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Abstract

Childhood adversity plays an important role for development of major depressive disorder (MDD). 

There are differences in subcortical brain structures between patients with MDD and healthy 

controls, but the specific impact of childhood adversity on such structures in MDD remains 

unclear. Thus, aim of the present study was to investigate whether childhood adversity is 

associated with subcortical volumes and how it interacts with a diagnosis of MDD and sex. Within 

the ENIGMA-MDD network, nine university partner sites, which assessed childhood adversity 

and magnetic resonance imaging in patients with MDD and controls, took part in the current joint 

mega-analysis. In this largest effort world-wide to identify subcortical brain structure differences 

related to childhood adversity, 3036 participants were analyzed for subcortical brain volumes 

using FreeSurfer. A significant interaction was evident between childhood adversity, MDD 

diagnosis, sex, and region. Increased exposure to childhood adversity was associated with smaller 

caudate volumes in females independent of MDD. All subcategories of childhood adversity were 

negatively associated with caudate volumes in females - in particular emotional neglect and 

physical neglect (independently from age, ICV, imaging site and MDD diagnosis). There was no 

interaction effect between childhood adversity and MDD diagnosis on subcortical brain volumes. 

Childhood adversity is one of the contributors to brain structural abnormalities. It is associated 

with subcortical brain abnormalities that are relevant to psychiatric disorders such as depression.
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1. Introduction

Exposure to neglect and abuse in childhood – here briefly called childhood adversity - plays 

a crucial role in the development of major depressive disorder (MDD) (Frodl and O’Keane, 

2013; Nusslock and Miller, 2016; Trotta et al., 2015). The relationship between childhood 

adversity and depression is mediated by sex, genetic risk, parental psychopathology, 

stressful life events during adulthood, and social support (Pagliaccio and Barch, 2015). 

Childhood adversity as well as the above mentioned factors may contribute to treatment 

resistance in MDD (Pagliaccio and Barch, 2015; Tunnard et al., 2014). As such, 

understanding the role of childhood adversity is important to improve assessment and 

treatment of depression (Teicher and Samson, 2013).

As described in our recent review, childhood adversity also was suggested as a key factor 

associated with structural brain abnormalities in subjects who developed psychiatric 

disorders (Frodl and O’Keane, 2013). It has been demonstrated that childhood adversity and 

MDD are associated with structural brain changes (Dannlowski et al., 2012; Frodl et al., 

2010; Gerritsen et al., 2015). Experimentally, exposure to severe chronic stressors may 

induce glucocorticoid-mediated pyramidal dendrite retraction in the hippocampus, and 

changes in dendrite arborization in the prefrontal cortex (PFC) in vulnerable individuals 

(Kole et al., 2004; Magarinos et al., 1996; Wellman, 2001; Woolley et al., 1990). Moreover, 

stress or cortisol administration may lead to neuronal atrophy in the hippocampus and to 

states that share features with depression (Duman, 2002).

Patients with MDD showed consistently reduced subcortical brain volumes compared to 

healthy controls. A recent meta-analysis, by the ENIGMA-MDD consortium, investigated 

subcortical volume differences between 1728 MDD patients and 7199 controls from 15 

research samples worldwide. On average, the hippocampus was significantly smaller in 

patients compared with controls, especially in patients with early-onset or recurrent MDD 

(Schmaal et al., 2015). Interestingly, sample characteristics such as mean age, the proportion 

of antidepressant users or proportion of remitted patients and methodological characteristics 

did not significantly moderate these alterations of brain volumes in MDD (Schmaal et al., 

2015). Previous meta-analyses also confirmed smaller hippocampal volumes (Arnone et al., 

2016; Campbell et al., 2004; McKinnon et al., 2009; Videbech and Ravnkilde, 2004) and 

structural alterations in the hippocampus, basal ganglia, orbitofrontal cortex and the rectal 

gyrus (Kempton et al., 2011) in patients with MDD compared to healthy controls.

Our primary aim was to identify associations of childhood adversity and a life-time 

diagnosis of MDD on subcortical volumes in a large multi-center sample. Moreover, an 

additional goal was to assess subcortical volumes using a standardized segmentation 

protocol to avoid effects due to different processing and analysis techniques. Furthermore, a 

third aim was to consider current antidepressant treatment and to test whether this might 

affect subcortical volumes in the framework of the childhood adversity analyses. Using this 
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approach, also prior methodological limitations including age and sex influences were 

addressed. We initiated the childhood adversity subproject within the Major Depressive 

Disorder (MDD) Working Group of the Enhancing Neuro Imaging Genetics through Meta-

Analysis (ENIGMA) consortium (http://enigma.ini.usc.edu/ongoing/enigma-mdd-working-

group/). Nine partners in this network had addressed childhood adversity in their studies 

using the childhood trauma questionnaire (CTQ). Their subcortical volume measures were 

included in our ENIGMA-MDD analysis of childhood adversity.

2. Materials and methods

2.1. Samples

At the time when this subproject was proposed, the ENIGMA-MDD Childhood Adversity 

Working Subgroup included nine international samples with neuroimaging, childhood 

adversity, and clinical data from MDD patients and healthy controls. All of the nine research 

groups agreed to participate in the subgroup analysis. For future projects, new research 

groups around the world are continuously encouraged to join the ongoing ENIGMA work, to 

increase sample size and thereby increase statistical power and evaluate the generalizability 

of our results on MDD. Detailed demographics for each sample are found in Table S1 and 

clinical characteristics in Table S2. Exclusion criteria for study enrollment in each sample 

are given in Table S3. In total, we analyzed data from 3036 people, including 958 MDD 

patients and 2078 healthy controls. All participating sites obtained approval from local 

institutional review boards and ethics committees. All study participants provided written, 

informed consent at their local institution.

2.2. Assessments

The Childhood Trauma Questionnaire Short Form (CTQ-SF) (Bernstein et al., 1994) was 

used to investigate childhood adversity in all sites. The CTQ-SF is a standardized self-report 

instrument with 28 items including five subscales of childhood maltreatment: emotional, 

physical, and sexual abuse, and emotional and physical neglect that sum up to a total score. 

CTQ subscale scores and CTQ total score were firstly used as continuous variables. A 

categorical variable was assessed coding for either no childhood adversity or mild to severe 

childhood adversity. Participants with at least one mild expression of sexual abuse (subscale 

score > 7), emotional abuse (subscale score > 12) or physical abuse (subscale score > 9), 

emotional neglect (subscale score > 14) or physical neglect (sub-scale score > 9) were 

categorized as having had a history of childhood adversity. Reliability and validity of the 

CTQ has been established, including measures of convergent and discriminative validity 

from structured interviews, stability over time, and corroboration (Bernstein et al., 2003).

2.3. Image processing and analysis

Structural T1-weighted MRI brain scans were acquired at each site and analyzed locally 

using the fully-automated and validated segmentation software FreeSurfer (version 5.0 and 

higher) (Fischl et al., 2002). Image acquisition parameters and software descriptions for each 

sample are given in Table S4. FreeSurfer provides segmentations and volume quantifications 

for seven subcortical grey matter regions (nucleus accumbens, amygdala, caudate nucleus, 

hippocampus, pallidum, putamen, thalamus), lateral ventricles, and total intracranial volume. 

Frodl et al. Page 4

J Psychiatr Res. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://enigma.ini.usc.edu/ongoing/enigma-mdd-working-group/
http://enigma.ini.usc.edu/ongoing/enigma-mdd-working-group/


The derived volumes were visually inspected for accuracy following standardized protocols 

designed to facilitate harmonized image analysis across multiple sites (http://

enigma.ini.usc.edu/protocols/imaging-protocols/). Further details on image exclusion criteria 

and quality control can be found in SI1.

2.4. Statistical framework of mega-analysis

Statistical analyses were conducted using SPSS Statistics version 22 (IBM Analytics). In 

this mega-analysis, subcortical volumes, demographics, and childhood adversity scores were 

obtained in anonymized form from each partner site. Data were merged and analyzed at one 

site. After testing for normal distribution of the data using a Kolmogorov-Smirnov test, we 

ran a generalized estimating equations (GEE) model with subcortical volumes as dependent 

variables. A linear scale response model (GEE) was defined, since normal distributions for 

the dependent variables were found. Our model comprised the following independent 

between-subject variables: childhood adversity (continuous: CTQ total score), MDD lifetime 

diagnosis (factor: 0 = controls, 1 = patients) and sex (factor: 0 = males, 1 = females) as well 

as the following within-subject factors: brain region and hemisphere (left, right). Age 

(continuous), neuroimaging site (factor), and total intracranial volume (continuous) were 

used as between-subjects covariates. FreeSurfer version and scanner type are comprised in 

the factor neuroimaging site. The alpha threshold for the main GEE model was 0.05. 

Interaction effects for variables of interest were calculated for the 4-way interaction sex x 

diagnosis x childhood adversity x region and for all possible 2 and 3 way interactions 

between these 4 variables.

Moreover, an additional and similar GEE analysis was performed using 3 groups (controls, 

MDD patients without antidepressant medication, MDD patients with antidepressant 

medication) instead of just 2 groups (MDD patients, controls) to study differences in 

medicated and currently unmedicated MDD patients in the above described analysis and in 

particular interaction with childhood adversity. The alpha threshold for post-hoc tests was 

reduced to 0.007 after considering 7 different regions. The analyses were also redone using 

childhood adversity as categorical variable (yes, no).

After locating regions showing a significant predictive effect of CTQ, we analyzed whether 

the subscales demonstrated additional effects, independent from the confounders intracranial 

volume (ICV), age, imaging site and MDD diagnosis by running Spearman correlations on 

the residual values obtained from GEE model with ICV, age, MDD and imaging site as 

covariates. We used Steiger’s Z test (Steiger, 1980) in order to compare the magnitudes of 

correlation coefficients.

3. Results

Patients with MDD were significantly younger (mean difference: 3 years), more often 

female, and had significantly higher scores on the childhood trauma questionnaire (total 

score and all five subscales; p < 0.001, Table 1) than healthy controls. Thus, as described in 

the methods section, age, ICV and imaging site were used as covariates and sex as between-

subjects variable in the analyses.
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3.1. Effect of childhood adversity and MDD diagnosis on subcortical volumes

The GEE model detected significant main effects of region, hemisphere and of the covariates 

age, sex, imaging site, and ICV. No significant main effects were found for childhood 

adversity or MDD diagnosis separately in the full GEE model. There was a significant 4-

way interaction between MDD diagnosis, childhood adversity, sex, and region (F = 13.5, p = 

0.035). Since all significant 3-way interactions included the factor region (Table 2), we 

further explored this interaction effect by running the analysis separately for each region.

Post hoc analysis revealed a significant interaction between childhood adversity and sex on 

caudate volumes (F = 14.1, p < 0.001) that survived Bonferroni correction. There was a 

significant effect in females on right caudate (F = 10.7, p = 0.001, Bonferroni correction: 

pcorr = 0.007) and on left caudate volumes (F = 13.4, p < 0.001, pcorr <0.005) (Fig. 1). No 

significant effects were found in males on either right (F = 3.5, p = 0.06) or left (F = 2.8, p = 

0.09) caudate volumes, although this can be considered a trend in agreement with the results 

in females. Moreover, effects were observed for the 2-way interaction between childhood 

adversity and sex on putamen volumes (F = 4.9, p = 0.027, pcorr = 0.19), and for the 3-way 

interaction between childhood adversity, sex and MDD diagnosis on thalamus volumes (F = 

4.0, p = 0.044, pcorr = 0.31) in the analyses, but these did not resist Bonferroni correction. 

Using childhood adversity as categorical variable (yes/ no) did not lead to different results.

3.2. Childhood adversity subscales

Significant negative correlations were seen for the association of childhood adversity 

subscales physical neglect, emotional neglect and physical abuse and caudate volumes 

independent of confounders like age, ICV, imaging site and MDD diagnosis (Fig. 2, Table 

3). Using Steiger’s Z test no significant differences in magnitude of correlations were 

observed between the childhood adversity subscales.

3.3. Effects of antidepressant medication

Using current antidepressant medication as classification criteria for the group difference 

(controls, MDD patients without antidepressant medication, MDD patients with 

antidepressant medication) in the analysis, childhood adversity was still associated with 

caudate volume. Significant main effects of antidepressant group were revealed for the 

following subcortical volumes: thalamus (F (2/2826) = 10.5, p < 0.001), hippocampus (F 

(2/2850) = 6.5, p = 0.001), amygdala (F (2/2844) = 4.1, p = 0.017) and putamen (F (2/2739) 

= 4.2, p = 0.016), although the latter two were not significant after Bonferroni correction 

(Fig. 3).

Post hoc analyses revealed that patients without current anti-depressant medication had 

significantly smaller hippocampal volumes compared to controls (mean difference (d) = 

−78.8, p = 0.001) and patients on current antidepressant medication (d = −154.7, p < 0.001). 

With regard to thalamus volumes, patients on current antidepressant medication had 

significantly larger volumes compared to patients without antidepressant medication (d = 

70.3, p < 0.001) and controls (d = 64.2, p < 0.001).
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4. Discussion

This multicenter study included 958 patients with MDD and 2078 healthy controls. It offers 

the largest data for analysing the effects of severity of childhood adversity on subcortical 

brain structures in relation to MDD.

Severity of childhood adversity was significantly associated with lower left and right caudate 

nucleus volumes in females, whereby no significant effects were found in males. Our 

findings of distinct effects in females are interesting since a recent epidemiological study 

showed that those participants reporting childhood adversity were more likely to be female 

than male (Curran et al., 2016). The caudate nuclei as part of the basal ganglia integrate 

information from large cortical regions and feed back to cortical areas involved in motor 

planning, procedural learning, but also in cognitive, behavioural and emotional processes 

(Alexander et al., 1986; Bonelli and Cummings, 2007). Therefore, the caudate nuclei play an 

important role in feedback regulation of cognitive and emotional processes that are required 

for adaptation to adverse environments. So they might undergo structural re-organisation in 

case of exposure to childhood adversity.

An interaction between sex and childhood adversity was also found in a recent voxel based 

morphometry study. In this study, women with childhood adversity had less gray matter in 

the visual posterior precuneal region than controls (Everaerd et al., 2016). Our result of 

subcortical volume reductions in subjects who experienced childhood adversity corroborates 

also previous results in smaller samples and extends these findings to be sex specific. A prior 

study of 265 healthy Australian subjects found that participants with more than two adverse 

events during childhood had smaller anterior cingulate cortex and caudate nuclei than those 

without adverse events during childhood. Moreover, a significant association was detected 

between volumes of these structures and the total number of adverse events during 

childhood (Cohen et al., 2006). Van Hermelen et al. reported that a group of subjects with a 

history of emotional abuse and/or emotional neglect showed significantly smaller medial 

prefrontal cortex volumes compared to subjects without abuse and/or neglect (van Harmelen 

et al., 2010). Edmiston et al. found that total CTQ scores were negatively correlated (p < 

0.005) with grey matter volume of prefrontal cortex, striatum, amygdala, sensory association 

cortices, and cerebellum (Edmiston et al., 2011). Recently, the NESDA study showed a 

significant interaction between MDD diagnosis and childhood adversity on hippocampal 

volume. In this study patients with MDD and a history of childhood adversity had reduced 

hippocampal volumes compared to controls with childhood adversity (Gerritsen et al., 

2015).

Previous studies examining the striatum reported reduced volumes in depressed youth 

compared to controls (MacMillan et al., 2003). However, in our database, there was no 

significant association between MDD diagnosis and reduced subcortical volumes when 

childhood adversity was considered in addition to the covariates age, sex, imaging site, and 

ICV. Therefore, these results suggest that effects previously reported as associated with a 

diagnosis of depression may partly be associated with childhood adversity. Childhood 

adversity seems an important factor in interpreting brain structural differences and thus 

should be considered in future psychiatric imaging studies.
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When analysing the subscales of childhood adversity, we found that in females the effects of 

childhood adversity on caudate volumes were present for all subscales. Correlations between 

caudate volume and childhood adversity were present independently from confounders such 

as age, ICV, MDD diagnosis and imaging site. These negative associations between caudate 

volume and the subscales of childhood neglect were most pronounced for emotional neglect 

and physical neglect and thus the findings are in line with a recent voxel based morphometry 

MRI study, showing an association between deprivation and gray matter volumes (Everaerd 

et al., 2016).

Similar to our study, prior work did not find significant associations between childhood 

adversity and hippocampal volumes (Cohen et al., 2006; Edmiston et al., 2011). This is 

surprising as the hippocampus was found to be associated with childhood adversity in 

previous studies (Bremner et al., 1997; Frodl and O’Keane, 2013). Interestingly, the 

hippocampus was also found to be significantly altered in depressed individuals in our recent 

ENIGMA MDD meta-analysis (Schmaal et al., 2015) and in studies of both depressed 

children and adults (McKinnon et al., 2009). Differences between the previous ENIGMA 

MDD meta-analysis and the present mega-analysis include sample size and confounders: the 

overall sample for the subcortical meta-analysis was larger than the sample for the current 

analysis and there was also a difference in the composition of the cohorts evaluated. In this 

previous meta-analysis the samples from Munster and South Africa have not yet been used, 

whereas other samples used in the meta-analysis did not assess the childhood trauma 

questionnaire and thus were not included in the present study.

An influential factor turned out to be current antidepressant medication use: patients 

currently undergoing treatment had larger hippocampus and thalamus volumes compared to 

currently untreated patients, and compared to controls for thalamus volumes. Nonetheless, it 

is important to take into account that only information about current antidepressant 

medication use at time of scanning and not the full history of antidepressant treatment (type, 

dose, duration) was available. This is an important fact, since therapy with antidepressants 

may reverse neural changes induced by chronic stress (Santarelli et al., 2003). Moreover, in 

a longitudinal voxel-based morphometry study hippocampal volumes of MDD patients with 

continuous antidepressant medication use increased significantly during the 3 year follow-up 

period (Frodl et al., 2008a). On the other hand a negative clinical outcome (more relapses 

and a chronic course during a 3 year follow-up) was associated with volume decline in the 

hippocampus, amygdala, anterior cingulate cortex, and dorsomedial prefrontal cortex (Frodl 

et al., 2008b). These results are in line with effects found in other disorders, such as PTSD, 

where increased hippocampal volumes have been observed after treatment with SSRI’s 

(Vermetten et al., 2003). In an 11-year-follow-up study, differences in brain structures 

between patients with MDD and controls present at baseline were no longer detectable when 

the patients were in remission (Ahdidan et al., 2011). Therefore, these longitudinal studies 

provide some initial evidence that treatment and remission from depression might be 

associated with volumetric increases in subcortical brain structures, which is corroborated by 

the results of the present study.

Despite several strengths of this mega-analysis, including sample size, harmonization of 

image processing and quality control, our study also has some limitations. Since different 
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sites used different imaging techniques (different field strength, sequence parameters and 

spatial resolution) and applied different inclusion and exclusion criteria, imaging site was 

used as a covariate in the analyses. But this practice cannot completely rule out remaining 

effects from these methodological differences that might have influenced our results. To 

overcome these issues further studies should recruit all subjects in one site or apply matched 

imaging procedures between multiple centres to maintain the advantage of large sample 

sizes. Further investigations of cortical measures in subjects with more pronounced 

childhood adversity, for example childhood trauma, might be an important next step to 

clarify effects of childhood adversity on brain volume and structures. To increase our 

understanding on how enduring effects of childhood adversity differ from acute depression-

related effects, the underlying morphological, histological, and molecular mechanisms of 

volume change after childhood adversity deserve more attention. Furthermore, the CTQ does 

not assess crucial time windows to adverse experiences during development (Cowell et al., 

2015) and might be influenced by recall bias, which might have affected our results. Since 

age and antidepressant medication use strongly affected subcortical volumes, future studies 

will need to carefully control for these confounders.

In conclusion, the present study emphasizes that childhood adversity is associated with 

alterations in caudate volumes and thus may be an important factor involved in caudate 

development. This mechanism seems to be more prominent in females. Interestingly, neither 

an interaction effect of childhood adversity and MDD diagnosis nor a more pronounced 

effect of childhood adversity on brain volumes in patients with MDD was detected.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Association between childhood adversity and caudate volumes (mean of left and right) in 

females and males. Shown are quintiles (quintiles of the population, with mean of quintiles 

labeled) for the different severities of childhood adversity and predicted values after 

correction for covariates, age, ICV, imaging site as well as the standard error.
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Fig. 2. 
Association between emotional neglect, physical neglect and physical abuse and subcortical 

volumes of nucleus caudate in females. Shown are quintiles/quantiles (with mean of 

quintiles/quantiles/tertiles labeled) for the different severities of childhood adversity and 

residual values after correction for covariates, age, ICV, imaging site as well as the standard 

error. Left for association with left caudate, Right for association with right caudate. The 

distribution of physical neglect was obtained in quantiles).
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Fig. 3. 
Bar diagram shows means and standard deviations (estimated values using age, sex, field 

strength and site as covariates) for MDD patients currently taking antidepressants compared 

to those MDD patients currently unmedicated and compared to controls. Patients currently 

taking antidepressants had significantly larger thalamus volumes compared to controls and 

patients not taking antidepressants. Patients not taking antidepressants had significantly 

smaller hippocampal volumes compared to controls and patients taking antidepressants.
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Table 1

Demographic and clinical data. CTQ: childhood adversity; BDI: Beck Depression Index: given from studies 

with available BDI scores, some studies did not include depression severity for healthy controls.

Patients (N = 958) Controls (N = 2078) df Diagnosis effect

Age 42.4 (14.3) 46.3 (15.2) 3034 t = 6.7, p < 0.001

Sex (Female/Male) (614/344) (994/1084) 3036 Chi = 69.6, p < 0.001a

BDI 18.2 (12.3) 5.2 (4.3) 2030 p < 0.001a

CTQ total 42.0 (15.7) 32.4 (8.1) 3034 p < 0.001a

Physical abuse 6.9 (3.5) 5.6 (1.7) 3034 p < 0.001a

Emotional abuse 9.4 (4.9) 6.3 (2.3) 3034 p < 0.001a

Sexual abuse 6.0 (3.2) 5.2 (1.1) 3034 p < 0.001a

Physical neglect 7.8 (3.0) 6.6 (2.2) 3034 p < 0.001a

Emotional neglect 12.0 (5.5) 8.6 (3.8) 3034 p < 0.001a

Age of onset 30.7 (14.1)

Antidepressants users 37.9%

a
Mann Whitney-U Test.
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Table 2

GEE results with subcortical volumes as dependent variables and factors age, sex, neuroimaging site, 

Intracranial volume (ICV), childhood adversity (CTQ), MDD diagnosis and interactions.

Source Wald Chi-square df p-value

Neuroimaging site 513.9 7 <0.001

Hemisphere 281.6 1 <0.001

ICV 1458.5 1 <0.001

Age 1317.2 1 <0.001

MDD diagnosis 0.89 1 0.35

Sex 4.0 1 0.045

Region 27478.5 6 <0.001

CTQ 0.3 1 0.61

Diagnosis × Sex 0.05 1 0.83

CTQ × Sex 4.4 1 0.036

Diagnosis × Region 6.0 6 0.43

Diagnosis × CTQ 5.4 1 0.02

CTQ × Region 37.1 6 <0.001

Sex × Region 72.8 6 <0.001

Diagnosis × Sex × Region 6.5 6 0.37

Diagnosis × Sex × CTQ 0.65 1 0.42

Sex × CTQ × Region 19.6 6 0.003

Diagnosis × Region × CTQ 14.1 6 0.028

Diagnosis × Sex × Region × CTQ 13.5 6 0.035
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Table 3

Spearman correlation coefficients for the correlations between subcategories of childhood adversity and those 

subcortical volumes showing significant association with childhood adversity (residual values).

Left caudate Right caudate

Physical abuse r = −0.033, p = 0.19 r = −0.059, p = 0.022

Emotional abuse r = −0.0.02, p = 0.95 r = −0.016, p = 0.53

Sexual abuse r = −0.018, p = 0.47 r = −0.030, p = 0.25

Emotional neglect r = −0.071, p = 0.005 r = −0.066, p = 0.011

Physical neglect r = −0.054, p = 0.034 r = −0.047, p = 0.069
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