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Reduced fractional anisotropy in depressed patients due
to childhood maltreatment rather than diagnosis
Susanne Meinert1, Jonathan Repple1, Igor Nenadic2, Axel Krug2, Andreas Jansen2,3, Dominik Grotegerd1, Katharina Förster1,
Verena Enneking1, Katharina Dohm1, Simon Schmitt2, Frederike Stein2, Katharina Brosch2, Tina Meller2, Ronny Redlich1,
Joscha Böhnlein1, Lisa Sindermann1, Janik Goltermann 1, Elisabeth J. Leehr1, Nils Opel1,4, Leni Aldermann1, Andreas Reuter1,
Ricarda I. Schubotz5, Tim Hahn1, Tilo Kircher2 and Udo Dannlowski1

Reduced fractional anisotropy (FA) associated with Major Depressive Disorder (MDD) overlaps anatomically with effects of
childhood maltreatment experiences. The aim of this study was, therefore, to replicate the negative effect of childhood
maltreatment on white matter fiber structure and to demonstrate, that alterations in MDD might be partially attributed to the
higher occurrence of childhood maltreatment in MDD. Two independent cohorts (total N= 1 256) were investigated in a diffusion
tensor imaging study: The Münster Neuroimaging Cohort (MNC, N= 186 MDD, N= 210 healthy controls, HC) as discovery sample
and the Marburg-Münster Affective Disorders Cohort Study (MACS, N= 397 MDD, N= 462 HC) as replication sample. The effects of
diagnosis (HC vs. MDD) and Childhood Trauma Questionnaire (CTQ) scores on FA were analyzed. A main effect of diagnosis with
higher FA in MDD patients compared with HC was found in the MNC (pFWE= 0.021), but not in the MACS (pFWE= 0.52) before
correcting for CTQ. A significant negative correlation of FA with CTQ emerged in both cohorts (MNC: pFWE= 0.006, MACS: pFWE=
0.012) in several tracts previously described in the literature. No CTQ × diagnosis interaction could be detected. Any main effect of
diagnosis was abolished after correcting for CTQ (MNC: pFWE= 0.562, MACS: pFWE= 0.115). No differences in FA between MDD and
HC could be found after correcting for childhood maltreatment, suggesting that previously reported group differences might be
attributed partially to higher levels of maltreatment experiences in MDD rather than diagnosis itself. Furthermore, a well-established
finding of reduced FA following childhood maltreatment experiences was replicated.
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INTRODUCTION
Childhood maltreatment, including physical, and emotional
neglect as well as physical, emotional, and sexual abuse, is highly
prevalent [1]. It is a risk factor for the development of major
depressive disorder (MDD) [2–5], accounting for 54% of the
population attributable risk for depression [6]. It is associated with
lower responding rate to psychopharmacological treatment and
higher likelihood of chronicity in MDD [7–11]. Furthermore,
childhood maltreatment is associated with immunological, endo-
crine, and epigenetic processes, as well as brain structure and
function [4, 12–14]. These changes could be initially adaptive
reactions to a dysfunctional environment, increasing the vulner-
ability to depressive psychopathology [15, 16].
MDD and childhood maltreatment have been associated with

adverse changes in various overlapping white matter regions: in
the inferior fronto-occipital fasciculus [17–20], the uncinate
fasciculus [16, 18, 19], the thalamic radiation [17, 18, 20, 21], the
corona radiata or corticospinal tract [19, 21, 22], the longitudinal
fasciculi [15–17, 19, 20] the cingulum bundle [19, 20] and the
corpus callosum [7, 16, 17, 19, 21, 23, 24]. This anatomic overlap
strengthens the idea of a close link between stressful life events in
early childhood and MDD. However, it also advises caution, as

neurobiological alterations typically ascribed to MDD disease
status could be explained to some extent to the higher occurrence
of childhood maltreatment experiences in MDD patients [24]. To
understand the brain structural correlates of MDD these effects
have to be distinguished.
Previous studies already suggested that differences in gray

matter volume and functional amygdala responsiveness between
patients with MDD and healthy controls (HC) might rather be a
function of childhood maltreatment than of MDD itself [25, 26],
advising to correct for its influence in future studies investigating
MDD. As it becomes increasingly evident that childhood maltreat-
ment experiences influence a complex neural network, investigat-
ing interconnecting fibers is a matter of particular interest.
Diffusion tensor imaging (DTI) uses estimations of fractional

anisotropy (FA) to quantify fiber structure in a noninvasive
population-based approach. FA measures directional diffusion,
taking values from zero (=isotropic) to one (=anisotropic/
constrained along one axis). As FA is influenced by myelination,
axon density, axon diameter, and the permeability of the brain, it
is often interpreted to reflect axonal damage [27, 28]. However,
the number of fibers, fiber crossings and general fiber orientation
can also influence FA in healthy fiber structure [29].
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Reductions of FA in MDD compared with HC in the inferior
fronto-occipital fasciculi, the uncinate fasciculi, the thalamic
radiation, the corticospinal tract, the longitudinal fasciculi, the
cingulum bundle, and the corpus callosum are expected (main
effect diagnosis; analysis 1.1, analysis 2.1). Further, a reduction of
FA associated with increased burden of maltreatment should be
present in the same fibers (main effect maltreatment; analysis 1.2,
analysis 2.2). Differences in FA comparing patients with MDD
and HC should be diminished when controlling for childhood
maltreatment (main effect diagnosis; analysis 1.2, analysis 2.2). For
internal replication, two independent cohorts were investigated.
As the discovery and replication sample differed in clinical
characteristics (see below) additional exploratory analyses were
conducted (analysis 1.3, analysis 2.3).

MATERIALS AND METHODS
Participants
Two independent cohorts—the Münster Neuroimaging Cohort
(MNC) [30] and the Marburg-Münster Affective Disorders Cohort
Study (MACS) [31] were combined.
First, N= 396 participants from the MNC, N= 186 diagnosed

with MDD and N= 210 HC were analyzed. Restrictive inclusion
criteria were used in the MNC: All MDD patients were inpatients
diagnosed with a severe depressive episode. HC were recruited
through newspaper advertisements.
Second, N= 859 participants from the MACS (N= 397 MDD

patients suffering from current or partially remitted depressive
episode, N= 462 HC) were selected for analysis (Supplement 1).
Participants were recruited through psychiatric hospitals or
newspaper advertisements. Inclusion criteria were less strict
including mild, moderate or partially remitted MDD episodes on
the top of severe depression. Furthermore, patients could be
undergoing inpatient, outpatient or no current treatment. The
MACS was conducted at two scanning sites—University of
Münster and University of Marburg (the magnetic resonance
imaging (MRI) quality assurance protocol [32] and the general
study description [31] are provided in previous articles).
The MNC was approved by the ethics committee of the Medical

Faculty of University of Münster. The MACS was approved by the

Ethics Committees of the Medical Faculties, University of Marburg
and University of Münster. All experiments were performed
in accordance with the ethical guidelines and regulations. All
participants gave written informed consent prior to examination.
They received financial compensation for participation after the
testing session.
The groups (HC vs. MDD) were matched for age and sex within

each sample separately (Table 1). To confirm the psychiatric
diagnosis or the lack thereof, the Structural Clinical Interview for
DSM-IV-TR (SCID-IV) [33] was assessed by trained personnel.
Participants varying in age from 18 to 65 years were recruited.
Exclusion criteria in both studies comprised any neurological
abnormalities, history of seizures, head trauma or unconscious-
ness, severe physical impairment (e.g., cancer, epilepsy), hypothyr-
oidism without adequate medication, claustrophobia, color
blindness, and general MRI contradictions (e.g., ferromagnetic
implants, pregnancy). Lifetime diagnoses of schizophrenia, schi-
zoaffective disorder, bipolar disorder, or substance dependence
were excluded.
The German version of the Childhood Trauma Questionnaire

(CTQ) [34] was administered to assess adverse early life events.
The CTQ is a 28-item retrospective self-report questionnaire
covering five types of negative childhood experiences: emo-
tional neglect, physical neglect, emotional abuse, physical
abuse, and sexual abuse [35]. The questionnaire uses a five-
level Likert scale, with higher values reflecting maltreatment of
greater magnitude. HC and MDD differed in their overall CTQ
score and all subscales (all p < 0.001, Table 1) in the MNC and
MACS, respectively. In the following analyses the overall CTQ
score was used.
The Hamilton Depression Rating Scale (HDRS) [36] was used to

assess depressive symptomatology. The Medication Load Index
(MedIndex, Table 2) [37], a composite measure of total medication
load reflecting daily dose and number of prescriptions irrespective
of active components, was used to measure psychopharmacolo-
gical medication intake (Supplement 2). MDD patients in the MNC
received more psychiatric medication compared with patients in
the MACS. However, the two patient cohorts were similar in the
number of hospitalizations, number of episodes and comorbid
diagnoses (Table 2).

Table 1. Sociodemographic and clinical characteristics of the cohorts

MNC MACS

Characteristic MDDa (n= 186) HCa (n= 210) p (HC vs. MDD) MDDa (n= 397) HCa (n= 462) p (HC vs. MDD)

Sociodemographic

Sex ♀100♂86 ♀107♂103 0.576b ♀242 ♂155 ♀273 ♂189 0.578b

Age, years 38.66 ± 11.68 38.61 ± 10.40 0.966c 37.31 ± 13.47 36.74 ± 12.72 0.522c

Questionnaires

HDRS 23.60 ± 4.61 0.89 ± 1.27 <0.001c 11.98 ± 7.22 1.48 ± 2.22 <0.001c

Childhood Trauma Questionnaire

CTQ sum 47.11 ± 17.36 36.64 ± 9.08 <0.001c 47.57 ± 16.49 34.17 ± 9.21 <0.001c

CTQ emotional neglect 13.55 ± 5.42 10.62 ± 3.89 <0.001c 13.83 ± 5.44 9.15 ± 3.77 <0.001c

CTQ physical neglect 8.17 ± 3.11 6.91 ± 2.05 <0.001c 8.26 ± 3.30 6.49 ± 1.96 <0.001c

CTQ sexual abuse 6.44 ± 3.81 5.32 ± 1.17 <0.001c 6.54 ± 3.54 5.34 ± 1.50 <0.001c

CTQ emotional abuse 11.40 ± 6.44 7.83 ± 3.37 <0.001c 11.67 ± 5.27 7.45 ± 3.22 <0.001c

CTQ physical abuse 7.56 ± 4.07 5.96 ± 2.32 <0.001c 7.27 ± 3.49 5.74 ± 1.75 <0.001c

CTQ Childhood Trauma Questionnaire, HC healthy controls, HDRS Hamilton Depression Rating Scale, HC healthy controls, MACS Marburg-Münster Affective
Disorders Cohort Study, MDD participants with major depressive disorder, MNC Münster Neuroimaging Cohort
aNumbers represent mean plus standard deviation, except for “Sex” which is noted as absolute values
bχ2-test (two-tailed)
ct-test (two-tailed)
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DTI data acquisition
MNC. Data acquisition and preprocessing were performed as
reported earlier [30, 38]. Data were acquired using a 3T whole
body MRI scanner (Gyroscan Intera, Philips Medical Systems, Best,
the Netherlands). Thirty-six axial slices, 3.6-mm thick with no gap
were measured with an anisotropic voxel size of 1.8 × 1.8 ×
3.6 mm³ (TE= 95ms, TR= 9473 ms) in a single-shot echo planar
imaging sequence. One nondiffusion-weighted (DW) image (b0=
0, 3 averages) and 20 DW images with a b-value of 1000 s/mm²
with isotropic gradient directions were acquired.
To ensure data quality, all raw DTI images were visually

inspected leading to the exclusion of seven participants prior to
matching. If the participants’ estimated mean displacement
provided by the eddy correct log-file (see below) was greater
than three times the standard deviation of all participant’s mean
displacement, participants were excluded. Thus, five participants
were excluded prior to matching. DTIPrep [39] was not used as the
MRI scanner and software versions were not compatible.

MACS. Data were acquired using a 3T whole body MRI scanner
(Marburg: Tim Trio, Siemens, Erlangen, Germany; Münster: Prisma,

Siemens, Erlangen, Germany) using a GRAPPA acceleration factor
of 2. Fifty-six axial slices, 2.5-mm thick with no gap, were measured
with an isotropic voxel size of 2.5 × 2.5 × 2.5 mm³ (TE= 90ms,
TR= 7300ms). Five non-DW images (b0= 0) and 2 × 30 DW
images with a b-value of 1000 s/mm² were acquired.
For quality control the open-source software DTIPrep [39] was

used with default options. DTIPrep detects artifacts caused by
eddy currents, head motion, bed vibration and pulsation, venetian
blind artifacts, as well as slice-wise and gradient-wise intensity
inconsistencies. In case of artifacts, individual images from one
participant were omitted from further analyses, with >20% of
omitted images per participant resulting in the exclusion of that
participant (Supplement 1). The included participants had 64.33
images on average (SD= 1.12, range: 55–65).

Image processing
Preprocessing and analysis were performed with FSL5.0.10 (http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/, FMRIB, Oxford Center for Functional MRI of
the Brain, University of Oxford, Department of Clinical Neurology,
John Radcliffe Hospital, Oxford, United Kingdom) [40–42]. The DW
images were corrected for eddy and motion artifacts; b-vectors were

Table 2. Clinical characteristics, comorbidities, and medication in depressed patients in the Münster Neuroimaging cohort (MNC) and the Marburg-
Münster Affective Disorders Cohort (MACS)

Characteristic MNC (N= 186) MACS (N= 397) MNC vs. MACS

Clinical

Depression, episodes, M ± SD 4.41 ± 5.29 4.65 ± 5.93 t(581), p= 0.922

Number of hospitalizations, M ± SD 2.03 ± 1.63 1.93 ± 2.27 t(578), p= 0.607

Medication

MedIndex (Medication Load Index), M ± SD 2.40 ± 1.45 0.62 ± 1.17 t(581), p < 0.001

No medication, % 4.3% 34.3% –

Antidepressants, % 91.9% 62.0% –

Selective serotine-norepinephrine reuptake inhibitor, % 46.8% 24.2% –

Selective serotonin reuptake inhibitor, % 26.9% 26.7% –

Noradrenaline-dopamine reuptake inhibitor, % 2.69% 2.8% –

Noradrenergic and specific serotonergic antidepressant, % 23.1% 10.6% –

Noradrenaline reuptake inhibitor, % 0.5% 0.5% –

Tricyclics, % 5.9% 6.5% –

Agomelatine, % 12.9% 4.0% –

Serotonin reuptake enhancers, % 0.5% 1.0% –

Mood-Stabilizer, % 4.8% 1.8% –

Antipsychotics, % 37.6% 17.9% –

Z-Substance / Benzodiazepine, % 5.4% 1.8% –

Antiepileptic, % 3.2% 1.3% –

Stimulant, % 0.0% 0.5% –

Comorbid disorders

Comorbid disorder, number of yes / no 90/96 163/234 χ²(1), p= 0.096

Panic disorder/Agoraphobia, % 16.7% 9,3% –

Social phobia, % 15.6% 10,6% –

Specific phobia, % 5.9% 5,8% –

Generalized anxiety disorder, % 5.4% 5,0% –

Obsessive compulsive disorder, % 4.8% 4,3% –

Eating disorder, % 4.8% 5,3% –

Posttraumatic stress disorder, % 3.8% 7,1% –

Dysthymia, % 3.8% 9,1% –

Somatoform disorder, % 1.6% 4,5% –

Substance abuse, % – 2.0% –

M mean, MACS Marbug-Münster Affective Disorders Cohort Study, MNC Münster Neuroimaging Cohort, SD standard deviation
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rotated after eddy correction. The first b0 was used as reference for
alignment following automated skull stripping using FMRIB’s brain
extraction tool [43] before diffusion tensor estimation using “dtifit”
within FMRIB’s Diffusion Toolbox [44].

Analysis
Demographic data were analyzed using IBM SPSS Statistics 25
(SPSS Inc., Chicago, IL, USA). To reduce partial volume effects and
registration misalignments, tract based spatial statistics (TBSS) [45]
were used. The FMRIB58_FA template was used for registration.
Hence, all images were resliced to 1 × 1 × 1mm³ image space. A
threshold of 0.2 for the average of all aligned FA images was used
to create a white matter skeleton. This skeleton was laid over each
participant’s registered FA image. The maximum weighted for
distance FA orthogonal to the skeleton was moved to skeleton
space for group-level comparisons. To test for statistical signifi-
cance, the nonparametric permutation testing implemented in
FSL’s “randomize” [46] was used with 5000 permutations. To
correct for multiple comparisons, the Threshold-Free Cluster
Enhancement (TFCE) with default values optimized for TBSS was
used. Significance was determined by using the 95th percentile of
the null distribution of permutated input data of the maximum
TFCE scores, allowing to correct estimated cluster sizes for the
family-wise error (FWE; p < 0.05) [47]. MNI coordinates of the
peak voxel and cluster sizes were retrieved with FSL’s “cluster”
tool. Tract labels of significant clusters were extracted using
FSL’s “atlasquery” and the “JHU White-Matter Tractography Atlas”
[48–50]. Mean FA of the significant cluster were extracted using
FSL’s “fslstats”. The total intracranial volume (TIV) was extracted
from T1 images using the Computational Anatomy Toolbox (CAT-
12, http://www.neuro.uni-jena.de/cat, v933). The T1 sequence for
MNC [51] and MACS [32] are described elsewhere.
The results focus on FA, as it is most commonly used. However,

different DTI metrics as mean diffusivity (MD), radial diffusivity
(RD), and axial diffusivity (AD) describe different aspects of
diffusion and can help interpreting the results. Thus, the same
analyses were performed on MD, RD, and AD (Supplement 3).

MNC. The MNC, a cohort employing more restrictive inclusion
criteria, was used as a discovery sample. As the MDD patients are
more homogeneous in symptom severity and treatment condi-
tions, noise caused by such nuisance variables should be more
controlled for in this cohort.
First, an ANCOVA with FA as dependent variable, diagnosis

(MDD vs. HC) as independent variable and age, sex, and TIV as
nuisance variables was conducted (analysis 1.1). In a subsequent
analysis, total CTQ scores were included as an additional covariate
to correct differences attributed to diagnosis for the influence of
maltreatment. Therefore, the differences between diagnoses
(MDD vs. HC) corrected for total CTQ scores, the influence of the
total CTQ scores themselves and a potential CTQ × diagnosis
interaction were calculated (analysis 1.2). Depressed patients in
the MNC and MACS differed in the MedIndex (Table 2). Therefore,
additional exploratory analyses analyzing the influence of
medication intake were conducted in the MDD sample alone.
An ANCOVA with FA as dependent variable, MedIndex as an
independent variable and age, sex, and TIV as nuisance variables
was calculated (analysis 1.3).

MACS. The MACS, a cohort with more liberal recruiting strategies,
was used as replication sample. Patients suffering from MDD in
the MACS underwent various different treatments (inpatient,
outpatient or none) and symptom severity varied more widely.
While this cohort might be influenced by noise caused by these
nuisance influences, it approximates the population of MDD
patients to a greater extent.
In case of significant results in the MNC, significant voxels were

used to mask the analyses in the MACS. Again, an ANCOVA was

calculated with FA as dependent variable, diagnosis (MDD vs. HC)
as independent variable and age, sex and TIV as nuisance
variables masked with the significant main effect of diagnosis
from analysis 1.1. This analysis was additionally adjusted for
scanner differences: The body coil was exchanged mid recruit-
ment in Marburg. To correct for the scanner differences (Marburg
pre body-coil exchange, Marburg post body-coil exchange,
Münster) two dummy coded variables (Marburg pre body-coil
exchange: yes or no; Marburg post body coil: yes or no) with
Münster as reference category were included as nuisance
variables in the analysis (analysis 2.1). Similar to analysis 1.2, total
CTQ scores were then included in a second analysis masked with
the significant voxels from the main effect of CTQ from the
analysis 1.2 on top of age, sex, TIV, and scanner differences
(Marburg pre body-coil exchange, Marburg post body-coil
exchange). The main effect of diagnosis corrected for the
influence of CTQ, the main effect of CTQ, and the CTQ × diagnosis
interaction were calculated (analysis 2.2). Lastly, similar to analysis
1.3, exploratory analyses for the influence of medication intake
were conducted in the MDD sample alone with FA as dependent
variable, MedIndex as independent variable and age, sex, TIV, and
scanner differences as nuisance variables masked with the
significant main effect of MedIndex from analysis 1.3 (analysis 2.3).

RESULTS
Results in the MNC
Analysis 1.1. A significant main effect of diagnosis (pFWE= 0.021,
total k= 11,390 voxels in three clusters, peak voxel of largest
cluster: x= 8, y=−32, z= 22) was found. MDD patients had
higher FA compared with HC in a bilateral cluster comprising the
forceps minor, the superior longitudinal fasciculus and the
corticospinal tract, among others (Table S1).

Analysis 1.2. This main effect of diagnosis on FA was abolished
after correcting for CTQ (pFWE= 0.562). However, a significant
main effect of CTQ emerged (pFWE= 0.006, total k= 32,994 voxels
in nine clusters, peak voxel of largest cluster: x=−11, y=−6, z=
−6). FA was negatively associated with childhood maltreatment in
a bilateral cluster most prominently in the anterior thalamic
radiation, the corticospinal tract, the fronto-occipital fasciculi, and
the longitudinal fasciculi irrespective of group (Table S2, Fig. 1).
The main effect of CTQ remained significant, even after excluding
potentially influential data points/outliers (Supplement 4). Further,
a stepwise regression analysis of the five subtypes of childhood
maltreatment showed that of the subtypes only emotional abuse
and physical neglect were associated with reduced FA values
(Supplement 5, Table S3). When analyzing the MDD subsample
alone, the association between mean extracted FA and CTQ
remained significant even after correcting for HDRS, MedIndex,
comorbid diagnosis (yes vs. no) and number of hospitalizations on
top of age, sex, and TIV in a subsequent analysis in SPSS (Table 3).
The CTQ × diagnosis interaction was not significant (pFWE= 0.389).

Analysis 1.3. A significant increase of FA in MDD associated with
higher MedIndex scores (pFWE= 0.043, total k= 2784 voxels in
four clusters, peak voxel of the largest cluster x=−26, y=−30,
z= 27) could be observed. The effect was found in the anterior
thalamic radiation, the corticospinal tract, the cingulum, the
forceps minor, the inferior fronto-occipital fasciculus, the long-
itudinal fasciculus, and the uncinate fasciculus. Patients with
higher number and doses of psychopharmacological treatment
had higher FA.

Results in the MACS
Analysis 2.1. The significant FA voxels described in Table S1
from the abovementioned main effect of diagnosis within
the MNC (analysis 1.1) were used to mask the following
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corresponding analysis in the MACS sample. Neither an FA
increase nor decrease in MDD compared with HC could be
found (all pFWE > 0.212). Therefore, an additional exploratory
whole-brain analysis with a threshold of puncorrected < 0.05 was
conducted in the MACS sample, resulting in a marginally
significant main effect of diagnosis (pFWE= 0.052; puncorrected=
0.034, total k= 939 voxels in four clusters, peak voxel of
the largest cluster x=−22, y=−78, z= 13). In this cohort, MDD
had lower FA compared with HC in the thalamic radiation,
the longitudinal fasciculus, the anterior thalamic radiation, the
corticospinal tract, the cingulum, the forceps major, the fronto-
occipital fasciculus, and the longitudinal fasciculus.

Analysis 2.2. Similarly, the significant FA voxels described in
Table S2 from the abovementioned main effect of CTQ within the
MNC (analysis 1.2) were used to mask the following analyses in the
MACS. A significant main effect of CTQ emerged (pFWE= 0.012,
total k= 1,551 voxels in five clusters, peak voxel of largest cluster:
x=−25, y=−4, z= 20). Higher values of maltreatment were
associated with lower FA in the corticospinal tract, the inferior
fronto-occipital fasciculus and the superior and inferior long-
itudinal fasciculi among other regions (Table S4, Fig. 1). The main
effect of CTQ remained significant even after excluding potentially
influential data points/outliers (Supplement 4). A stepwise
regression analysis revealed that only emotional neglect con-
tributed to reduced FA values (Supplement 5, Table S3). The
association between mean extracted FA and CTQ in the MDD
group alone remained significant even after correcting for HDRS,
MedIndex, comorbid diagnosis, and number of hospitalizations on
top of age, sex, TIV, and scanner differences in a subsequent
analysis in SPSS (Table 3). Again, there was no significant
diagnosis × CTQ interaction (pFWE= 0.098) nor a main effect of
diagnosis (pFWE= 0.115) present in the regions associated with
CTQ in the analysis 1.2. As no significant main effect of diagnosis
was found prior to the correction for CTQ, a whole-brain analysis
was omitted.

Analysis 2.3. The significant voxels from the abovementioned
main effect of MedIndex within the MNC’s MDD patients
(analysis 1.3) were used to mask the following analysis in the
MACS. The significant increase of FA in MDD patients alone
associated with higher values of MedIndex scores could not be
replicated (pFWE= 0.678).

DISCUSSION
The aim of this study was to distinguish effects attributed to MDD
from those attributed to childhood maltreatment. As expected,
the differences in DTI metrics between MDD and HC were reduced
after correcting for the influence of childhood maltreatment.
Moreover, correcting for traumatic experiences sufficed to abolish
all significant differences between MDD patients and HC.
Furthermore, the correlation of childhood maltreatment experi-
ences and DTI metrics did not differ between MDD patients and
HC, reflected in nonsignificant diagnosis × CTQ interactions. This
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Fig. 1 Significant correlation of FA with CTQ. a Results in MNC, MNI coordinates for the section plane x=−18, y=−17, z= 6. b Results in
MACS, MNI coordinates x=−27, y=−37, z= 21

Table 3. ANCOVA with extracted mean FA from the significant CTQ
cluster as dependent variable analyzed in the MDD patients alone with
age, TIV, sex, total CTQ scores, HDRS Scores, MedIndex, comorbid
diagnosis (yes vs. no), and number of hospitalizations as independent
variables

MNC MACS

F(1177) p-value Sig. F(1382) p-value Sig.

Age 32.14 <0.001 *** 4.49 0.035 *

TIV 7.08 0.008 ** 16.46 <0.001 ***

Sex 2.10 0.149 1.85 0.175

CTQ 9.81 0.002 ** 4.53 0.034 *

Marburg pre body coil – – – 18.58 <0.001 ***

Marburg post body coil – – – 21.13 <0.001 ***

HDRS 0.63 0.428 0.55 0.459

MedIndex 1.76 0.186 0.07 0.794

Comorbidity 0.42 0.517 2.03 0.155

Hospitalizations 0.13 0.714 1.98 0.160

CTQ Childhood Trauma Questionnaire, HDRS Hamilton, MedIndex medica-
tion load index, MACS Marburg-Münster Affective Disorders Study, MDD
major depressive disorder, MNC Münster Neuroimaging Cohort, TIV Total
intracranial volume
***p < 0.001, **p < 0.01, *p < 0.05
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suggests that some of the differences in DTI metrics attributed to
the diagnosis of depression in previous studies might actually be
due to higher levels of maltreatment among MDD patients
compared with HC [24]. These results suggest that childhood
maltreatment is an important confounder that should be
accounted for in future studies investigating MDD. Similar results
have already been described in an earlier study [52], where no
differences in FA were found between MDD and HC after
correcting for negative childhood experiences.
Further, the well-established finding of reduced FA following

maltreatment experiences was replicated in two independent
cohorts in all previously described regions. The effect was
present even after correcting for common clinical characteristics
(medication, comorbidities, disorder history) and remained
significant even after excluding extreme values from the
analysis. The present data therefore corroborate and extend
previous DTI studies on FA following maltreatment experiences
[15, 16, 19, 20]. History of childhood maltreatment is associated
with reduced FA in a large bilateral network comprising the
inferior fronto-occipital fasciculi, the uncinate fasciculi, the
thalamic radiation, the corticospinal tract, the longitudinal
fasciculi, the cingulum bundle and the corpus callosum. This
effect did not seem to be driven by any specific type of
maltreatment, as the association with physical neglect and
emotional abuse in the MNC could not be replicated in the
MACS. In the latter emotional neglect was the strongest
predictor. It seems that the overall contribution of various early
life events contributed to reductions in FA. Regarding a potential
mechanistic explanation for the observation of reduced FA it is
possible that prolonged stressful life events like childhood
maltreatment result in the hypersecretion of glucocorticoids
[5, 13] leading to altered oligodendrocyte functioning and
potentially reduced myelination [53]. However, as we did not
measure glucocorticoid secretion, oligodendrocyte functioning,
and myelination directly, this is only speculative. Future studies
should focus on the longitudinal change of FA and their
biological basis to pursue this idea.
Taken together with results from structural [26, 54, 55] and

functional MRI [25, 56, 57] these results add to evidence that
childhood maltreatment is associated with changes in complex
neural networks. Given the similarity between maltreated HC and
MDD, it is possible that these changes reflect initially adaptive
reactions to a dysfunctional environment that increase the risk for
mental disorders unless compensated for [4]. This compensation
could be either preexisting, e.g., genetic [58–60], or adaptive, e.g.,
through social support [61–63] or cognitive [62, 64] and behavioral
differences [65, 66].
In the MNC, MDD patients had bilaterally higher FA compared

with HC. This result is in contrast to previous analyses showing
consistently that MDD patients have lower FA. Patients in the MNC
had higher doses of pharmacotherapy on average compared with
patients in the MACS. Medication intake was positively associated
with FA in the anterior thalamic radiation, the corticospinal tract,
the cingulum, the corpus callosum, the inferior fronto-occipital
fasciculus, the longitudinal fasciculus, and the uncinate fasciculus
in the MNC, while no association was found in the MACS. The
effects of medication intake overlap partially with the effects
found comparing MDD and HC prior to correction for CTQ in the
MNC. Thus, the unexpected result in MDD patients in the MNC
could be a consequence of pharmacotherapy. This interpretation
is, however, speculative as it could not be replicated in the MACS.
The influence of types and doses of antidepressant medication on
FA should be explored in future studies in more detail.
Lastly, in the MACS, no significant differences between MDD

and HC following rigorous FWE-correction were found prior to
correction for CTQ. However, using uncorrected p-values, MDD
patients showed a pattern of reduced FA in the anterior thalamic
radiation, the corticospinal tract, the cingulum, the corpus

callosum, the fronto-occipital fasciculus and the inferior and
superior longitudinal fasciculi matching previously described
results [16–18, 21–23]. These subthreshold results in the MACS
limit the interpretation that differences attributed to MDD could
be traced back to higher levels of childhood maltreatment among
patients. Nonetheless, a greater spectrum of MDD patients
approximating the broad spectrum of depression could be
recruited in the MACS. Future studies should examine to what
extent FA differences can be explained by sample characteristics,
e.g., remission or chronicity.
Interestingly, Choi et al. [67] found no significant differences

comparing MDD patients with HC using DTI in a large sample
and randomly selected subsamples as well. The authors argued
that small sample sizes and tracts prone to artifacts could have
resulted in false positive results in previous studies. However,
they also admitted that the FA values of MDD subgroups
(treatment-resistant, early trauma exposure, etc.) could differ
from those of HC. Our current findings confirm the hypothesis
that it is not the diagnosis of MDD itself but, rather, other
aspects like childhood maltreatment experiences that could
underly previously reported differences between MDD patients
and HC.

Limitations
While changes in FA, MD, AD, and RD are linked to myelination
and axonal damage, number, orientation, and crossings of axons
can also influence these metrics [29]. While TBSS focuses on the
tract center and uses thresholds to investigate larger tracts, this
problem still arises in smaller tracts whose diameter is smaller than
the voxel size [68]. Thus, future studies should employ different
approaches (e.g., post mortem, animal models, High Angular
Resolution Diffusion Imaging).
In this study the total CTQ score was used. While the specific

contribution of any subtype of maltreatment could not be
replicated, previous studies indicated that different types of
maltreatment lead to different results in brain structure [4]. Hence,
the different subtypes should be focused on and disentangled in
future studies using DTI.
Further, a retrospective self-report questionnaire to estimate

childhood maltreatment was used, which might have been
influenced by a negative recall bias in MDD patients. Even though
recall of childhood experiences was shown to provide reliable
information in previous studies [25, 69, 70], the retrieval of
negative autobiographical memories is facilitated, faster, and less
detailed in MDD patients [71–73]. While we are not aware, that
childhood trauma is overreported in cohorts of MDD patients to
an extent that might reduce the reliability and validity of the CTQ,
the inclusion of structured interviews could have provided more
reliable information [74–77].

CONCLUSION
Even though the mechanisms underlying this association
are likely more complex, the similarity between HC’s and
MDD patients’ FA after controlling for negative childhood
experiences suggests that some differences previously attrib-
uted to diagnosis might rather be characterized as a function of
maltreatment. Reduced FA associated with more childhood
maltreatment experiences was replicated using two of the
largest, independent, and representative samples of patients
and matched controls to this day.
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