www.nature.com/npp

Neuropsychopharmacology

®

Check for

ARTICLE
Examination of the association between exposure to childhood

maltreatment and brain structure in young adults: a machine
learning analysis

Matthew Price®', Matthew Albaugh?, Sage Hahn?, Anthony C. Juliano? Negar Fani(®? Zoe M. F. Brier, Alison C. Legrand’,

Katherine van Stolk-Cooke', Bader Chaarani?, Alexandra Potter @7, Kelly Peck®“, Nicholas Allgaier (7, Tobias Banaschewski (7,

Arun L. W. Bokde (P, Erin Burke Quinlan’, Sylvane Desriviéres 8 Herta Flor®'°, Antoine Grigis”, Penny Gowland 12,
Andreas Heinz(@®'3, Bernd Ittermann’?, Jean-Luc Martinot®'>'6, Marie-Laure Paillere'>'®'?, Eric Artiges®'>'®'®, Frauke Nees
Dimitri Papadopoulos Orfanos @', Luise Poustka®’, Sarah Hohmann?®, Juliane H. Fréhner@?', Michael N. Smolka 7',
Henrik Walter

'3, Robert Whelan @??, Gunter Schumann #%*?*?> and Hugh Garavan?

5,6,19
’

Exposure to maltreatment during childhood is associated with structural changes throughout the brain. However, the structural
differences that are most strongly associated with maltreatment remain unclear given the limited number of whole-brain studies.
The present study used machine learning to identify if and how brain structure distinguished young adults with and without a
history of maltreatment. Young adults (ages 18-21, n = 384) completed an assessment of childhood trauma exposure and a
structural MRI as part of the IMAGEN study. Elastic net regularized regression was used to identify the structural features that
identified those with a history of maltreatment. A generalizable model that included 7 cortical thicknesses, 15 surface areas, and
5 subcortical volumes was identified (area under the receiver operating characteristic curve =0.71, p < 0.001). Those with a
maltreatment history had reduced surface areas and cortical thicknesses primarily in fronto-temporal regions. This group also had
larger cortical thicknesses in occipital regions and surface areas in frontal regions. The results suggest childhood maltreatment is
associated with multiple measures of structure throughout the brain. The use of a large sample without exposure to adulthood
trauma provides further evidence for the unique contribution of childhood trauma to brain structure. The identified regions
overlapped with regions associated with psychopathology in adults with maltreatment histories, which offers insights as to how
these disorders manifest.
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INTRODUCTION mental health disorders [2], is associated with structural brain

Young adults with a history of maltreatment, including physical
and sexual abuse or neglect, during childhood are at increased
risk for numerous mental health disorders including posttrau-
matic stress disorder and major depressive disorder [1]. This
risk, which is posited to account for nearly half of all childhood

alterations. However, the association between structural differ-
ences and child maltreatment, as opposed to other forms of
adversity such as economic uncertainty, is unclear [3, 4]. Thus,
understanding specific associations between maltreatment and
structural differences in the brain has the potential to inform

'Center for Research on Emotion Stress and Technology, Department of Psychological Science, University of Vermont, Burlington, VT, USA; 2Department of Psychiatry, University
of Vermont, Burlington, VT, USA; 3Department of Psychiatry and Behavioral Sciences, Emory University School of Medicine, Atlanta, GA, USA; *Vermont Center on Behavior and
Health, Burlington, VT, USA; *Department of Child and Adolescent Psychiatry and Psychotherapy, Central Institute of Mental Health, Medical Faculty Mannheim, Heidelberg
University, Mannheim, Germany; °Department of Neuroimaging, Institute of Psychiatry, Psychology & Neuroscience, King's College London, London, UK; "Discipline of Psychiatry,
School of Medicine and Trinity College Institute of Neuroscience, Trinity College Dublin, Dublin, Ireland; ®Centre for Population Neuroscience and Precision Medicine (PONS),
Institute of Psychiatry, Psychology & Neuroscience, SGDP Centre, King's College London, London, UK; °Institute of Cognitive and Clinical Neuroscience, Central Institute of Mental
Health, Medical Faculty Mannheim, Heidelberg University, Mannheim, Germany; '°Department of Psychology, School of Social Sciences, University of Mannheim, Mannheim,
Germany; ''NeuroSpin, CEA, Université Paris-Saclay, Gif-sur-Yvette, France; '*Sir Peter Mansfield Imaging Centre School of Physics and Astronomy, University of Nottingham,
University Park, Nottingham, UK; '*Department of Psychiatry and Psychotherapy CCM, Charité—Universitatsmedizin Berlin, corporate member of Freie Universitat Berlin,
Humboldt-Universitit zu Berlin, and Berlin Institute of Health, Berlin, Germany; '*Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, Germany; "Institut National de la
Santé et de la Recherche Médicale, INSERM U A10 “Trajectoires développementales en psychiatrie”, Paris, France; "®Université Paris-Saclay, Ecole Normale supérieure Paris-Saclay,
CNRS, Centre Borelli, Gif-sur-Yvette, France; '’AP-HP.Sorbonne Université, Department of Child and Adolescent Psychiatry, Pitié-Salpétriére Hospital, Paris, France; '®Psychiatry
Department 91G16, Orsay Hospital, Orsay, France; Institute of Medical Psychology and Medical Sociology, University Medical Center Schleswig Holstein, Kiel University, Kiel,
Germany; *°Department of Child and Adolescent Psychiatry and Psychotherapy, University Medical Centre Géttingen, Géttingen, Germany; ' Department of Psychiatry and
Neuroimaging Center, Technische Universitat Dresden, Dresden, Germany; 2*School of Psychology and Global Brain Health Institute, Trinity College Dublin, Dublin, Ireland;
2PONS Research Group, Department of Psychiatry and Psychotherapy, Campus Charite Mitte, Humboldt University, Berlin, Germany; **Leibniz Institute for Neurobiology,
Magdeburg, Germany and *’Institute for Science and Technology of Brain-inspired Intelligence (ISTBI), Fudan University, Shanghai, PR China

Correspondence: Matthew Price (Matthew.Price@uvm.edu)

Received: 13 July 2020 Revised: 17 January 2021 Accepted: 3 February 2021
Published online: 26 February 2021

SPRINGER NATURE © The Author(s), under exclusive licence to American College of Neuropsychopharmacology 2021


http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-021-00987-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-021-00987-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-021-00987-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-021-00987-7&domain=pdf
http://orcid.org/0000-0001-5637-9230
http://orcid.org/0000-0001-5637-9230
http://orcid.org/0000-0001-5637-9230
http://orcid.org/0000-0001-5637-9230
http://orcid.org/0000-0001-5637-9230
http://orcid.org/0000-0002-7720-252X
http://orcid.org/0000-0002-7720-252X
http://orcid.org/0000-0002-7720-252X
http://orcid.org/0000-0002-7720-252X
http://orcid.org/0000-0002-7720-252X
http://orcid.org/0000-0001-5813-6259
http://orcid.org/0000-0001-5813-6259
http://orcid.org/0000-0001-5813-6259
http://orcid.org/0000-0001-5813-6259
http://orcid.org/0000-0001-5813-6259
http://orcid.org/0000-0002-9498-0200
http://orcid.org/0000-0002-9498-0200
http://orcid.org/0000-0002-9498-0200
http://orcid.org/0000-0002-9498-0200
http://orcid.org/0000-0002-9498-0200
http://orcid.org/0000-0003-4595-1144
http://orcid.org/0000-0003-4595-1144
http://orcid.org/0000-0003-4595-1144
http://orcid.org/0000-0003-4595-1144
http://orcid.org/0000-0003-4595-1144
http://orcid.org/0000-0003-0114-4914
http://orcid.org/0000-0003-0114-4914
http://orcid.org/0000-0003-0114-4914
http://orcid.org/0000-0003-0114-4914
http://orcid.org/0000-0003-0114-4914
http://orcid.org/0000-0002-9120-7060
http://orcid.org/0000-0002-9120-7060
http://orcid.org/0000-0002-9120-7060
http://orcid.org/0000-0002-9120-7060
http://orcid.org/0000-0002-9120-7060
http://orcid.org/0000-0002-4900-4817
http://orcid.org/0000-0002-4900-4817
http://orcid.org/0000-0002-4900-4817
http://orcid.org/0000-0002-4900-4817
http://orcid.org/0000-0002-4900-4817
http://orcid.org/0000-0001-5405-9065
http://orcid.org/0000-0001-5405-9065
http://orcid.org/0000-0001-5405-9065
http://orcid.org/0000-0001-5405-9065
http://orcid.org/0000-0001-5405-9065
http://orcid.org/0000-0002-0136-0388
http://orcid.org/0000-0002-0136-0388
http://orcid.org/0000-0002-0136-0388
http://orcid.org/0000-0002-0136-0388
http://orcid.org/0000-0002-0136-0388
http://orcid.org/0000-0003-4461-7646
http://orcid.org/0000-0003-4461-7646
http://orcid.org/0000-0003-4461-7646
http://orcid.org/0000-0003-4461-7646
http://orcid.org/0000-0003-4461-7646
http://orcid.org/0000-0002-7796-8234
http://orcid.org/0000-0002-7796-8234
http://orcid.org/0000-0002-7796-8234
http://orcid.org/0000-0002-7796-8234
http://orcid.org/0000-0002-7796-8234
http://orcid.org/0000-0002-1242-8990
http://orcid.org/0000-0002-1242-8990
http://orcid.org/0000-0002-1242-8990
http://orcid.org/0000-0002-1242-8990
http://orcid.org/0000-0002-1242-8990
http://orcid.org/0000-0002-8493-6396
http://orcid.org/0000-0002-8493-6396
http://orcid.org/0000-0002-8493-6396
http://orcid.org/0000-0002-8493-6396
http://orcid.org/0000-0002-8493-6396
http://orcid.org/0000-0001-5398-5569
http://orcid.org/0000-0001-5398-5569
http://orcid.org/0000-0001-5398-5569
http://orcid.org/0000-0001-5398-5569
http://orcid.org/0000-0001-5398-5569
http://orcid.org/0000-0002-9403-6121
http://orcid.org/0000-0002-9403-6121
http://orcid.org/0000-0002-9403-6121
http://orcid.org/0000-0002-9403-6121
http://orcid.org/0000-0002-9403-6121
http://orcid.org/0000-0002-2790-7281
http://orcid.org/0000-0002-2790-7281
http://orcid.org/0000-0002-2790-7281
http://orcid.org/0000-0002-2790-7281
http://orcid.org/0000-0002-2790-7281
http://orcid.org/0000-0002-7740-6469
http://orcid.org/0000-0002-7740-6469
http://orcid.org/0000-0002-7740-6469
http://orcid.org/0000-0002-7740-6469
http://orcid.org/0000-0002-7740-6469
mailto:Matthew.Price@uvm.edu
www.nature.com/npp

brain-based models of maltreatment-related vulnerability for
psychopathology.

Exposure to maltreatment during childhood is posited to affect
regions involved in the detection of threatening information, the
modulation of the associated stress responses, and areas of
executive functioning [5]. Several studies that have examined
specific associations between brain structure and maltreatment
have been ROIl-based studies focused to fronto-temporal regions
and had small (total n<75) sample sizes. In one study of
adolescents, those with a history of abuse had reduced cortical
thickness in the bilateral ventromedial prefrontal cortex, para-
hippocampal gyrus, inferior frontal gyrus (IFG), left temporal pole,
and right middle and superior temporal gyrus [6]. Exposure to
other forms of maltreatment among this sample was not reported.
Another study that focused on these regions reported only a
difference of reduced volume of the anterior cingulate cortex
(ACQ) in a sample of adolescents with a history of childhood
sexual abuse [7]. However, a follow-up study did not detect any
differences in the same set of ROI's in a sample of young adults
with and without a history of sexual assault using measures of
cortical thickness, surface area, and subcortical volume [8]. These
results provide partial support for the hypothesis that exposure to
maltreatment in childhood is associated with structural differences
in the fronto-temporal regions associated with stress responses.
However, it is unclear how maltreatment is associated with
alterations to brain structure outside of these regions.

Three studies examined structural differences across the whole
brain among those with and without histories of maltreatment.
The first examined differences in cortical thickness in women with
maltreatment histories found thinning in somatosensory cortex,
parahippocampal gyrus, precuneus, ACC, and posterior cingulate
(PCC) cortex [9]. Lim et al. [10] examined differences in cortical
thickness, volume, and surface area in adolescents with and
without histories of maltreatment using both an ROIl-based
analysis of fronto-temporal regions and a whole-brain comparison.
Within the ROIl-based analysis, those exposed to maltreatment
showed reduced cortical thickness in the right orbitofrontal cortex
(OFQ) and insula. In the whole-brain analysis, those with a
maltreatment history also showed reduced cortical thickness in
the precentral and postcentral gyri and increased cortical volume
in the left and middle temporal gyri. The third examined
differences across the brain in 256 adults (ages 18-35) and
reported that women with a history of maltreatment had smaller
volumes in the precuneus [11]. These studies suggest that
maltreatment may be associated with differences beyond regions
most closely associated with the response to threat.

Despite the potential benefit from whole-brain-based compar-
isons, there are several methodological challenges to conducting
such analyses. Comparisons across the brain, at the ROl or voxel
level, require more statistical tests relative to targeted ROI
analyses. The increase in testing can obscure the detection of
small, but clinically relevant differences [12]. The difficulty in
detecting such effects is especially challenging given the modest
samples (n's < 80) used in prior work [13]. Larger samples obtained
from consortium studies can address these limitations by
recruiting representative samples with a spectrum of maltreat-
ment and leverage novel analytic approaches, such as machine
learning [14-16].

When examining differences across the brain, machine
learning can overcome many of the limitations of more
traditional comparisons [15]. Through feature selection and
cross-validation, machine learning methods have shown pro-
mise in quantifying the relation between multiple brain regions
and exposure to maltreatment during childhood [14, 16]. A
recent study conducted used the elastic net, a supervised
machine learning method, to identify the relation between
structural volumes across the whole brain and overall childhood
maltreatment in a sample of adults [14]. Frontal and temporal
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regions that were identified in prior work were most strongly
associated with maltreatment histories. Additional regions also
emerged including the transverse temporal region, pallidum,
cerebellum, and portions of the insula. A second study that used
multivariate pattern analysis to examine similar relations in a
large sample of adults also showed structural associations
between maltreatment and reduced volumes in frontal areas
[16]. Areas in the occipital and parietal region were also
identified, including the cuneus and somatosensory cortex. Of
interest in both of these studies was the fact that some brain
volumes were larger in maltreated compared to non-maltreated
individuals, especially in the occipital cortex. The majority of
prior work using univariate comparisons has primarily identified
smaller regions in those with maltreatment histories. This set of
findings highlights the distributed nature of the association
between maltreatment and brain structure and the benefit of
using methods capable of accounting for brain-wide variance.

The present study used machine learning to build a brain-based
classifier to discriminate among young adults (ages 18-21) with
and without a history of maltreatment. The restricted age range
addressed the potential confounding effects of aging and adult
trauma exposure on brain structure. Furthermore, we employed a
cross-validation approach so as to determine how well the
classifier performed on data that did not contribute to its creation,
thereby quantifying the generalizability of the brain-based
classifier. It was hypothesized that differences in fronto-temporal
regions governing emotional reactivity, such as the OFC,
amygdala, and hippocampus, would be most relevant in classify-
ing those who experienced maltreatment. Based on prior work, it
was also hypothesized that parietal regions, including the inferior
parietal cortex (IPC), as well as the precuneus, and ACC and PCC
would contribute to the classification [17]. Three measures of brain
structure (surface-based thickness, surface-based areas, and
subcortical volumes) were used.

METHODS AND MATERIALS

Participants and sample selection

Data for the current study were obtained from Wave 2 of the
IMAGEN study (n=384; age=19.1), a large consortium study
conducted across Europe. Recruitment for the IMAGEN study
targeted adolescents for whom all four grandparents were the
same nationality as the participant (i.e., participants were required
to have four Western European grandparents); as such, the sample
is racially and ethnically homogenous. Wave 2 was selected
because it included an assessment of childhood maltreatment, the
Childhood Trauma Questionnaire (CTQ). The maltreatment group
(n = 96) scored above the established cutoffs (=8) on the Physical
Abuse or Sexual Abuse subscales of the CTQ as these scales are
more closely associated with adverse outcomes [18, 19]. A portion
of these individuals also presented with comorbid neglect with n
=35 and n =20 scoring above the cutoffs for physical neglect
(=8) and emotional neglect (=15) subscales, respectively. The
comparison group (n = 288) were those who had an overall CTQ
score < 28, which suggested minimal maltreatment exposure.
Participants in the comparison group were age and sex matched
to those in the maltreatment groups with a 3:1 (comparison:
maltreatment) ratio. Demographic information is available in
Table 1.

Measures

Childhood Trauma Questionnaire (CTQ; [20]). The CTQ is a 28-item
self-report scale that assesses five categories of negative child-
hood experiences: emotional neglect, emotional abuse, physical
neglect, physical abuse, and sexual abuse and has excellent
psychometric properties [20, 21]. Each subscale is assessed with
five items with scores ranging from 5 to 25 with higher scores
indicating greater maltreatment.

SPRINGER NATURE
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Table 1. Demographic characteristics of the sample.

Maltreatment Comparison p

(n=96) (n=288)
Age 19.20 (0.79) 19.04 (0.71) 0.09
Female sex 32 (33.1%) 96 (33.1%) 1.00
CTQ total score 46.03 (13.80) 25.90 (0.83) <0.001
SDQ score 12.14 (5.77) 8.22 (4.21) <0.001
WISC-IV:VC 48.03 (9.48) 49.78 (8.02) 0.108
SES 17.61 (4.20) 18.63 (3.55) 0.038
p values for continuous variables (age, CTQ scores, WISC-1V, SES) are results
from t-tests. For dichotomous variables (female sex), p value is obtained
from a x°.
CTQ Childhood Trauma Questionnaire, SDQ Strength and Difficulties
Questionnaire, WISC-IV:VC Weschler Intelligence Scale for Children, Verbal
Comprehension Subscale, SES socioeconomic status.

Strengths and Difficulties Questionnaire (SDQ; [22]). The SDQ is a
25-item self-report scale that measures psychopathology across
four domains: emotional, conduct, hyperactivity-inattention, and
peer problems. Total difficulties scores (0-40) are calculated by
summing the psychopathology domains.

Weschler Intelligence Scale for Children—IV (WISC-IV; [23]). The
WISC-IV is a broad assessment of cognitive functioning. For the
current study, the vocabulary subscale obtained from the first
wave of the study was used as a measure of cognitive functioning.
This measure was not obtained at the second wave, when the MRI
data for the present analyses were obtained.

Scanning parameters

The scanning methodology for the IMAGEN study is described in
Schumann et al. [24] and is available in the Standard Operating
Procedures (https://imagen-europe.com/). Imaging assessments
and scanning parameters were standardized across sites to ensure
comparable data across locations. Data were obtained from
Structural MRIs. High-resolution anatomical MRIs were obtained
with a 3D T1-weighted magnetization prepared echo gradient
sequence based on the Alzheimer's Disease Neuroimaging
Initiative protocol [24]. ROl measures were generated using the
automated Freesurfer pipeline (version 5.3.0) (http://surfer.nmr.
mgh.harvard.edu/) that used automatic labeling according to the
Desikan—Killany-Tourville (DKT) atlas for cortical and subcortical
regions [25]. The DKT atlas segments the cortex into 68 regions
and subcortical regions into 20 ROIs. The components used in the
current study included measures of cortical thickness, surface area,
and subcortical volumes.

Data analytic plan

A complete overview of the data analytic plan is presented in the
Supplementary materials. The primary goal of the current analysis
was to identify the ROIs that best differentiated those with a
history of maltreatment from those without such a history. The
primary variables of interest were cortical thickness and surface
area for each cortical ROI, and volume for each subcortical ROI.
Sociodemographic variables were also included in the feature set:
age, sex, scanning location, SES, psychopathology defined by total
score on the SDQ, and the WISC-IV verbal comprehension score as
a measure of cognitive functioning. All participants had complete
imaging data.

Machine learning comparison. To reduce the risk of overfitting
and increase the generalizability of the results, three machine
learning algorithms were examined: support vector machines with
a radial kernel, boosted random forests, and the elastic net. More

SPRINGERNATURE

information about the fitting procedures of each algorithm is
available in the Supplementary materials (Fig. S2). The Elastic Net
performed best and is described in greater detail here.

Elastic net. Models were fit with elastic net regularization (elastic
net). Nested cross-validation determined the hyperparameters A and
a (Fig. S1). The elastic net is a form of regularized regression in which
the goal is to obtain a parsimonious model from a large set of
predictors. The elastic net was used within a nested cross-validation
framework using five outer folds and ten inner folds. The pipeline as
described in the Supplementary materials was repeated 100 times
resulting in 500 models. Model performance was evaluated by taking
the mean outcome statistic across all 500 models. For the
classification analysis, the outcome statistic was the area under the
receiver operating characteristic curve (AUC). Model results were
validated with two methods of permutation testing: (1) permuted
combinations of the dependent variable and (2) variable combina-
tions. Variable extraction was conducted in a manner similar to
Clausen et al. [14]. The variables most important to classification were
identified by obtaining the mean standardized coefficient and SE for
each predictor across the 500 models. Variables with coefficient
means + 2SE that did not include zero were retained. The sample size
used in these calculations was 500 with zeros substituted for models
in which a given feature was not selected. This approach penalizes
features that are dominant in fewer models and rewards features
that have reliable performance across many models. The variables
identified as important were then used in a final linear regression
that included only those with a maltreatment history to determine
which regions of the brain scaled with the severity of maltreatment.
To account for the number of variables included in this regression, an
FDR correction was applied.

RESULTS

Information about the sample is presented in Table 1. As expected,
the comparison group endorsed substantially less maltreatment.
There were no significant differences in the ages or sex ratio of the
two groups, suggesting that the matching procedure created nearly
identical groups with respect to demographics. There was no
significant difference in WISC scores, t (143)=1.62, p=0.11. The
maltreatment group reported higher psychopathology as indicated
by the SDQ, t (130)=6.16, p<0.001. The maltreatment group
reported lower SES, t (136) =2.10, p =0.038. All of these variables
were included as features for the elastic net.

The elastic net resulted in good classification accuracy, with a
mean AUC=0.71, (SD=0.01, range = 0.68-0.72). Permutation
testing revealed that this model was highly statistically significant,
(p <0.001) (Figs. S3 and S4). The features identified spanned each
structural domain: 7 cortical thickness ROI's, 15 cortical surface
area ROI's, and 5 subcortical volume ROI's (Table 2 and Fig. 1). The
cortical thickness regions that were smaller in those with a history
of maltreatment were the left IPC, the left IFG (DKT: pars
triangularis), the left posterior cingulate cortex (PCC), and the
right transverse temporal cortex. The cortical thickness regions
that were larger in those with a history of maltreatment were the
left cuneus, left caudal middle frontal cortex, left medial OFC, and
right inferior temporal cortex (Fig. 2). The surface area regions that
were smaller in those with maltreatment histories were the left
dorsal (dACC; DKT: caudal anterior cingulate) and rostral anterior
cingulate cortex (rACQ), left cuneus, left entorhinal, left postcentral
cortex, right inferior temporal, right superior temporal, right
frontal pole, and right temporal pole. The surface area regions that
were larger in those with maltreatment histories were the left
caudal middle frontal region, left isthmus cingulate, left medial
OFC, left IFG (DKT: pars orbitalis), and right transverse temporal
cortex. The subcortical regions that were smaller among those
with a maltreatment history were the left accumbens and right
hippocampus. Those with maltreatment histories had larger brain
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Table 2. Variables contributing to the classification of childhood

maltreatment.

Direction of difference

Regions in the left hemisphere
Accumbens volume
Caudal anterior cingulate area
Rostral anterior cingulate area
Cuneus area
Entorhinal area
Left postcentral area

Maltreatment < control
Maltreatment < control
Maltreatment < control
Maltreatment < control
Maltreatment < control
Maltreatment < control

Inferior parietal thickness Maltreatment < control

Pars triangularis thickness Maltreatment < control
Posterior cingulate cortex thickness Maltreatment < control
Caudal middle frontal area Maltreatment > control
Isthmus cingulate area Maltreatment > control
Medial orbitofrontal area Maltreatment > control
Pars orbitalis area Maltreatment > control
Caudal middle frontal thickness Maltreatment > control
Cuneus thickness Maltreatment > control
Medial orbitofrontal thickness Maltreatment > control
Regions in the right hemisphere
Inferior temporal area Maltreatment < control
Posterior cingulate area Maltreatment < control
Superior temporal area Maltreatment < control
Frontal pole area Maltreatment < control
Temporal pole area Maltreatment < control
Transverse temporal thickness Maltreatment < control
Hippocampus volume Maltreatment < control
Inferior temporal thickness Maltreatment > control
Transverse temporal area Maltreatment > control
Accumbens volume Maltreatment > control
Additional regions
Brain stem volume Maltreatment > control

Corpus callosum—mid posterior Maltreatment > control

Covariates
Age Maltreatment > control
SDQ total score Maltreatment > control
SES Maltreatment < control
Scan site 2 Maltreatment < control
Scan site 5 Maltreatment > control
Scan site 8 Maltreatment < control

stem volumes, right accumbens volumes, and the mid posterior of
the corpus callosum. Six sociodemographic features were also
identified: age, SES, psychopathology, and three location sites.

Linear regression was then used to determine if there was a
continuous relation among those regions identified by the elastic
net and maltreatment severity in the maltreatment group. None of
the regions were significantly associated with severity (FDR-
corrected p's>0.22; Fig. S5). The identified regions, however,
performed better as a predictor of severity of combined physical
and sexual abuse than of combined physical and emotional
neglect (Fig. S6).

DISCUSSION
The results of the present study are among the first to show that
multivariate structural data from the whole brain can accurately
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classify young adults with and without a history of maltreatment.
These results were obtained in a sample that was larger than prior
work and had a restricted age range. The use of a restricted age
reduced the potential confounds of adulthood exposure and
developmental age. The larger sample allowed for the use of
repeated cross-validation, a method that increases confidence in
the generalizability of the results as it estimates performance of a
model on data not used in model construction [15]. These
methodological improvements provide further evidence for the
need to examine the whole brain to both support and expand our
understanding of the possible impact of childhood maltreatment.

Those with a history of childhood maltreatment had reduced
cortical thickness in the left IPC. A recent large-scale study
examining the association of maltreatment and depression also
showed that those with a history of maltreatment had reduced
thickness in this area [26]. The IPC is posited to be a junction point
between the dorsal and ventral attention networks and is thought
to be key in managing the allocation of attention between
external and internal stimuli [27]. Diminished cortical thickness in
this region is associated with elevated distractibility and
perseverating on threatening information [28]. Those with a
history of maltreatment have shown hyperreactivity toward
threatening information, and alterations in the IPC may be a
potential mechanism [29, 30]. Indeed, prior studies have observed
altered function and structure in this region in survivors of
childhood maltreatment, particularly in association with atten-
tional dysfunction [17, 31, 32].

Several regions associated with the default mode network
(DMN) had reduced cortical thickness (PCC, IFG) and surface area
(rACC, dACC, OFC, STG, and entorhinal) in those with a history of
maltreatment [33]. Reduced functional connectivity in the DMN is
a consistently reported finding among adults with a history of
trauma exposure [34, 35]. However, the present study is among a
handful that have also shown structural differences in these
regions [36]. These regions collectively are thought to be involved
in self-referential processes and emotion regulation [37]. The
alterations in these regions are thought to correspond to
reexperiencing symptoms that are often observed among those
with a trauma history [38]. The PCC and rACC are specifically
implicated in emotion regulation [37] and the regulation of
arousal [39]. These regions further highlight how exposure to
maltreatment specifically may be associated with regions involved
in the regulation of emotion. That these findings were obtained in
a sample of young adults adds to the evidence that this region is
affected by childhood experiences as opposed to those that
occurred in adulthood.

Several areas were identified that had not been the focus of
prior work and warrant further attention. Reduced cortical
thickness of the right transverse temporal areas was associated
with a history of maltreatment. This region in the right hemisphere
was also identified in a prior study that used the elastic net [14],
however, the relation was in the opposite direction. That is, larger
volumes were associated with more severe maltreatment. A
potential explanation for this change in direction is the difference
in ages between the sample in the current study (young adults)
and the prior study (middle aged adults). This region undergoes
cortical thinning over the course of adulthood, but the rate of this
thinning has been associated with the presence of psychopathol-
ogy in prior work [40]. The presence of this region in both studies
suggests this area may be associated with maltreatment, but the
directional relation of this association may change as a function
age. Increased cortical thickness and surface areas in several
regions were associated with a history of maltreatment including
the left cuneus. A recent study using MVPA reported a larger
volume in the cuneus in those with a history of maltreatment, but
not those with other forms of maltreatment history [16]. These
findings warrant further investigation of the association of
maltreatment and cuneus thickness.
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Fig. 1 Importance plot of features involved in classification. Weights represent prediction of maltreatment group. Negative weights indicate

that this region is smaller in those with histories of maltreatment. Positive weights indicate that this region is larger in those with a history of

maltreatment.

The present study had several notable strengths including a
relatively large sample and the use of a sophisticated analytic
strategy. It also had a number of limitations. First, maltreatment
history was assessed using a single self-report measure. Future
work should make efforts to more fully characterize the severity
and timing of maltreatment as these are critical to understanding
how maltreatment impacts the brain [41]. Second, the present
study focused only on structural data. Efforts should be made to
integrate other modes of imaging data to determine how
structural and functional data can identify those with maltreat-
ment histories. Third, the study relied solely on linear combina-
tions of brain regions as opposed to interactions. It is likely that
the differences in cortical thickness and surface area may interact
with one another to further distinguish these groups. Fourth, the
assessment of psychopathology was limited to a single measure.
Given that differences throughout the brain are likely associated
with the presence of psychopathology, future work should
incorporate more detailed information about mental health
severity. Fifth, types of child maltreatment are highly comorbid
and the sample in the current analyses reported histories of both
abuse and neglect. Although the findings identify associations
between maltreatment and brain structure, they are unable to
disentangle the unique effect of a given type of maltreatment
(abuse or neglect) on brain structure. Additionally, the study
sample was collected throughout Europe and chosen to be
homogenous with regards to racial and ethnic identity. Therefore,
it is unclear how generalizable the results of the present study
may be to a more ethnic and racially diverse population. Finally,
the sample size did permit the use of an independent hold-out
sample for a final validation, which may impact the general-
izability of the results.

The results of the present study provide further evidence for the
distributed effect of maltreatment during childhood across the
brain. This study also highlighted how machine learning can
identify potential candidate regions for future investigation. The
IPC and transverse temporal region have been identified in prior
work using machine learning but have not been a primary area of
study within the literature. Taken together, these findings suggest
that the structure of regions involved in the perception of

SPRINGERNATURE

threatening information and emotion regulation may be the most
affected by exposure to maltreatment, but the effects extend well
beyond these areas.
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