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Abstract Previous diffusion tensor imaging (DTI) studies
have shown that various factors can affect white matter
(WM) tract diffusivity. The aim of the present study was to
investigate the effects of childhood adversity (CA), age and
gender on WM diffusivity in tracts that are thought to be
involved in emotional regulation in individuals with major
depressive disorder (MDD) and healthy controls (HC). DTI
was obtained from 46 subjects with MDD and 46 HC
subjects. Data were pre-processed and deterministic trac-
tography was applied in the cingulum, uncinate fasciculus
(UF), fornix, superior longitudinal fasciculus (SLF) and
fronto-occipital fasciculus (FOF). In subjects with a history
of CA, fractional anisotropy (FA) was greater in the rostral
cingulum (RC) and dorsal cingulum, whereas radial dif-
fusivity (RD) was smaller in the RC when compared with
subjects with no history of CA. In the UF, FOF and
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parahippocampal cingulum, FA was greater in the left
hemisphere in the subjects with CA when compared with
those without CA. Age affected FA, longitudinal diffu-
sivity and RD in the UF, fornix, FOF and SLF, reflecting
axonal and myelin degeneration with increasing age.
Depression or gender did not have any effects on the dif-
fusivity measures. Due to the cross-sectional nature of the
study, a recall bias for CA and possible effects of medical
treatment on diffusivity measures could have played a role.
CA and age could increase the likelihood to develop WM
microstructural anomalies in the brain affective network.
Moreover, subjects with CA could be more vulnerable to
FA changes.

Keywords Childhood adversity - Age - White matter -
Major depressive disorder - DTI - Childhood adversity

Introduction

Major depressive disorder (MDD) is a debilitating mental
illness of significant impact on public health. The preva-
lence of MDD in total national co-morbidity replication
samples was recently estimated to be 16.2 % for lifetime
and 6.6 % for a 12-month period (Kessler et al. 2003).
Other findings indicate that MDD is a leading cause of
disease burden, accounting for 4.4 % of total disability and
for almost 12 % of all total years lived with disability
worldwide (Ustun et al. 2004).

Previous studies suggest that childhood adversity (CA)
plays a role in the etiology of adult MDD onset (Sadowski
et al. 1999; Aguilera et al. 2009; Klein et al. 2009). In a
study that compared individuals with MDD, individuals
with anxiety disorder and healthy controls, the interaction
between a child’s neurotic traits and CA was found to
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increase the risk for developing MDD in adulthood (In-
frasca 2003). In the same study, the number and frequency
of childhood adverse incidents were higher in MDD indi-
viduals, when compared to the general population or to
individuals with anxiety disorder. Interestingly, exposure to
stressful events during childhood was higher in girls, in line
with the evidence showing higher prevalence of MDD in
women than in men (Sadeghirad et al. 2010; Aaro et al.
2011; Chen et al. 2012). Another study that described the
occurrence of CA and stressful life events across the
individual’s life span suggests that childhood adversity
plays a key role in MDD (Spinhoven et al. 2010). More-
over, stressful life events, such as frequently having wit-
nessed domestic abuse during childhood, are thought to be
high risk factors for depression in young adulthood (Rus-
sell et al. 2010).

In recent years, much attention has been devoted to
studying the relationship between MDD and microstruc-
tural abnormalities in the brain. In this respect, diffusion
tensor imaging (DTI) has played an important role. DTI is
capable of revealing white matter (WM) microstructural
anomalies, due to its sensitivity to three-dimensional
changes in water diffusion within the fiber tracts (Basser
et al. 1994). DTI measures structural brain connectivity
in vivo, as opposed to functional connectivity (Tuch et al.
2003; Ramnani et al. 2004; Chanraud et al. 2010; Solano-
Castiella et al. 2010) and is sensitive to a wide range of
diseases (Lim and Helpern 2002). In particular, fractional
anisotropy (FA) is a measure often used in DTI. FA is
thought to reflect fiber density, axonal diameter and mye-
lination in the WM and is influenced by the integrity of
axons and myelin as well as by axon directional coherence,
with reduced FA suggesting either loss of axonal integrity
or coherence (Beaulieu 2002). However, recent DTI studies
have also explored alternative quantitative methods, in the
effort to identify more specific relationships between DTI
measurements and WM pathology. In this respect, radial
diffusivity (RD) appears to be modulated by myelin
integrity in the WM, whereas longitudinal diffusivity (LD)
is thought to be affected by axonal degeneration (Song
et al. 2002).

Various studies have shown FA reductions in a variety of
WM tracts in patients with MDD (Nobuhara et al. 2006; Li
et al. 2007; Yang et al. 2007; Cullen et al. 2010; Dalby et al.
2010). Significant FA reductions were found in the WM of
the medial orbital prefrontal cortex and external capsule in
individuals with refractory MDD (Li et al. 2007). There is
also evidence for smaller FA values in the superior longi-
tudinal fasciculus (SLF) (Murphy and Frodl 2011) and
prefrontal brain regions (Bae et al. 2006; Murphy et al.
2007; Shimony et al. 2009) of MDD individuals when
compared with healthy controls. Additionally, reduced
FA in MDD compared to controls has been detected in the

@ Springer

cingulate cortex (Kieseppa et al. 2010) and parahippo-
campal gyrus (Zhu et al. 2011). Tractography studies in
patients with MDD have also revealed an increase in FA
values in WM tracts involved with mood regulation, i.e., the
tracts connecting the right superior frontal gyrus with the
right pallidum as well as the tracts between the left superior
parietal gyrus and the right superior occipital gyrus (Lu
et al. 2010). In MDD individuals, FA anomalies have also
been detected in the rostral cingulum (RC) and uncinate
fasciculus (UF), two fiber tracts that play key roles in
emotion regulation (Laitinen 1979; Hasan et al. 2009).
Importantly, the UF connects limbic structures, such as the
hippocampus and amygdala, with frontal regions (Taylor
et al. 2007) and is thought to be associated with the capacity
for autonoetic self-awareness, that is the ability to re-
experience previous events as part of one’s past as a con-
tinuous entity across time, as well as with the proficiency in
auditory-verbal memory and declarative memory (Levine
et al. 1998; Mabbott et al. 2009).

Interestingly, the results of DTT studies investigating the
effects of childhood abuse—for example, parental verbal
abuse—have been found to be associated with FA anom-
alies in the arcuate fasciculus (a component of the SLF),
cingulum and fornix (Choi et al. 2009). Moreover, a
16-week follow-up study on adolescents exposed to
childhood maltreatment showed that, at baseline, subjects
had significantly lower FA values in the left and right SLF,
right cingulum bundle projecting to the hippocampus, left
inferior fronto-occipital fasciculus (FOF) and splenium of
the corpus callosum, compared with healthy controls.
Adolescents who developed MDD at follow-up had sig-
nificantly lower FA values in the SLF and right cingulum-
hippocampal projection compared with their counterparts
who did not develop the illness (Huang et al. 2012).

In this context, the aim of the present study was to
investigate whether CA can be associated with micro-
structural anomalies in WM fiber bundles that previous
DTI research has shown to be associated with either MDD
or CA. In particular, we examined the UF, cingulum, for-
nix, SLF and fronto-occipital fasciculus (FOF) to examine
the main effects of CA, gender and diagnosis. In addition,
we explored interactions between gender and CA, gender
and diagnosis as well as CA and diagnosis.

Method

Participants

The study included 92 subjects aged between 18 and
65 years, of which 46 had been diagnosed with MDD and

were undergoing treatment for first onset or recurrent MDD
at the mental health services of the Adelaide and Meath
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Hospital, incorporating the National Children’s Hospital,
Dublin and St. James’s Hospital, Dublin. MDD was clini-
cally diagnosed by consultant psychiatrists based on the
Diagnostic and Statistical Manual of Mental Disorders—
Revised 4th Edition (DSM-IV TR) (American Psychiatric
Association 2000) criteria and was confirmed using the
Structured Clinical Interview for DSM-IV Axis I Disorders
(SCID-I) (First et al. 2002). Of the 46 MDD patients
recruited, only 29 reported CA as assessed by the short
form childhood trauma questionnaire (CTQ-SF) (Bernstein
et al. 2003). The remaining 46 healthy control (HC) sub-
jects were recruited from the local community via
announcements. Of these, 18 reported CA (Table 1).
Groups were age and gender-matched. Each subject was
carefully screened and examined for medical conditions so
that apart from MDD, no subject recruited would have a
personal history of neurological or psychiatric disorders
(Axis I or Axis II) or a history of severe medical illness,
head injury or substance abuse. Demographic variables,
inclusion and exclusion criteria were documented using a
standardized questionnaire and through a structured inter-
view by a psychiatrist. Differences in demographic vari-
ables were tested using the Student ¢ test. A Chi-square test
was used for gender distribution analysis and the Mann—
Whitney U test to investigate differences in clinical
variables.

Rating instruments

Self and observer rated scales were also filled out for all
participants included in the study. These included the
Hamilton Rating Scale for Depression (HRSD) (Hamilton
1969), Beck’s Depression Inventory (BDI-II) (Beck et al.
1996), SCID-I and CTQ-SF. The 28 item short form of
CTQ-SF was used to assess adversity during childhood
and teenage years. This questionnaire is a self-report
instrument that assesses five types of childhood mal-
treatment: emotional, physical, and sexual abuse, as well
as emotional and physical neglect. The questionnaire also
includes a minimization/denial scale for detecting indi-
viduals who may be underreporting traumatic events. The
cutoff mark applied to determine CA in various domains
of CTQ-SF was 12 for emotional abuse, 10 for physical
abuse, 8 for sexual abuse, 8 for physical neglect and 15
for emotional neglect. Reliability and validity of the
CTQ-SF have been established, including measures of
convergent and discriminative validity from structured
interviews, stability over time and corroboration (Bern-
stein et al. 2003).

Written informed consent was obtained from all the
participants. The study was designed and performed in
accordance with the ethical standards laid out by the
Declaration of Helsinki and was approved by the ethics

Table 1 Demographic and clinical characteristics for the four groups investigated (patients with MDD with CA, patients with MDD without

CA, HC with CA, HC without CA)

MDD with CA MDD without CA HC with CA HC without CA F p value df i

(n =24) (n=22) n=17) (n=129)

Mean + SD Mean + SD Mean &= SD  Mean + SD
Age (years) 40 £ 9.1 41 £ 11.2 36 £ 135 36 £ 12 1.2 0.31 03/89 -
Gender (male/female) 13/11 517 8/9 11/18 - 0.16 3/89 5
Height (cm) 1724 £ 8 170.7 £ 7 173 £ 11 173 £ 10.3 0.24 0.87 3/89 -
Weight (kg) 76 £ 17 745 £ 12 72 £ 16 68.3 £ 14.5 1.4 0.25 3/89 -
Age of on-set 23 + 13 28.5 £ 12 - - 2.4 0.13 1/45 -
Illness duration (years) 15+ 11 11.3 £ 10 - - 1 0.03 1/45 -
Cumulative illness duration (years) 10.8 £ 11 7.6 £9 - - 1.2 0.3 1/45 -
Days treated 2,680 £ 3,738 1,890 &+ 2,513 - - 0.7 0.41 1/45 -
Days untreated 1,479 £ 2,519 1,504 £+ 2,574 - - 0 0.97 1/45 -
Total Hamilton score 306 27+ 6 24 +2 3+£3 239 <0.001 1/45 -
Total BDI-II score 37 £ 11 30.6 £ 0.3 29+ 44 3+£5 110 <0.001 1/45 -
Total MADRS score 31+7 287+ 6 1.6 +3 14+3 238  <0.001 1/45 -
CTQ emotional abuse score 14+£5 64 +2 75+ 4 6.2 +2 27 <0.001 1/45 -
CTQ physical abuse score 11+£54 52405 6.5+2 54 +1 18 <0.001  1/45 -
CTQ sexual abuse score 12+7 5.1+03 57+15 54+12 17.5 <0.001 1/45 -
CTQ emotional neglect score I5£5 75+£3 99 £3 58+£1 36.5 <0.001 1/45 -
CTQ physical neglect score 10 £3.9 63 £ 1.6 71£2 57+£1 18 <0.001 1/45 -
CTQ total 61 + 18.2 30.5 £ 4.6 366 £ 7.2 284 £3.5 53.7 <0.001 1/45 -

Given are mean values and standard deviations

CA childhood adversity, MDD major depressive disorder, HC healthy controls
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committee of St. James’s and Adelaide and Meath Hospi-
tals, the teaching hospitals affiliated with Trinity College
Dublin.

Diffusion tensor imaging (DTI)

Magnetic resonance images were obtained with a Philips
Achieva MRI scanner operating at 3 T. High angular res-
olution diffusion imaging (HARDI) with 61 diffusion
directions was obtained [field of view (FOV):
200 x 257 x 126 mm, 60 slices, no gap, spatial resolu-
tion: 1.8 x 1.8 x 2.1 mm, TR/TE = 12,561/59 ms, flip
angle = 90°, half k-space acquisition was used (half scan
factor = 0.68), SENSE parallel imaging factor = 2.5,
b values = 0, 1,200 s/mm, with SPIR fat suppression and
dynamic stabilization in an image acquisition time of
15 min 42 s].

DTI data pre-processing

Data were pre-processed using Explore DTI (http://www.
exploredti.com) with the following steps: (1) data conver-
sion from “par/rec” format to a “nifty” file and a “B-
matrix text” file; (2) subsequently, data were converted to
an Explore DTI “mat” format and transferred to a voxel
size of 2 x 2 x 2 mm. With our acquisition voxel size,
there is no significant partial volume effect by doing this.
Moreover, diffusion tensor estimation was linear; (3)
motion correction was applied to all data to adjust for head
movement during scanning using a cubic interpolation and
restore function with the lowest speed but highest accu-
racy; (4) Eddy current correction was used (Leemans and
Jones 2009); (5) for data quality check, we first reviewed
the DTI data by visually inspecting the slice images dis-
played in a loop. Explore DTT also allowed us to look at the
residuals and outlier profiles, which were in order. Finally,
the motion correction parameters were checked. Head
movement during scanning was less than 2 mm in x, y,
z directions for all subjects.

Tractography

All data were normalized into MNI space. Seed point
resolution was 2 x 2 x 2 mm, with a seed FA threshold of
0.2. Deterministic tractography was applied with Explore
DTI (Leemans et al. 2009). First, whole-brain tractography
was conducted in each subject using a linear interpolation.
Then, individual tracts that have been previously shown to
be affected by MDD were selected using protocols similar
to the knowledge-based multiple region approach descri-
bed for the association tracts in previous studies (Mori
et al. 2002). The Explore DTI software allows the selection
of tracts passing through two distinct regions of interest
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(ROI) using the “AND” operator to include them in the
analysis or the “NOT” operator to exclude them.

All ROIs were drawn on the FA-weighted colored maps
and the investigators were blind to the diagnosis. For all
subjects, the same numbers and locations of ROIs were
used. The following WM tracts were extracted (Fig. 1):

1. Rostral cingulum (RC). The first ROI was placed on
the most inferior axial slice where the body of the
corpus callosum was clearly seen in full profile. The
second ROI was located in the axial slice correspond-
ing to the middle of the genu. Finally, the third ROI
was placed on the lowest axial slice, where the genu
was joined across the midline. NOT regions were

Fig. 1 Three-dimensional view samples of the fiber tracts whose FA
was measured and compared across groups (a uncinate fasciculus,
b fornix, ¢ rostral cingulum, d dorsal cingulum, e parahippocampal
cingulum, f fronto-occipital fasciculus, g superior longitudinal
fasciculus). a—e were in sagittal view while f and g were in coronal
view. Fibers connecting the right and left hemisphere are shown in
red. Fibers passing from the bottom to the top of the brain and vice
versa are shown in blue. Finally, fibers running along the fronto-
caudal axis are shown in green
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placed sagitally to exclude fibers projecting laterally
and/or medially.

2. Dorsal cingulum (DC). The tract was identified by
placing the first ROI on the most posterior coronal
slice, where the genu of the corpus callosum was seen
in full profile. The second ROI was located on the most
anterior coronal slice, where the splenium of the
corpus callosum was seen in full profile. The third ROI
was placed on the coronal slice, at the midpoint
between the first two ROIs. NOT regions were placed
axially to exclude fibers branching out to the cortex
and/or other limbic areas.

3. Parahippocampal cingulum (PC). This was first iden-
tified on the sagittal slices that provided the clearest
profile of the hippocampus. The first ROI was then
traced around the hippocampus. The second and the
third ROI were then traced on the adjacent medial and
lateral slices, respectively. NOT regions were placed
on the slice below the lower body of the splenium,
excluding the retrosplenial portion and the branches
projecting to the retrosplenial cortex.

4. Uncinate fasciculus (UF). The ROIs were placed on
the most posterior coronal slice in which the temporal
lobe is separated from the frontal lobe. The first ROI
included the entire temporal lobe. The second ROI was
placed at the same coronal level and included the entire
projections toward the frontal lobe. Moreover, a
“NOT” ROI was used to exclude fibers from the
inferior fronto-occipital fasciculus and the cingulum.

5. Crus of the fornix. The first ROI was placed in the
coronal section at the level of the middle hippocampal
body, whereas the second ROI was placed where both
the body and the crus of the fornix were clearly visible.

6. Superior longitudinal fasciculus (SLF). To select the
SLF, the first ROI was placed at the middle of the
posterior limb of the internal capsule, whereas the
second ROI was placed at middle of the splenium. At
these levels, the SLF is seen as a green triangular
region, lateral to the superior-to-inferior corticospinal
(blue) fibers. “NOT” ROIs were used to exclude fibers
crossing from the inferior fronto-occipital fasciculus
(FOF) and pyramidal tracts (Luck et al. 2011).

7. Inferior fronto-occipital fasciculus (FOF). Two ROIs
were used to select the FOF (Kvickstrom et al. 2011).
The first ROI was placed along the course of the FOF
in the coronal plane of the DTI images at the level of
the anterior commissure and the second ROI was
placed on the pontine crossing fibers (Catani et al.
2002).

Inter-rater reliability was calculated after two raters
independently performed the tractography of 20 partici-
pants. Intra-class correlations were between 0.90 and 0.95

for mean FA values in the tracts. After performing the
tractography for all tracts for all individuals, FA mean and
variability as well as tract volumes were extracted and fed
into SPSS (PASW 1.8) for further data analysis. The ROI
method was adjusted to recent published research showing
its reliability (Malykhin et al. 2008).

Statistics

Demographic and clinical variables were analyzed using
ANOVA with groups (MDD subjects with CA, MDD
subjects without CA, HC subjects with CA, HC subjects
without CA) as fixed factors. After performing tractogra-
phy, FA values were subjected to an ANCOVA with
hemisphere (left, right) as within subject factor and group
(MDD, HC), CA (yes, no) and gender (female, male) as
fixed factors, using age as covariate. This design allowed
testing for interactive effects of group by CA, group by
gender and gender by group within one statistical test.
Three-way interactions between CA, group and gender
were not considered because of the small group size of
male patients without CA. In case of significant interactive
effects, post hoc tests were performed to demonstrate
between which groups the significant difference was found.
To assess the association between age and tract diffusion
measures, we used Pearson Product Moment correlations.
For the correlation between depression severity and tract
diffusion measures, we used Spearman’s correlations. The
effect of medication status on diffusion measures was
tested with a “repeated measures” ANCOVA. Since we
analyzed 5 different tracts, namely the uncinate fasciculus,
fornix, cingulum, SLF and FOF, we considered a p < 0.01
to survive Bonferroni correction for multiple testing in the
ANCOVA and correlation analyses and have indicated in
the results where this is the case.

Results

We found significant effects and/or interactions between
CA, age, gender and/or hemispheres in various WM fiber
tracts as measured by FA, LD and RD. A summary of the
significant effects and interactions is shown in Table 2. The
detailed breakdown of the results for each fiber bundle is as
follows:

Rostral cingulum (RC)

Childhood adversity had a significant effect on FA
(F =11.52, df = 1,83, p =0.001, survived Bonferroni
correction). The subjects with a history of CA showed
greater FA when compared to those without CA. There was
also a significant interaction between CA and gender
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Table 2 Significant effects and interactions in the fiber tracts as measured by fractional anisotropy (FA), longitudinal diffusivity (LD) and radial

diffusivity (RD)

Fiber tracts Significant effects/

Fractional anisotropy (FA)

Longitudinal diffusion (LD)  Radial diffusion (RD)

interactions
F df p F df 4 F df )4
Rostral cingulum (RC) CA 11.52 1,83 0.001 7.2 1,83 0.009 - - -
CA and gender 9.72 1,83 0.003 8.6 1,83 0.004 - - -
Dorsal cingulum (DC) CA 4.06 1,83 0.047 - - - - - -
Parahippocampal Group and gender 5.57 1,83 0.021 - - - - - -
cingulum (PC)
CA and gender 4.65 1,83 0.034 - - - - - -
CA, group and hemisphere ~ 5.79 1,83 0.018 - - - - - -
Uncinate fasciculus (UF) Age 4.45 1,83 0.038 8.84 1,83 0.004 8.84 1,83  0.004
CA and hemisphere 4.06 1,83 0.047 4.6 1,83 0.035 - - -
Fornix Age 312 1,81 0.001 7.4 1,81 0.008 - - -
CA - - - 7.55 1,81 0.008 755 1,81  0.008
Fronto-occipital CA and hemisphere 4.75 1,83 0.032 - - - - - -
fasciculus (FOF)
Gender and hemisphere 14.79 1,83 0.001 - - - - - -
Group and hemisphere 6.8 1,83 0.011 - - - - - -
Age - - - 8.27 1,83 0.005 - - -
CA - - - 4.10 1,83 0.046 - - -
Group and gender - - - 6.74 1,83 0.011 - - -
CA, gender and hemisphere — - - 5.0 1,83 0.028 - - -
CA and gender - - - 8.0 1,83 0.006 53 1,83  0.024
CA, group and hemisphere  — - - - - - 103 1,83  0.002
Superior longitudinal Age 8.48 1,83 0.005 4.9 1,83 0.030 - - -
fasciculus (SLF)
Group and gender - - - 4.64 1,83 0.034 - - -
CA and gender - - - 8.30 1,83 0.005 - - -

(F=9.72, df=1,83, p=0.003, survived Bonferroni
correction). Male subjects with CA had greater FA in the
RC when compared with those without CA (F = 12.9,
df = 1,32, p = 0.001) (Fig. 2). No other main or interac-
tive effects were observed on FA.

In the subjects with CA, RD was smaller when com-
pared with those without CA (F =72, df= 1,83,
p = 0.009, survived Bonferroni correction). Also, there
was a significant interaction between CA and gender
(F = 8.6, df = 1,83, p = 0.004, survived Bonferroni cor-
rection). The males with CA had smaller RD when com-
pared with those without CA (F = 10.5, df = 1,32,
p = 0.003). On the other hand, in female subjects, CA had
no effects on RD (F = 0.28, df = 1,50, p = 0.6).

Dorsal cingulum
Childhood adversity had an effect on FA (F = 4.06,

df = 1,83, p = 0.047) (Fig. 2). The subjects with CA had
greater FA when compared with those without ELA.
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No effects or interactions were found on LD or RD in
the DC.

Parahippocampal cingulum

There was an interaction between group and gender
(F = 5.57,df = 1,83, p = 0.021). The male MDD subjects
had smaller FA when compared to the male HC subjects
(F = 4.6, df = 1,32, p = 0.039). There was also an inter-
action between CA and gender (F = 4.65, df = 1,83,
p = 0.034). In particular, the male subjects with CA had
significantly greater FA when compared with those without
CA (F =17.5,df = 1,32, p = 0.01). The above interactions
were not observed in the female subjects. However, a
three-way interaction was found between CA, group and
hemisphere (F = 5.79, df = 1,83, p = 0.018). FA was
greater in the left hemisphere of the MDD subjects with
CA when compared to the MDD subjects without CA
(F =6.5,df =141, p = 0.015).

No effects or interactions were detected on LD and RD.
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Fig. 2 FA differences in the cingulum between subjects with and without CA

Uncinate fasciculi

Age had an effect on FA (F =445, df=1.83,
p = 0.038), which was found to be smaller with increasing
age. There was also an interaction between CA and
hemisphere (F = 4.06, df = 1,83, p = 0.047). Greater FA
values were detected in the left UF in the subjects with CA
when compared with those without CA (F = 7.7,
df = 1,98, p = 0.007).

Age had an effect on both LD and RD (F = 8.84,
df = 1,83, p = 0.004, survived Bonferroni correction),
respectively. With increasing age, LD decreased while RD
increased. There was also an interaction between CA and
hemisphere in the LD (F = 4.6, df = 1,83, p = 0.035).
Specifically, LD was greater in the left hemisphere of the
subjects with CA when compared with those without CA.

Fornix

Age had an effect on FA in the fornix. Post hoc analysis
revealed smaller FA in older subjects (F = 31.2,
df = 1,81, p < 0.001, survived Bonferroni correction).
Both age (F = 7.40, df = 1,81, p = 0.008, survived
Bonferroni correction) and CA (F = 7.55, df = 1,81,
p = 0.008, survived Bonferroni correction) had significant

effects on LD and RD. While LD decreased as the subjects
got older, RD was proportional to age. The subjects with
CA had higher LD than the subjects without CA.

Fronto-occipital fasciculus

There was an interaction between CA and hemisphere
(F =475, df = 1,83, p = 0.032). The subjects with CA
had increased FA in the FOF on the left hemisphere
compared to the subjects without CA (F = 8.8, df = 1,46,
p = 0.005). Gender interacted with hemispheres
(F =14.79, df = 1,83, p < 0.001, survives Bonferroni
correction). In particular, FA was smaller in the left
hemisphere (F = 8.0, df = 1,50, p = 0.007) of the female
subjects when compared with the male subjects. The male
subjects did not show any difference between hemispheres
(F =2.0,df = 1,32, p = 0.17). CA, group (MDD/HC) and
hemisphere also interacted (F = 6.8, df = 1,83,
p = 0.011). The female MDD patients with CA had
smaller FA when compared to their male counterparts.
Age (F =827, df = 1,83, p = 0.005, survived Bon-
ferroni correction) and CA (F =4.10, df= 1,83,
p = 0.046) had effects on LD resulting in LD being
smaller in older subjects and greater in the subjects with
CA when compared with those without CA. An interaction
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between group and gender (F = 6.74, df= 1,83,
p = 0.011) was also observed. Male MDD patients had
greater LD in the FOF compared with male controls
(F =49, df = 1,32, p = 0.034). In addition, an interac-
tion between gender, hemisphere and CA (F = 5.0,
df = 1,83, p = 0.028) was found. The male subjects with
CA showed smaller LD in the left hemisphere (F = 14.1,
df = 1,32, p = 0.001) when compared with those without
CA. Gender and CA also interacted (F = 8.0, df = 1,83,
p = 0.006, survived Bonferroni correction). The male
subjects with CA had smaller LD than those without CA.

A significant interaction between hemisphere, group and
CA was detected (i = 10.3, df = 1,83, p = 0.002). The
MDD subjects with CA had smaller RD in the right FOF
when compared with the MDD subjects without CA
(F = 6.6, df = 1,41, p = 0.014). There was also an inter-
action between gender and CA (F = 5.3, df = 1,83,
p = 0.024). The male subjects with CA showed smaller
RD in the FOF when compared with those without CA
(F=63,df =132, p =0.017).

Superior longitudinal fasciculi

In the SLF, only age had an effect on FA (F = 8.48,
df = 1,83, p = 0.005, survived Bonferroni correction). FA
was smaller with increasing age.

Age had an effecton LD (F = 4.90,df = 1,83,p = 0.03),
which was proportional to age. Significant interactions were
found between group and gender (F = 4.64, df = 1,83,
p = 0.034). In the MDD subjects, LD was found to be greater
in males when compared with females (F = 4.4, df = 1,41,
p = 0.042). No difference between the male and female
subjects was found for the HC group (F = 0.41, df = 1,41,
p = 0.53). There was also an interaction between CA and
gender (F = 8.30, df = 1,83, p = 0.005, survived Bonfer-
roni correction). LD was greater in the male subjects without
CA when compared with the female subjects without CA
(F = 8.7, df = 1,46, p = 0.005). However, no gender dif-
ferences were found within the group of subjects with CA
(F=1.6,df =136,p =0.22).

No main or interactive effects were observed on RD in
the SLF.

Correlations between FA and age

Correlation with age was found in the left UF (r = —0.26,
p = 0.008), left fornix (r = —0.49, p < 0.001), right for-
nix (r = —0.36, p < 0.001) (Fig. 3), left dorsal cingulum
(r=-0.22, p=20.027), right dorsal cingulum (r=
—0.29, p = 0.003), left SLF (r = —0.38, p < 0.001), right
SLF (—0.39, p < 0.001), left FOF (» = —0.21, p = 0.031)
and right FOF (r = —0.34, p < 0.001). Most of these
correlations achieved a significant level that survives
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Bonferroni correction. No significant differences between
patients and controls were found with respect to correla-
tions between FA and age (Fig. 3).

Correlations between FA and depression severity

No significant correlations were found between FA values
and depression severity scores as measured by the HDRS
or BDI questionnaires.

Effect of medication on FA

No medication effect was found on the WM tracts studied
(UF: F=1.1, df=243, p=0.33; fornix: F = 2.5,
df =243, p =0.10; SLF: F =22, df = 2,43, p = 0.12;
FOF: F = 1.8, df = 2,43, p = 0.17; cingulum: F = 1.3,
df = 2,43, p = 0.29).

Discussion

The present study provides new evidence for a link between
CA and FA anomalies in the cingulum (RC, DC, and PC) and
UF. The effects were particularly strong in the RC and sur-
vived correction for multiple testing. In the RC and DC, FA
was greater in the subjects with CA when compared with
those without CA. In addition, we observed a correspond-
ingly smaller RD in the RC in the CA group. Specifically,
these effects were found in the male subjects. In the UF and
PC, greater FA was detected only in the left hemisphere of
the subjects with CA. In the PC, greater FA in the left
hemisphere was only observed in male subjects with CA.

These results suggest an effect of CA on the WM tracts
connecting limbic and prefrontal regions, previously found
to play a role in emotion regulation (Roberts and Wallis
2000; Ghashghaei and Barbas 2002; Burgel et al. 2006;
Wager et al. 2008; Thiebaut de Schotten et al. 2012). The
role of the cingulate cortex in emotion regulation and MDD
has also been demonstrated by studies showing a positive
effect of deep brain stimulation in the subgenual cingulate
region (Broadmann area 25) in treatment-resistant MDD
patients (Mayberg et al. 2005). There is evidence that these
effects may be mediated via strong connections between
the orbitofrontal cortex, anterior mid-cingulate cortex,
hypothalamus, nucleus accumbens and amygdala/hippo-
campus (Johansen-Berg et al. 2008).

The above findings might be in line with the results of
our earlier study showing greater FA in healthy relatives of
MDD subjects with CA when compared with healthy rel-
atives of MDD subjects without CA (Frodl et al. 2012).
Speculatively, this might suggest that increased diffusivity
in the cingulum could play a role in adaptive psychological
processes triggered by exposure to stressful challenges
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Fig. 3 Scatter plot of correlations between age (years) and FA in
different tracts: left UF (r = —0.26, p = 0.008), left fornix (r =
—0.49, p < 0.001), right fornix (r = —0.36, p < 0.001) (Fig. 3), left
dorsal cingulum (r = —0.22, p = 0.027), right dorsal cingulum

during childhood, and might also support previous evi-
dence showing that in adults, FA and mean diffusivity can
be modified by experience (Scholz et al. 2009; Lovden
et al. 2010). Moreover, the differences in FA and RD
between the male subjects with CA and the male subjects
without CA suggest that both axonal and myelin micro-
structural anomalies might have been involved (Song et al.
2002, 2003, 2005; Sun et al. 2005). However, as previous
research has shown lower FA in subjects with CA (Paul
et al. 2008; Daniels et al. 2013), our results surely need
replication.

The role of the interplay between CA and genetic factors
should also be considered in explaining our findings.
Magnetic resonance imaging (MRI) studies have shown
that polymorphism of the brain-derived neurotrophic factor
(BDNF) or the serotonin 3A (5-HT3A) gene is associated
with smaller volumes in the hippocampus (Gatt et al. 2010;
Carballedo et al. 2013) and frontal cortex (Gatt et al. 2010)
in individuals with CA. Moreover, resilience to adverse

45 55 65 75

Age [years)

(r = —0.29, p =0.003), left SLF (r = —0.38, p < 0.001), right
SLF (~0.39, p < 0.001), left FOF (r = —0.21, p = 0.031), right FOF
(r = —0.34, p < 0.001)

social conditions experienced in early years may be influ-
enced by gene—environment interactions (Kaufman et al.
2006; Carli et al. 2011; Das et al. 2011; Grabe et al. 2012).
Future DTI research should investigate the effects of these
complex interactions on WM tract in subjects with CA,
especially with regard to male subjects.

In the FOF, FA was greater in the left hemisphere only
in the subjects that reported CA. Interestingly, even though
this was an interactive effect, it might be in line, at least in
part, with previous electroencephalogram (EEG) findings
suggesting that the degree of left-sided bias in prefrontal
activity may be a good indicator of an individual’s ability
to regulate emotions (Jackson et al. 2003; Kim and Bell
2006), and also with the evidence supporting inter-hemi-
spheric metabolic differences and variability in emotion
regulation across individuals (Kim et al. 2012).

Recent data on brain connectivity measured in normal
human subjects indicate gender differences in the pattern of
neuronal communication, with adult males consistently
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exhibiting higher overall FA than females in all WM
regions, perhaps as a result of differences in myelination
(Menzler et al. 2011; Pal et al. 2011). Similarly, in several
brain regions, including the cingulum and SLF, FA was
greater in males when compared with females (Inano et al.
2011), whereas in the column of the fornix, FA was greater
in females. These results are in line with evidence indi-
cating substantial gender difference in brain connectivity
(Gong et al. 2011). In our study, we observed differences
between male and female subjects (i.e., higher FA in the
cingulum of male subjects) only when gender interacted
with CA, suggesting a possible mediating role of CA.
Several factors beyond the scope of this study could have
differentially influenced gender WM differences. For
instance, previous studies have demonstrated that testos-
terone mediated an increase in WM volume in male sub-
jects compared with female subjects and that this effect
was in turn moderated by the androgen receptor gene
(Perrin et al. 2008; Paus et al. 2010; Herting et al. 2012).
Normal inter-individual variation in lipid levels has also
been suggested to be associated with compromised regio-
nal WM integrity, even in individuals below clinical
thresholds for hyperlipidemia (Williams et al. 2013).
Moreover, light to moderate alcohol consumption has been
reported to affect both the gray and WM volumes in male
but not female individuals (Sachdev et al. 2008). It is
unclear if any and/or to what extent the above factors or
other unknown factors were implicated. However, consid-
ering that WM anomalies were only found in males with
CA, it is possible that CA, at least partially, played a role.

In addition, there were no significant main effects of
diagnosis status (MDD, controls). This is at odds with
previous research showing WM anomalies in MDD sub-
jects (Bae et al. 2006; Zou et al. 2008; Murphy and Frodl
2011). However, interactions between diagnosis and gen-
der in the PC were found only in male subjects. The male
MDD subjects had smaller FA when compared with the
male HC subjects, in line with recent studies that found
smaller FA in the cingulate cortex (Kieseppa et al. 2010)
and parahippocampal gyrus (Zhu et al. 2011). Moreover,
the male MDD subjects had larger LD in the FOF com-
pared to the male HC subjects, supporting previous find-
ings indicating an increase in diffusivity in the tracts that
connect the right superior frontal gyrus with the right
pallidum and also in the tracts between the left superior
parietal gyrus and the right superior occipital gyrus (Lu
et al. 2010). There were no interactions within the female
group (MDD and HC), suggesting that depressed male
individuals might be more vulnerable to WM microstruc-
tural insults.

Lastly, another important finding was the effect of age
on DTI measures. With increasing age, FA and LD became
smaller, while RD was larger in various tracts (Table 2).
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The associations between age and DTI measures were
statistically robust and most of them survived a Bonferroni
correction of p < 0.01 for the five different tract areas
studied. However, there was no age effect in the RC, in line
with previous research reporting age-related FA decline in
the prefrontal region, posterior limb of the internal capsule
(PLIC) and the genu of the corpus callosum, with con-
current sparing of temporal lobe connections, cingulum,
and the parieto-occipital commissure (Salat et al. 2005;
Michielse et al. 2010). Regional selective age-related
decline in WM FA has also been reported in other studies
(Pfefferbaum et al. 2000; Hsu et al. 2008; Davis et al.
2009). Interestingly, LD and RD most consistently show an
age-related decrease (Davis et al. 2009; Wu et al. 2011),
similarly to what we found in the present study. Abnor-
malities in LD and RD associated with axonal and myelin
degeneration, respectively, have been demonstrated to
affect WM integrity in animal models of traumatic brain
injury (Song et al. 2002, 2003, 2005; Sun et al. 2005).
Thus, our results might strengthen the link between older
age and axonal/myelin changes in the brain.

In conclusion, the present study provides new evidence
that CA affects WM tract diffusivity as measured by DTI and
also that axonal and myelin degeneration increase with age.
Our results also suggest that MDD might increase the like-
lihood to develop WM microstructural anomalies in male
individuals and that these effects could be mediated by CA.

Limitations

While some MDD subjects were being treated with anti-
depressants at the time of their participation, the details of
their treatment were not taken into account in this study.
Previous research has suggested that antidepressant agents
might have protective effects on WM structural integrity
(Mostert et al. 2006; Yoo et al. 2007), although opposite
effects have also been reported (Steffens et al. 2008). In the
present study, however, we did not find any significant
medication effect or correlation in the WM tracts that we
selected. In addition, while our findings were robust sta-
tistically, they must be interpreted with caution. The study
was cross-sectional in design and, as such, causal rela-
tionship could not be deduced from our findings. Longi-
tudinal DTI studies are surely needed to demonstrate
possible causal relationships between CA, age and MDD
with WM tract diffusivity abnormalities in the brain.
Moreover, the findings in the male subjects with MDD
should be interpreted with caution, as gender had no main
effect.

Finally, as we used a retrospective method to identify
subjects with CA in our study, a recall bias should be
considered as a possible limitation. Previous studies have
shown that a prospective method is the single most
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comprehensive approach to evaluate childhood physical
abuse, sexual abuse and neglect and that, ideally, a com-
bination of all available identification methods should be
used (Shaffer et al. 2008). However, MDD is most often
associated with CA (Claes 2004; Dalton et al. 2014), which
could explain why in our study MDD subjects reported
higher levels of CA than HC subjects.
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