but much larger
samples will be required to determine specific effects of
different maltreatment types—especially as poly-victimi-
sation is the norm, rather than the exception in these
samples (Turner et al. 2010). In addition, it is perfectly
possible that there is natural variability across SA in these
regions in typically developing participants, which might
equally account for this inconsistency. Currently there is
insufficient normative data to draw reliable conclusions in
this regard. The inferior parietal cortex is associated with
the detection of facial emotional stimuli (Adolphs et al.
1996, 2000; Sarkheil et al. 2013), known to be atypical in
maltreated participants (Pollak et al. 2001; Pollak and
Sinha 2002). It is also noteworthy that volumetric
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differences within the parietal cortex have been observed in
adults with childhood histories of maltreatment, who also
present with concurrent psychiatric disorder (Bremner et al.
2005; Irle et al. 2005).

Local gyrification

Surprisingly, we observed an increase in 1GI within the
superior parietal cortex, in contrast to the findings of Kelly
et al. (2013) which reported maltreatment related decreases
in 1GI in the insula and lingual gyrus (Kelly et al. 2013).
The reason for the different pattern of findings across
studies is not clear. As we highlighted in relation to the SA
findings, it is not possible to arbitrate where the differences
in the findings between the two studies stem from. These
could reflect differences in maltreatment subtype experi-
ences across the studies, but much larger samples will be
required to examine this question. As we also discussed
above, variability in typically developing participants may
also account for inconsistency across the studies, but more
normative data is required to investigate this possibility.

One previous study has reported GMV alterations in the
superior parietal cortex in children exposed to maltreat-
ment (Edmiston et al. 2011). More broadly, 1GI differences
in the superior parietal cortex have been reported in ado-
lescents with conduct disorder—a common outcome
associated with childhood maltreatment experience (Fair-
child et al. 2015; Hyatt et al. 2012).

Sex differences, maltreatment and surface based
indices

Our investigation of the potential interaction of sex and
maltreatment exposure at a whole brain level identified two
significant regions, the left precentral gyrus and the right
tempo-parietal junction. Both clusters displayed a similar
pattern, such that the control females had greater 1GI in
these regions compared to males, while an inverse rela-
tionship between males and females was observed in the
maltreated sample. However, only maltreated males were
found to significantly differ from the control males, and
while maltreated females did show a trend for significantly
different IGI from both control females and maltreated
males, this difference did not reach significance. Gradual
and linear decreases in 1GI are observed across childhood
and adolescence (Klein et al. 2014; Su et al. 2013), with the
strongest reductions in precentral, temporal and frontal
regions which may suggest that observable increases in 1GI
within the maltreated males are indicative of a delayed
maturational trajectory. As alterations in gyrification has
been linked to connectivity patterns (Van Essen 1997),
maltreated males male show different profiles of connec-
tivity to their non-maltreated counterparts. However,

longitudinal studies and specific connectivity analyses
would be crucial in providing support for such a hypoth-
esis. This suggests that maltreatment experience has a more
pronounced impact on 1GI within these regions in boys
compared to girls.

The findings of an interaction between sex and mal-
treatment exposure within the precentral cortex is of
interest given the role of this region in the visual recog-
nition of emotion (Adolphs et al. 2000, 2003; Pitcher et al.
2008). Sex differences in functional activation in this
region during emotional processing and the cognitive
control of emotional states have been observed in norma-
tive samples (Domes et al. 2010; Stevens and Hamann
2012) and in patients with major depression (Frodl et al.
2009). The right hemisphere cluster was in the middle
temporal and inferior parietal cortex, commonly referred to
as the tempo-parietal junction. This region has been con-
sistently shown to be functionally activated during the
selective attribution of mental states and theory of mind
(Saxe and Kanwisher 2003; Saxe and Wexler 2005), and
sex differences within these domains are found in norma-
tive samples (Baron-Cohen 2000; Brown et al. 1996).
Atypical theory of mind and concurrent structural deficits
within the tempo-parietal region are reported in a range of
psychiatric disorders associated with maltreatment (Hezel
and McNally 2014; Huprich et al. 2012; Jaworska et al.
2014; Nesvag et al. 2014; Palaniyappan and Liddle 2012;
Shestyuk and Deldin 2014).

Such differences in the precentral and tempo-parietal
regions may represent possible neural substrates implicated
in the differential psychiatric risk trajectories seen in
maltreated males and females (Bos et al. 2011; Keyes et al.
2012). However, it is important to remain cautious given
that sex differences in cortical structure and function do not
necessarily reflect isomorphic behavioural differences (De
Vries 2004; De Vries and Sodersten 2009; Piefke et al.
2005). One possibility is that these structural differences
are predictive of future psychiatric presentation; it will
therefore be important to follow up such samples
longitudinally.

Limitations

The present findings should be interpreted in light of a
number of limitations. The use of a cross-sectional design
prohibits the ability to make causal inferences about the
experience of childhood maltreatment and the observed
atypical cortical structure within the males and females of
the maltreated group, which a longitudinal design would
help to determine (Shaw et al. 2013). Furthermore, due to
systematic differences in the pre-processing and analysis
techniques of VBM and FreeSurfer, systematic comparison
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between the current findings and those of our previous
investigation into sex differences in the impact of mal-
treatment on GMV is problematic (e.g. Blankstein et al.
(2009)) without an appropriate system for integration
between the methods (Makris et al. 2006). In addition,
although we controlled our covariates (age, 1Q, sex, SES,
pubertal status and ICV), a possibility remains that these
factors may impact cortical structure in a non-linear man-
ner; further investigations into the interaction between
these variables and maltreatment would help to shed light
on this possibility. Key strengths of the current study
include a non-clinical community sample with indepen-
dently documented experiences of maltreatment, and the
careful matching on a range of socio-demographic vari-
ables between a large non-psychiatric sample of maltreated
children and non-maltreated peers, which increases the
likelihood that any observed differences in cortical struc-
ture are due to maltreatment experience.

Conclusions

The current study sought to investigate regional differences
in cortical thickness, surface area and local gyrification
associated with maltreatment and to subsequently investi-
gate possible sex differences in how maltreatment may
impact these indices. While sex differences were observed
in relation to 1GI, the impact of maltreatment across the
surface-based measures was largely similar between sexes.

The sample of maltreated males and females displayed
decreased CT within a region of the medial OFC, anterior
cingulate, and superior frontal gyrus, consistent with previous
findings (Kelly et al. 2013), suggesting that such alterations
may be a reliable correlate of maltreatment experience. SA
and 1GI differences in the maltreated group compared to the
non-maltreated group were found in right inferior parietal and
left superior parietal regions, respectively.

Sex differences were found only within two clusters of
1GI, left precentral gyrus and right tempo-parietal junction;
in these regions an interaction between maltreatment
exposure and sex was observed. Differences in 1GI were
only observed in maltreated males compared to their con-
trol counterparts, suggesting a potentially greater sensitiv-
ity in males to such structural changes following
maltreatment experience. These regions have been impli-
cated in emotion regulation and theory of mind processes,
respectively, both commonly found to be affected in mal-
treated populations (Rogosch et al. 1995). It is possible that
sex differences in 1GI may be associated with psychiatric
risk trajectories apparent in in maltreated males and
females (Keyes et al. 2012; Mesman et al. 2001). Future
longitudinal studies are required to determine the func-
tional significance of these cortical differences and whether
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they represent markers of latent vulnerability in relation to
future psychiatric outcome.

Acknowledgments This work was supported by an ESRC Grant
(ES/K005723/1) awarded to EMC and EV and by a UCL/Anna Freud
Centre funded Impact Studentship awarded to PK.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

Adolphs R, Damasio H, Tranel D, Damasio AR (1996) Cortical
systems for the recognition of emotion in facial expressions.
J Neurosci 16:7678-7687

Adolphs R, Damasio H, Tranel D, Cooper G, Damasio AR (2000) A
role for somatosensory cortices in the visual recognition of
emotion as revealed by three-dimensional lesion mapping.
J Neurosci 20:2683-2690

Adolphs R, Tranel D, Damasio AR (2003) Dissociable neural systems
for recognizing emotions. Brain Cogn 52:61-69

Allen JS, Damasio H, Grabowski TJ, Bruss J, Zhang W (2003) Sexual
dimorphism and asymmetries in the gray-white composition of
the human cerebrum. Neuroimage 18:880-894. doi:10.1016/
S1053-8119(03)00034-X

Anda RF et al (2006) The enduring effects of abuse and related
adverse experiences in childhood: a convergence of evidence
from neurobiology and epidemiology. Eur Arch Psychiatry Clin
Neurosci 256:174-186

Arnsten AF (2009) Stress signalling pathways that impair prefrontal
cortex structure and function. Nat Rev Neurosci 10:410-422

Baron-Cohen S (2000) Theory of mind and autism: a review. Int Rev
Res Mental Retard 23:169-184

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate:
a practical and powerful approach to multiple testing. J R Stat
Soc Ser B (Methodol) 57:289-300. doi:10.2307/2346101

Blankstein U, Chen JY, Mincic AM, McGrath PA, Davis KD (2009)
The complex minds of teenagers: neuroanatomy of personality
differs between sexes. Neuropsychologia 47:599-603

Bos K, Zeanah CH, Fox NA, Drury SS, McLaughlin KA, Nelson CA
(2011) Psychiatric outcomes in young children with a history of
institutionalization. Harv Rev Psychiatry 19:15-24

Bremner JD (1999) Does stress damage the brain? Biol Psychiat
45:797-805

Bremner JD et al (2005) Positron emission tomographic imaging of
neural correlates of a fear acquisition and extinction paradigm in
women with childhood sexual-abuse-related post-traumatic
stress disorder. Psychol Med 35:791-806

Briere J (1996) Trauma Symptom Checklist for Children (TSCC).
Psychological Assessment Resources, Odessa

Brown JR, Donelan-McCall N, Dunn J (1996) Why talk about mental
states? The significance of children’s conversations with friends,
siblings, and mothers. Child Dev 67:836-849

Chen X, Sachdev PS, Wen W, Anstey KJ (2007) Sex differences in
regional gray matter in healthy individuals aged 4448 years: a
voxel-based morphometric study. Neuroimage 36:691-699.
doi:10.1016/j.neuroimage.2007.03.063


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/S1053-8119(03)00034-X
http://dx.doi.org/10.1016/S1053-8119(03)00034-X
http://dx.doi.org/10.2307/2346101
http://dx.doi.org/10.1016/j.neuroimage.2007.03.063

The sexually dimorphic impact of maltreatment on cortical thickness, surface area and... 1081

Cohen RA et al (2006) Early life stress and morphometry of the adult
anterior cingulate cortex and caudate nuclei. Biol Psychiat
59:975-982. doi:10.1016/j.biopsych.2005.12.016

Cosgrove KP, Mazure CM, Staley JK (2007) Evolving knowledge of
sex differences in brain structure, function, and chemistry. Biol
Psychiat 62:847-855. doi:10.1016/j.biopsych.2007.03.001

Crijnen AAM, Achenbach TM, Verhulst FC (1997) Comparisons of
problems reported by parents of children in 12 cultures: total
problems, externalizing, and internalizing. J Am Acad Child
Adolesc  Psychiatry 36:1269-1277. doi:10.1097/00004583-
199709000-00020

Dale AM, Sereno MI (1993) Improved localizadon of cortical activity
by combining EEG and MEG with MRI cortical surface
reconstruction: a linear approach. J Cogn Neurosci 5:162-176

Dale AM, Fischl B, Sereno MI (1999) Cortical surface-based analysis.
I. Segmentation and surface reconstruction. Neuroimage
9:179-194

De Bellis MD (2001) Developmental traumatology: the psychobio-
logical development of maltreated children and its implications
for research, treatment, and policy. Dev Psychopathol
13:539-564

De Bellis MD, Keshavan MS (2003) Sex differences in brain
maturation in maltreatment-related pediatric posttraumatic stress
disorder. Neurosci Biobehav Rev 27:103-117

De Bellis MD, Kuchibhatla M (2006) Cerebellar columes in pediatric
maltreatment-related posttraumatic stress disorder. Biol Psychiat
60:697-703

De Bellis MD et al (1999) Developmental traumatology. Part II. Brain
development. Biol Psychiat 45:1271-1284

De Vries GJ (2004) Minireview: sex differences in adult and
developing brains: compensation, compensation, compensation.
Endocrinology 145:1063-1068. doi:10.1210/en.2003-1504

De Vries GJ, Sodersten P (2009) Sex differences in the brain: the
relation between structure and function. Horm Behav 55:589-596

Desikan RS et al (2006) An automated labeling system for
subdividing the human cerebral cortex on MRI scans into gyral
based regions of interest. Neuroimage 31:968-980. doi:10.1016/
j-neuroimage.2006.01.021

Dickie E, Brunet A, Akerib V, Armony J (2013) Anterior cingulate
cortical thickness is a stable predictor of recovery from post-
traumatic stress disorder. Psychol Med 43:645-653

Domes G et al (2010) The neural correlates of sex differences in
emotional reactivity and emotion regulation. Hum Brain Mapp
31:758-769

Edmiston EE, Wang F, Mazure CM, Guiney J, Sinha R, Mayes LC,
Blumberg HP (2011) Corticostriatal-limbic gray matter mor-
phology in adolescents with self-reported exposure to childhood
maltreatment. Arch Pediat Adol Med 165:1069-1077. doi:10.
1001/archpediatrics.2011.565

Etkin A, Egner T, Kalisch R (2011) Emotional processing in anterior
cingulate and medial prefrontal cortex. Trends Cogn Sci 15:85-93

Fairchild G, Toschi N, Hagan CC, Goodyer IM, Calder AlJ,
Passamonti L (2015) Cortical thickness, surface area, and
folding alterations in male youths with conduct disorder and
varying levels of callous-unemotional traits. Neuroimage Clin
8:253-260

Fischl B, Dale AM (2000) Measuring the thickness of the human
cerebral cortex from magnetic resonance images. Proc Natl Acad
Sci USA 97:11050-11055

Fischl B, Sereno MI, Dale AM (1999a) Cortical surface-based
analysis. II. Inflation, flattening, and a surface-based coordinate
system. Neuroimage 9:195-207

Fischl B, Sereno MI, Tootell RB, Dale AM (1999b) High-resolution
intersubject averaging and a coordinate system for the cortical
surface. Hum Brain Mapp 8:272-284

Fischl B, Liu A, Dale AM (2001) Automated manifold surgery:
constructing geometrically accurate and topologically correct
models of the human cerebral cortex. IEEE Trans Med Imaging
20:70-80

Fischl B, Salat DH, Van Der Kouwe AJW, Makris N, Ségonne F,
Quinn BT, Dale AM (2004) Sequence-independent segmentation
of magnetic resonance images. Neuroimage 23:S69-S84

Frodl T et al (2009) Neuronal correlates of emotional processing in
patients with major depression. World J Biol Psychiatry
10:202-208

Geuze E, Westenberg HGM, Heinecke A, de Kloet CS, Goebel R,
Vermetten E (2008) Thinner prefrontal cortex in veterans with
posttraumatic stress disorder. Neuroimage 41:675-681. doi:10.
1016/j.neuroimage.2008.03.007

Giedd JN, Rapoport JL (2010) Structural MRI of pediatric brain
development: what have we learned and where are we going?
Neuron 67:728-734

Gilbert R, Widom CS, Browne K, Fergusson D, Webb E, Janson S
(2009) Burden and consequences of child maltreatment in high-
income countries. Lancet 373:68-81

Goodman R (1997) The Strengths and Difficulties Questionnaire: a
research note. J Child Psychol Psychiatry 38:581-586

Heim CM, Mayberg HS, Mletzko T, Nemeroff CB, Pruessner JC
(2013) Decreased cortical representation of genital somatosen-
sory field after childhood sexual abuse. Am J Psychiatry
170:616-623

Hezel DM, McNally RJ (2014) Theory of mind impairments in social
anxiety disorder. Behav Ther 45:530-540

Huprich SK, Pouliot GS, Bruner R (2012) Self-other representations
mediate the relationship between five-factor model depression
and depressive states. Psychiatry 75:176-189

Hyatt CJ, Haney-Caron E, Stevens MC (2012) Cortical thickness and
folding deficits in conduct-disordered adolescents. Biol Psychiat
72:207-214

Im K, Lee J-M, Lee J, Shin Y-W, Kim IY, Kwon JS, Kim SI (2006)
Gender difference analysis of cortical thickness in healthy young
adults with surface-based methods. Neuroimage 31:31-38

Irle E, Lange C, Sachsse U (2005) Reduced size and abnormal
asymmetry of parietal cortex in women with borderline person-
ality disorder. Biol Psychiat 57:173-182

Jaworska N, MacMaster FP, Gaxiola I, Cortese F, Goodyear B,
Ramasubbu R (2014) A preliminary study of the influence of age
of onset and childhood trauma on cortical thickness in major
depressive disorder. Biomed Res Int 2014:410472

Kaufman J, Jones B, Stieglitz E, Vitulano L, Mannarino AP (1994)
The use of multiple informants to assess children’s maltreatment
experiences. J] Fam Violence 9:227-248

Kelly PA, Viding E, Wallace GL, Schaer M, De Brito SA, Robustelli
B, McCrory EJ (2013) Cortical thickness, surface area, and
gyrification abnormalities in children exposed to maltreatment:
neural markers of vulnerability? Biol Psychiatry 74:845-852

Kelly PA, Viding E, Puetz VB, Palmer AL, Mechelli A, Pingault JB,
Samuel S, McCrory EJ (2015) Sex differences in socioemotional
functioning, attentional bias, and gray matter volume in
maltreated children: a multilevel investigation. Dev Psy-
chopathol 27(4pt2):1591-1609

Keyes KM, Eaton NR, Krueger RF, McLaughlin KA, Wall MM,
Grant BF, Hasin DS (2012) Childhood maltreatment and the
structure of common psychiatric disorders. Br J Psychiatry
200:107-115

Kitayama N, Quinn S, Bremner JD (2006) Smaller volume of anterior
cingulate cortex in abuse-related posttraumatic stress disorder.
J Affect Disord 90:171-174

Klein D, Rotarska-Jagiela A, Genc E, Sritharan S, Mohr H, Roux F,
Han CE, Kaiser M, Singer W, Uhlhaas PJ (2014) Adolescent

@ Springer


http://dx.doi.org/10.1016/j.biopsych.2005.12.016
http://dx.doi.org/10.1016/j.biopsych.2007.03.001
http://dx.doi.org/10.1097/00004583-199709000-00020
http://dx.doi.org/10.1097/00004583-199709000-00020
http://dx.doi.org/10.1210/en.2003-1504
http://dx.doi.org/10.1016/j.neuroimage.2006.01.021
http://dx.doi.org/10.1016/j.neuroimage.2006.01.021
http://dx.doi.org/10.1001/archpediatrics.2011.565
http://dx.doi.org/10.1001/archpediatrics.2011.565
http://dx.doi.org/10.1016/j.neuroimage.2008.03.007
http://dx.doi.org/10.1016/j.neuroimage.2008.03.007

1082

P. A. Kelly et al.

brain maturation and cortical folding: evidence for reductions in
gyrification. PLoS ONE 9:e84914

Koolschijn PCMP, Crone EA (2013) Sex differences and structural
brain maturation from childhood to early adulthood. Dev Cogn
Neurosci 5:106-118. doi:10.1016/j.den.2013.02.003

Leadbeater BJ, Kuperminc GP, Blatt SJ, Hertzog C (1999) A
multivariate model of gender differences in adolescents’ inter-
nalizing and  externalizing problems. Dev  Psychol
35:1268-1282. doi:10.1037//0012-1649.35.5.1268

Lim L, Radua J, Rubia K (2014) Gray matter abnormalities in
childhood maltreatment: a voxel-wise meta-analysis. Am J
Psychiat 171:854-863

Luders E et al (2005) Mapping cortical gray matter in the young adult
brain: effects of gender. Neuroimage 26:493-501. doi:10.1016/j.
neuroimage.2005.02.010

Luders E et al (2006) Gender effects on cortical thickness and the
influence of scaling. Hum Brain Mapp 27:314-324

Luders E, Gaser C, Narr KL, Toga AW (2009) Why sex matters: brain
size independent differences in gray matter distributions between
men and women. J Neurosci 29:14265-14270. doi:10.1523/
jneurosci.2261-09.2009

Lv B et al (2010) Gender consistency and difference in healthy adults
revealed by cortical thickness. Neuroimage 53:373-382

Makris N et al (2006) Human cerebral cortex: a system for the
integration of volume-and surface-based representations. Neu-
roimage 33:139-153

McCrory EJ, Viding E (2015) The theory of latent vulnerability:
reconceptualizing the link between childhood maltreatment and
psychiatric disorder. Dev Psychopathol 27:493-505

Mesman J, Bongers IL, Koot HM (2001) Preschool developmental
pathways to preadolescent internalizing and externalizing prob-
lems. J Child Psychol Psychiatry 42:679-689

Mutlu AK, Schneider M, Debbané M, Badoud D, Eliez S, Schaer M
(2013) Sex differences in thickness, and folding developments
throughout the cortex. Neuroimage 82:200-207. doi:10.1016/j.
neuroimage.2013.05.076

Nesvag R et al (2014) Reduced brain cortical folding in schizophrenia
revealed in two independent samples. Schizophr Res
152:333-338

Office for National Statistics (2005) The national statistics socio-
economic classification user manual, 2005 edn. Palgrave
Macmillan, Norwich

Palaniyappan L, Liddle PF (2012) Aberrant cortical gyrification in
schizophrenia: a surface-based morphometry study. J Psychiatry
Neurosci Jpn 37:399

Panizzon MS et al (2009) Distinct genetic influences on cortical
surface area and cortical thickness. Cereb Cortex 19:2728-2735

Paus T et al (1999) Structural maturation of neural pathways in
children and adolescents: in vivo study. Science 283:1908-1911

Paus T, Keshavan M, Giedd JN (2008) Why do many psychiatric
disorders emerge during adolescence? Nat Rev Neurosci 9:947-957

Peper JS et al (2009) Sex steroids and brain structure in pubertal boys
and girls. Psychoneuroendocrinology 34:332-342. doi:10.1016/j.
psyneuen.2008.09.012

Petersen AC, Crockett L, Richards M, Boxer A (1988) A self-report
measure of pubertal status: reliability, validity, and initial norms.
J Youth Adolesc 17:117-133

Piefke M, Weiss PH, Markowitsch HJ, Fink GR (2005) Gender
differences in the functional neuroanatomy of emotional
episodic  autobiographical memory. Hum Brain Mapp
24:313-324. doi:10.1002/hbm.20092

Pitcher D, Garrido L, Walsh V, Duchaine BC (2008) Transcranial
magnetic stimulation disrupts the perception and embodiment of
facial expressions. J Neurosci 28:8929-8933

Pollak SD, Sinha P (2002) Effects of early experience on children’s
recognition of facial displays of emotion. Dev Psychol 38:784

@ Springer

Pollak SD, Klorman R, Thatcher JE, Cicchetti D (2001) P3b reflects
maltreated children’s reactions to facial displays of emotion.
Psychophysiology 38:267-274. doi:10.1111/1469-8986.3820267

Rakic P (1988) Specification of cerebral cortical areas. Science
241:170-176

Raznahan A et al (2011) How does your cortex grow? J Neurosci
31:7174-7177

Reillo I, de Juan Romero C, Garcia-Cabezas MA, Borrell V (2011) A
role for intermediate radial glia in the tangential expansion of the
mammalian cerebral cortex. Cereb Cortex 21:1674-1694

Rogosch FA, Cicchetti D, Aber JL (1995) The role of child
maltreatment in early deviations in cognitive and affective
processing abilities and later peer relationship problems. Dev
Psychopathol 7:591-609

Sarkheil P, Goebel R, Schneider F, Mathiak K (2013) Emotion
unfolded by motion: a role for parietal lobe in decoding dynamic
facial expressions. Soc Cogn Affect Neur 8:950-957

Saxe R, Kanwisher N (2003) People thinking about thinking people:
the role of the temporo-parietal junction in “theory of mind”.
Neuroimage 19:1835-1842

Saxe R, Wexler A (2005) Making sense of another mind: the role of
the right temporo-parietal junction. Neuropsychologia
43:1391-1399

Schaer M, Cuadra MB, Tamarit L, Lazeyras F, Eliez S, Thiran JP
(2008) A surface-based approach to quantify local cortical
gyrification. IEEE Trans Med Imaging 27:161-170

Scott KM, Smith DR, Ellis PM (2010) Prospectively ascertained child
maltreatment and its association with DSM-IV mental disorders
in young adults. Arch Gen Psychiatry 67:712-719

Ségonne F, Dale A, Busa E, Glessner M, Salat D, Hahn H, Fischl B
(2004) A hybrid approach to the skull stripping problem in MRL
Neuroimage 22:1060-1075

Ségonne F, Pacheco J, Fischl B (2007) Geometrically accurate
topology-correction of cortical surfaces using nonseparating
loops. IEEE Trans Med Imaging 26:518-529

Shaw P et al (2006) Intellectual ability and cortical development in
children and adolescents. Nature 440:676-679. http://www.
nature.com/nature/journal/v440/n7084/suppinfo/nature04513_S1.
html

Shaw P, Kabani NJ, Lerch JP, Eckstrand K, Lenroot R, Gogtay N,
Greenstein D, Clasen L, Evans A, Rapoport JL, Giedd JN (2008)
Neurodevelopmental trajectories of the human cerebral cortex.
J Neurosci 28:3586-3594

Shaw P, Malek M, Watson B, Greenstein D, de Rossi P, Sharp W
(2013) Trajectories of cerebral cortical development in child-
hood and adolescence and adult attention-deficit/hyperactivity
disorder. Biol Psychiatry 74:599-606

Shestyuk AY, Deldin PJ (2014) Automatic and strategic representa-
tion of the self in major depression: trait and state abnormalities.
Am J Psychiatry 167:536-544

Shin YW et al (2005) Sex differences in the human corpus callosum:
diffusion tensor imaging study. Neuroreport 16:795-798

Shin LM, Rauch SL, Pitman RK (2006) Amygdala, medial prefrontal
cortex, and hippocampal function in PTSD. Ann N Y Acad Sci
1071:67-79

Sisodiya S, Free S (1997) Disproportion of cerebral surface areas and
volumes in cerebral dysgenesis. MRI-based evidence for
connectional abnormalities. Brain 120:271-281

Sisodiya S, Free S, Fish D, Shorvon S (1996) MRI-based surface area
estimates in the normal adult human brain: evidence for
structural organisation. J Anat 188:425

Sled JG, Zijdenbos AP, Evans AC (1998) A nonparametric method
for automatic correction of intensity nonuniformity in MRI data.
IEEE Trans Med Imaging 17:87-97

Sowell ER (2004) Longitudinal mapping of cortical thickness and
brain growth in normal children. J Neurosci 24:8223-8231


http://dx.doi.org/10.1016/j.dcn.2013.02.003
http://dx.doi.org/10.1037//0012-1649.35.5.1268
http://dx.doi.org/10.1016/j.neuroimage.2005.02.010
http://dx.doi.org/10.1016/j.neuroimage.2005.02.010
http://dx.doi.org/10.1523/jneurosci.2261-09.2009
http://dx.doi.org/10.1523/jneurosci.2261-09.2009
http://dx.doi.org/10.1016/j.neuroimage.2013.05.076
http://dx.doi.org/10.1016/j.neuroimage.2013.05.076
http://dx.doi.org/10.1016/j.psyneuen.2008.09.012
http://dx.doi.org/10.1016/j.psyneuen.2008.09.012
http://dx.doi.org/10.1002/hbm.20092
http://dx.doi.org/10.1111/1469-8986.3820267
http://www.nature.com/nature/journal/v440/n7084/suppinfo/nature04513_S1.html
http://www.nature.com/nature/journal/v440/n7084/suppinfo/nature04513_S1.html
http://www.nature.com/nature/journal/v440/n7084/suppinfo/nature04513_S1.html

The sexually dimorphic impact of maltreatment on cortical thickness, surface area and... 1083

Sowell ER, Thompson PM, Toga AW (2007) Mapping adolescent
brain maturation using structural magnetic resonance imaging.
In: Romer D, Walker E (eds) Adolescent psychopathology and
the developing brain: integrating brain and prevention science.
Oxford University Press, Oxford, pp 55-84

Stevens JS, Hamann S (2012) Sex differences in brain activation to
emotional stimuli: a meta-analysis of neuroimaging studies.
Neuropsychologia 50:1578-1593

Su S, White T, Schmidt M, Kao CY, Sapiro G (2013) Geometric
computation of human gyrification indexes from magnetic
resonance images. Hum Brain Mapp 34(5):1230-1244

Tomoda A, Polcari A, Anderson CM, Teicher MH (2012) Reduced
visual cortex gray matter volume and thickness in young adults
who witnessed domestic violence during childhood. PLoS ONE
7:€52528

Turner HA, Finkelhor D, Ormrod R (2010) Poly-victimization in a
national sample of children and youth. Am J Prev Med
38:323-330. doi:10.1016/j.amepre.2009.11.012

Uhlhaas PJ, Singer W (2011) The development of neural synchrony
and large-scale cortical networks during adolescence: relevance
for the pathophysiology of schizophrenia and neurodevelopmen-
tal hypothesis. Schizophr Bull 37:514-523

Van Essen DC (1997) A tension-based theory of morphogenesis and
compact wiring in the central nervous system. Nature
385:313-318

Wagner G, Schultz CC, Koch K, Schachtzabel C, Sauer H, Schlosser
RG (2012) Prefrontal cortical thickness in depressed patients
with high-risk for suicidal behavior. J Psychiatr Res
46:1449-1455

Wechsler D (1999) Wechsler Abbreviated Scale of Intelligence. The
Psychological Corporation, San Antonio

Whittle S et al (2013) Childhood maltreatment and psychopathology
affect brain development during adolescence. ] Am Acad Child
Adolesc Psychiatry 52(940-952):e941

@ Springer


http://dx.doi.org/10.1016/j.amepre.2009.11.012

	The sexually dimorphic impact of maltreatment on cortical thickness, surface area and gyrification
	Abstract
	Introduction
	The impact of maltreatment on gray matter volume and the influence of sex
	The determinants of GMV
	Sex differences, maltreatment and surface based indices
	The present study


	Method
	Participants
	Measures
	Maltreatment history
	Cognitive ability
	Socio-economic status
	Pubertal status
	Psychiatric symptomatology

	MRI acquisition
	MRI processing and analysis
	Statistical analysis
	Group differences
	Sex differences


	Results
	Socio-demographic variables, psychiatric symptomatology and global cortical measures
	Group differences
	Cortical thickness
	Surface area
	Local gyrification

	The influence of sex on the impact of maltreatment on GMV
	Cortical thickness
	Surface area
	Local gyrification

	Psychiatric symptomatology and maltreatment severity

	Discussion
	The influence of maltreatment on surface-based measures of cortical structure
	Cortical thickness
	Surface area
	Local gyrification

	Sex differences, maltreatment and surface based indices

	Limitations
	Conclusions
	Acknowledgments
	References




