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Background: Child maltreatment is commaand has longerm consequences for affective
function.Investigationf neural consequences of maltreatntemte focused otheamygdala.
However, developmentakurosciencendicates that othdsrain regionsare also likely to be
affected by.child maltreatment, particularly in #eial information processing netwoi&IPN).
We conducted.@ quantitativeetaanalysis toconfirm thatmaltreatment is related to greater
bilateral"amygdala activation alarge sample that was poolsttoss studiesnvestigate other
SIPN structures that are likely candidates for altered function; condiatadriven examination
to identifyladditional regionthatshowaltered activation in maltreatetiildren, teens, and
adults. Methods: We conducted an activation likelihood estimation analygis 1,733
participants‘acros?0 studies of emotion processing in maltreated individUuRésults
Maltreatment iS\associated with increabgateralamygdala activatioto emotional face€ne
SIPN structuras altered superior temporal gyrus, of the detection naslyperactive in
maltreatedndividuals.The result®f the wholebrain corrected analys&soshow
hyperactivationof the parahippocampal gyrus and insulanaltreatedndividuals.

Conclusions The metaanalysisconfirmsthat maltreatment is relatedit@reased bilateral
amygdalaweactivitynd also shows that maltreatment affects multiple additional structures in the
brain thathave received little attention in the literatliteus,whereas the majority of studies
examining maltreatment and brain functiowéfocused on the amygdathgesefindings
indicate thathe neural consequences of child maltreatment involve adarpnativork of

structureskeywords: Maltreatmentmetaanalysis fMRI .

Introduction

Incidence estimates for child maltreatment are as high as 1 in 4 (CDC, 2015).
Maltreatment'encompasses both abuse and neglect, and refers to injury, death, ldmotona
or serious fisk.of harm to a child due to a caregiver’s actions or failure tohalcth@p, 2015).
Child maltreatment is linked tsignificant risk of injury as well as to many negative health and
behavior outcomes in adolescence and adulthood (Dubowitz & Poole, 2012; Hussey, Chang, &
Kotch, 2006). These consequences, which include mental health, contribute to the high human
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and societatost (Buckingham & Daniolos, 2013; Wang & Holton, 2007). One study estimates
that the total lifetime cost of maltrmaent is $124 billion annually (Fang, Brown, Florence, &
Mercy, 2012). Thusit is crudal to gain a better understanding of the effects of maltreatrdent
likely mediator is the brain; child maltreatmenayalter brain development in a way that
changes socieemotional function and increases the likelihood that an individudweilop a
mentaldisorder. By aggregating the findings of neuroimaging investigations of child
maltreatment,"we sought tharacterizdiowthis early experience impacteural function.
Child"maltreatment typically occurs in a social cont¥xtung children depend on
caregivers for lovand safety. When caregivers deviate from this expected social relationship,
brain development within neural structures that are involved in social proxessy be
impacted Therefore, brain regions associated with emotional facial expression pngcassi
likely to be involved in the connection between child maltreatment and later psychopathology.
The social information processing network (SIPNglson Leibenluft, McClure, & Ping2005),
describespecific brain regionthat maybe affected by maltreatmenrithe SIPN is divided into
three nodesyandetection node, an affective node, and a cognitive-regulatory node.cTiom dete
node is responsible for identifying whether a stimulus is social in natur@@nades inferior
occipital cortex, inferior temporal cortex, intraparietal sulcus, fusiform face area, superior
temporal.sulcus, and anterior temporal corfghe affective node further processes the social and
emotional components of a stimulus, and includes the amygdala, ventral striatum, beptum
nucleus ofthe stria terminalis, hypothalamus, and orbitofrontal cortex. Finally,ghiioe-
regulatorymodengages in complex processes such as response inhibition-ciirgotgd
behavior, andncludes the dorsomedial preftahcortex, as well as the dorsal and ventral
prefrontal corticesMany of these brain regiongarticularly neocortical structures and the
amygdalagxperience significant postnatal developmerdking them differentially susceptible
to the effects of maltreatme(ifeicher et al. 2003). Given that brain development during
childhood.is extensive, it is reasonable to expect that thetwngfunctional consequences of
early life stress extend across many areas of the Bdditionally, the brain undergoes
significant structural and functional changes between childhood and adulthood; iiléepibsd
youth and adults who experienced child maltreatment may differ in their neactivity.
Neuroimaging research highlighibrain regions involved in the relationship between
child maltreatmen&nd socioemotional deficits. The amygdal&equently implicated.
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Furthermore, altered amygdala functistinked to disorders that have increased prevalence in
child maltreatment survivors, such as depression and n@astraticstressdisorder PTSD
(Buckingham & Daniolos, 2013Neurdmaging consistently documents amygdala hyperactivity
in response to emotional stimudithose who experienced child maltreatm@udgdan,
Williamson,&,Hariri, 2012; De Belk & Hooper, 2012; Maheu et al., 2010; McCrory et al.,
2011; Suzuki et al., 2014; Tottenham et al., 3011

Otherregionsinvolved in socioemotional processiare also affected by early life stress.
Previously“institutionalized childreshowincreased actation in dorsal prefrontal cortex,
subgenual anterior cingulate, temporal cortex, parietal cortex, and cerebellum (Tottenham et al.
2011).Adolescets exposed to earliffe stress evidencabnormal activityn theanterior
cingulate cortex, prefrontal cortex, striatum, and insula (Mueller,e2G0). In summary, child
maltreatmentontributego alterations idimbic and frontal areas; two regiotigtare involved
in socio-emotional processing and undergo patéd development

Despitethe premisehatmaltreatment broadly impacts the braimoststudies examine
selective regions of intere@ROIs). While this reducgtype 1 error, it limis what can be learned
about the consequences of child maltreatmmiEnmg most commoRROIl in child maltreatment
researchsithe amygdala (Bogdan et al., 20D&nnlowski et al., 2013; Fonzo et al., 2013;
Herringa.Phillips, Fournier, Kronhaus, & Germain, 2013; Maheu et al., 20eCrory et al,
2011; Nicol, Pope, Romaniuk, Ball, 2015; Redlich et al., 2015; Tottenham et al., 2011; van
Harmelen'eal., 2013 White et al, 2012) Other frontal or limbic brain regions are rarely
selected aROIs, When a whole brain approach is used, findings outside of the amygédala
seldom diseussed in détdn order to elucidate the mechanisms involved in the relationship
betweerchild maltreatmenand psychopathology, it is important to gain understanding of how
this early life stressr affects the entire brain.

We, conducted a quantiba@ metaanalysisof neuroimaging studies comparing neural
response to.emotional stimuli in maltreated and control individualstewsminewhich brain
regions aredmpacted by child maltreatmd@yt.conducting a metanalysis, which requires
synthesis offmultiple data sets into a single brain map, we avoid incongstanbrain region
labeling across studies, which caterfere withnarrativebased reviewgihn & Gallinat,

2013), and can determine statistically significant patterns of activ&iwthermore the large
sample size from combining data sefsultedin increasedtatistical powerWe conducted this
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metaanalysis to facilitate understanding of overall trends across neuroimaging sttidield

maltreatment. Activation likelihood estimation (ALE)asvellestablisheanethod for

conducting a quantitative metaralysis. ALE is a coordinateased technique that ugesak

activationcoordinates and participant number to model voxelwise convergence in activation foci

(TurkeltaubgEden, Jones, & Zeffiro, 2002; Laird et al. 20BBpefits of ALE include utilization

of coordinates.instead of regions, as well as usage of a null distribuegoable statistical

testing (Chase; Eickhoff, Laird, & Hogarth, 201The results of ALE analyses indicate regions

that have increased activation over all included studmsected for the entire brai®ur

primary analyses aggregated all studies to attain maximum sample size and power.
Ourgoals for the metanalysis were: JIEvaluate whether maltreatment is related to

greater bilateral amygdala activati@) Examindinks of maltreatment with other social

information progessing network structures; 3) Conduct adfaten examination afegions that

experience altered acétion in maltreatethdividuals 4) Compare neural consequences of child

maltreatment in youth and adults. We hypothesized the followingaltygatment would relate

to increasedibilateral amygdala activati@pmaltreatment would be associated with altered

activation of other SIPNXegions; 3) thelata-driven examination would identify additional

structuressthat are also linked to maltreatméptnaltreated youth and adults would both

demonstrate increased bilatbamygdala activation

Methods
Sudy selection

A literature search of neuroimaging studies comparing patterns of activation i
individuals with early life stres® controlswas conducted iMiarch2016 Our search terms
were as fallows; [(maltreat* OR abuse* OR advers* OR stress* OR famil* OR poverty*) AND
(amygdala* OR,cortic* OR brain* OR fMRI* OR imaging OR activ*]]heinitial search
yielded approximately 10,900 results in Google Scholar. Thatiter search was repeated using
PsycINFOand PubmedAfter a review of potential candidates for the analysis, we realized that
there was awide range of tasks used in these neuroimaging studies of individuad &xpos
early maltreatment. The majority tasks, however, involved processing of emotional faces
stimuli, which is essential to successful socioemotional function. In order tteibotan

activation associated with socioemotional function, we decided to only includehasksed

This article is protected by copyright. All rights reserved



emotional faes as stimuli. Since maltreatméikely involves exposure to fear, anger, and
sadness, we decided to limit the analysis to papatfocused on contrastiadl faces, fear,
anger, neutral, or sad faces with a neutral, scrambled, or baseline condliéseddcisions
narrowed our potential candidates down to aB&les.

Abstracts of all identified articles wesereened for the following ceitia: were studies of
individuals,exposed tohild maltreatment; utilized tasks that probed eoretli facialexpression
processingused fMR| used image subtraction to produce activation foci; reported activation
foci as 3D"coordinates; provided Talairach or MNI coordinatesait®les were eliminated after
this stagelof screening (Figui¢. The58 remainingarticles were read in full in order torsen
for the criteriamAnotheB8 articles were eliminated, leavirtp studies for the analys(3able 1).
All studiesutilize tasks that invole processing of emotional facasd include participants that
have been exposed to abuse or neglect. [Insert Figlireséjt Table 1]

These studies yielded a total bd9foci, or XYZ coordinates of activatiofgr
individualswith a history of maltreatmemind 26 foci for contrgbatticipants For analytic
purposes,@anysfoci, or activation clusters, not reported according to the atlas ohtineaWo
Neurological‘Institute (MNI coordinates)eneconverted to MNI coordinates using the icbm2tal
transformation (Lancaster et,@007). For papers that only preser®l results, the
corresponding author was asked for whole brain results.

Meta-analysis

All'meta-analyses were performed using ALE (Turkeltaub e28i02). We used
GingerALEssoftware (version 2.3.6) conduct tie metaanalysis(Eickhoff et al, 2009;

Eickhoff, Bdzoek, Laird, Kurth, & Fox, 2012). Using the MNI peak coordinates reported by the
studies listed in Tablg, we conducted the analys&3neanalysis used foci reflecting greater
activation in thanaltreatmengroup, and the other used foci reflecting greater activation in the
control group..For each group of foci, activation likelihood estimates were daftfta each
voxel of the brain. Foci are modeled as the center of tirrensional Gaussiedistributions,
which are_summed across experiments to reflect interstudy consistencies in activation. The
clusterwisesfamily-wise errofFWE) correctiorwas employed to correct for multiple
comparisons at a significance threshold of p<. 05 (Eickhoff et al.) 28lLE analyses use
nornparametric analyses, and are therefore not susceptible to the inflatguofiteee ratesn
clusterwise analyseéEklund, Nichols, and Knutsson 2016).
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Results

Objective 1. Amygdala

Our.metaanalysis indicated significantipcreasedhctivation inbilateralamygdala for
individuals'with"maltreatment relative to contrfTable 2 Figure 2).[Insert Figure?2]
Objective 2:"SIPN regions

Theright superiotemporal gyrus, a region of the SIPN detection nade, more active
in individualswith maltreatment relative to contrflable 2).
Objective 3Data-Driven Examination

Outside of the social information processing network, a whole banectedanalysis
revealedwo brain regions had increased activation in maltreateididuals: bilateral
parahippocampal gyrus and the right insulable?2).
Control > maltreatment

Results-of the metanalysis for Control > Maltreatment found no effefitssert Table 2]
Analyseswith whole brain studies only

Therideal input for an ALE met@nralysis is wholdrain data, but given the frequency
with which ROlapproaches are used, it can be impractaamit all nonwhole-brain data
(Laird, 2008). Instead, it is helpful to include ROI data, but then run a second analysis with only
whole-brain"data to ensure that the findings still hGitthe 20 studies in our metanalysis,18
included whelebrain findings in the original articidN=1,660). The remaining 2 studies did no
include wholebrain analyseghese studies focused on the amygdala (Maheu et al., 2010;
McCrory et al, 2011), hippocampus (Maheu et al., 2010), and anterior insula (McCrory et al.,
2011). The corresponding author for each of tlstiseies was asked provide the whole-brain
output correspanding to the article. For a variety of reasons, it was not possibhe édtlzen
authors to fulfill the request3 o examine the influence of whateain reporting, the meta
analyses were frin with whole brain studies only.

The results ofhiswere owrall similar to the results dfie analyses including all studies.
One important differenceas that increaseattivation intheleft parahippocampal gyrus and

amygdala became nonsignificant when the analyses were run with only whole-brain studies.
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Increased activation in the left lentiform nucleus and globus palietjisnin maltreated
individuals became significanActivation in theright parahippocampal gyrus aright
amygdala remainedther differences in findings between the two sets of anatgtaed tahe
size of implicated areas. In the analyses of wibo#n studies only, the size ofht
parahippocampal gyrus andht amygdala region was decreasEdrthermore, the size of the
right insula.and superior temporal gyregionthat was more likely to be activated in maltreated
individualswasincreased in the analyses using wHolain studies only.
Adult vs. youth'studies

Our metaanalysis includes studies of both youth and adults who experienced childhood
maltreatmentsThere were not enough articles to perform a direct statistical compsaimgpn
GingerALE“but'we ran our analyses with youth (N=11) and adult (N=9) studiesagely in
order to qualitatively compare their resydteliminarily.

Results of both the youth and adult analyses showed increased right parahippocampal

and amygdala activation in maltreated individuals. Additionally, maltreated youth, badurst
demonstrated=hyperactivation in the left lentiform nucleus and globus pallidud] as wethe

left parahippoeampal gyrus.

Discussion

Thiswas the firsguantitativemetaanalysis teexamine the effects @hild maltreatment
on brain function. Relative to controls, tiialtreatedyroup exhibitsncreased bilateral
amygdala activatiorAdditionally, maltreatedndividuals evidencéncreased activation in the
superiortemperal gyrus, a region in the SIPN detection node. Finaltypther regions outside
of the SIPN the parahippocampal gyrus and insula, shmreasedctivation inthe maltreated
group.

As hypothesized, bilateral amygdala is hyperactivadividualsthat have been
maltreatedThis/is consistent with a review of child maltreatment neuroimaging literature that
concluded.the neural pathways most altered by child maltreatment are in frontordetorks,
including the amygdala (Hart & Rubia, 2012). As this region is highly involved in emabtion
processesncluding emotion regulation (Phelps & LeDoux 20Q8)red amygdala activation
may underlie the socioemotional difficulties associated with child maltreatmergased
amygdala activatiors linked to several forms of psychopathology, including depression (Siegle,
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Thompson, Carter, Steinhauer, & Thase, 2007), anxiety (Phan, Fitzgerald, Nathace& Tr
2006, and PSTO(Shin, Rauch, & Pitman, 2006hdreased amygdala activation may be
adaptive during the experience of maltreatment, but increase risk of iatbopathology.

Beyond the amygdala@hesuperiotemporal gyruss hyperactivein maltreated
individualsrelative to contrad. This brain regiors linked tosocialperception and cognition
(Pelphrey, Adolphs, & Morris, 2004increased activation of treiperiortemporal gyrus may
aid in early"detection of emotion, which may enable a child to identify threateningarmoti
their environment quickly, an adaptiability in the context of child maltreatmei&ocial
information flows fromthe detection node tbe dfective node to the cognitiveeguldion node
(Nelson et.al2005). Qur results indicatéhat maltreatment may leadatiered function athe
detectionand affectivenodes Abnormalities in emotion detectiand affective responsee
likely to result maberrant socioemotional function and an increased risk of psychopatfaiogy
some individuals.

Outside of the SIPN structures, the present raptdysis also showed thappocamgal
formation structuredilateralparahippocampal gyrgrehyperactie in maltreatedndividualsin
comparison te=control individual€hild maltreatment is associated with PT@@kerman,
Newton, MePerson, Jones, & Dykman 19%8)ered hippocampal formati@ctivation maypea
risk factorthat interacts with childnaltreatmento produce PTSD, @ consequence of child
maltreatment that predisposes an individual to later PT&Bliterature on functional
alterations.of the hippocampal formation in PTiSInixed; parahippocampal activation tends to
be increased arfuppocampal activation has been found to be both decreased and increased
(Francati, Vermetter& Bremner 2007).

A second regiooutside the SIPN that our analysis identified is the insula, which is
hyperactive in maltreated individuals. The insula has been linked to processing diveibjec
feelings and.uncertainty, as well as empathy (Singer, Critchley, & Preuschoff, 2009)
Additionally, theanteriorinsula, which has been linked to integration of interoceptive and
visceral infermationis implicated in emotional experience by recent theoretical accounts
(Eisenberger,,2015; Smith, Steinberg, & Chein, 2014). This régemsserted to be involved in
cognitive-emotional network interactions (Smith et al., 2014) and may be importafietbive
modulation of attention in the presence of emotional stimobreased insula activation to
emotional facess linked to higher trait anxiety (Stein, Simmons, Feinstein, & Paulus, 2007).
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Insula hyperactivatiors al® found in social anxiety disordand specific phobia in a meta
analysis (Etkin & Wager, 2007).

A third region that was identified only in the whole-brain and youth analyses cafsists
the lentiform nucleus and globus pallidus, which is hyperactive in maltreated indsvidlhase
structures are located within the basal ganglia, wisamplicated in the recognition of disgust
(Adolphs, 2007) andhotivationin a recent revieylkemoto, Yang, & Tan, 2015}ltered basal
ganglia‘activityis linked to psychiatric disorders such as Obsessive-Compulsive Disorder
(OCD), anxiety, and depression (Gunaydin & Kreitzer, 2016& basal ganglia is connected to
the prefrontal cortex (Alexander, Crutcher, & DeLong, 1990); prefrontal cortvalabment
during adoleseence magsult inlevels ofbasal ganglia activatiaihat are more similar tihose
of non-maltreated individuals

There were'a number of limitations with this ALE mataalysis. First, aelatively small
number of studies wergsed in the analyses. Although ALE mataalyses of this size are
capable of\producing results, increasing the number of studies could have pratarged
number ofssignificant group differenc@=ox, 2015). Aamoreneuroimaging studies of
individualsthatwere maltreated as children are published, itbgilimportant taonduct
additionalkmeta-analgs Neverthelessl], 733 participants were included in this analysis, which
provides.asbasis for more reliable findings and lays the groundwork for future studiesmitoeexa
specific brain structures in relation to child maltreatment.

A secondconcern is the inability of several research groups to provide whole-brain
coordinatesfor,this met@nalysis, reducing our subsequent comparaswatyses td 8 studies.
Currently there"are many technical, financial, and social challenges to sharing fMRI data
(Poldrack'& Gorgolewski2014). Without a consistent structure for storing fMRI data for future
use, organization dhesedata falls to an individual or group of individuals, making identifying
thelocation of theselata years later difficult. In order to maximize the contribution of research
participants.and funding, it will be importantutlize effective ways of structuring data for
sharingthatdnvestigators can implement at the time of data collection

A third,limitation is that we were not able to explore the effect of task in this meta
analysis. Although we tightly constrained our literature search to include taskséu
emotional faces, our final sample included studies with a range of emekibed tasks that are
likely to use slightly different cognitive and neural resourésmeuroimaging studies of

This article is protected by copyright. All rights reserved



individuals who experienced childhood maltreatment increase in number, it wilipogtant to
evaluate the influence of this early experienedehavioral performance and neural response to
specific emotiorrelated tasks.

A fourth limitation is that we were not able to parse apariables, such agenderage
of exposuregand duration of maltreatment. It will be important to understanthesevvariables
affect neural function at evesgep in development. It would be ideal to tightly consttiagse
variablesin'these neuroimaging studidéeverthelesgiven thedifficulties of recruiting such
individuals;itwould be a significant challen@ether variables that are important to consider are
age of exposure and type of maltreatmBatsponse® child maltreatment are likely to vary by
age of expesure, as well as type of maltreatment; the neural response that physical abuse elicits
in aninfantiis likely to differ from the neural response that emotional neglect elicits in an older
child. As a result, the neural consequences of child maltreatment may vary by these factors.
However, due to the realities of child maltreatment, specificadlyyithoften chronic and
involves multiple types of abuse or neglect, parsing apart the influence of thebéeganidl be
difficult. However, in a recent review, McLaughlin, Sheridan, and Lambert propose a
differentiationsbetween deprivation and thrdwtttmay be more feasible to implement in future
analyses(McLaughlin, Sheridan, & Lamh&®14).Despite these limitations, the current meta
analysis provides the field with knowledge of the neural impacts of childeasitent on youth
across multiple sidies
Conclusions

In ametaanalysisof 1,733 individuals, hyperactivation of thdateralamygdala and
parahippocampal gyri, right insula, and right superior temporal gymatated tahild
maltreatmentGoing forward, we need longitudinal studies to better understand how
maltreatment alters brain developmedpecifically, such studies would allow investigators to
identify the influence ofmportant variables includingge of exposure, type of maltreatment,
duration of maltreatmenage atstudy participation, gender, and study task dedfganwhile
this metaanalysisprovidesa more completanderstanding of howarly maltreatment impacts
braindevelopmentFindings from this work may be used in developing future hypotheses that

involve structures beyond the amygdala and consider networks of brain structures.

This article is protected by copyright. All rights reserved



Acknowledgments

This review,was suppoedy the University of Michigan, Department of Psychology and the
Horace HeRackham School of Graduate Studibs.authors thanRebecca Waller for her
contributions to this work. Theyeclarethey have no conflicts of interest in relation to this
article.

Correspondence

Tyler C. Hein 2010 East Hall, 530 Church St, Ann Arbor, Ml 4810%A;

Email: heint@umich.edu

Key points

e Maltreatment affects as many 25% of children and hastiermg consequences for

affective function.
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e Most neuroimaging research of individuals with a historgholid maltreatmenihas
focused on the amygdaldowever, it is unclear how maltreatment impacts other areas of
the brain.

e We found that child maltreatment is related to bilateral amygdala reactivity and is also
related:to altered reactivity across several brain regions, ingydirahippocampal
gyrus,.insula, and superior temporal gyrus.

e These findings indicate that the neural consequences of child maltreatment extend
beyond threat circuitry.

e Clinical research should consider the entire brain when investigating the neural

congguences of child maltreatment.
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Table 1. Studies included in the meta-analysis. Total N = 1,733. CIDI = Compositatiaieal
Diagnosticlnterview; CTQ = Childhood Trauma Questionnaire; CPS = Child Protective Services;

DHS = Department of Human Services; EFAT = Emotional Face Assessment Task; VAQ =
Verbal Abuse Questionnaire.
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Table 2. Results of the ALE analysis comparing maltreatedcontrol individuals. Maltx =
maltreated; C = control; L. = left; R. = right; X,Y,Z coordinates refer to MNI space; cluster
wise FWE correction.
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Figure 2. Bilateral amygdala and parahippocampal gyrus résartighe activation
likelihood estimation (ALE) analyses. Notes: kahted youtl» Control youth Cluster
wise FWEp<.05.
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