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Background. Bipolar disorder (BD) is associated with adverse childhood experiences (ACE), which worsen the lifetime
course of illness, and with signs of widespread disruption of white matter (WM) integrity in adult life. ACE are
associated with changes in WM microstructure in healthy humans.

Method. We tested the effects of ACE on diffusion-tensor imaging (DTI) measures of WM integrity in 80 in-patients
affected by a major depressive episode in the course of BD. We used whole-brain tract-based spatial statistics in the
WM skeleton with threshold-free cluster enhancement of DTI measures of WM microstructure: axial, radial and mean
diffusivity, and fractional anisotropy.

Results. ACE hastened the onset of illness. We observed an inverse correlation between the severity of ACE and DTI
measures of axial diffusivity in several WM fibre tracts contributing to the functional integrity of the brain and including
the corona radiata, thalamic radiations, corpus callosum, cingulum bundle, superior longitudinal fasciculus, inferior
fronto-occipital fasciculus and uncinate fasciculus.

Conclusions. Axial diffusivity reflects the integrity of axons and myelin sheaths, and correlates with functional connec-
tivity and with higher-order abilities such as reasoning and experience of emotions. In patients with BD axial diffusivity
is increased by lithium treatment. ACE might contribute to BD pathophysiology by hampering structural connectivity in
critical cortico-limbic networks.
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Introduction

Early psychosocial adversities have been associated
with poorer emotional and physical functioning, with
higher vulnerability to further trauma exposure, and
with higher rates of adult psychopathology (Felitti
et al. 1998; Rutter, 2002; Edwards et al. 2003; Moffitt
et al. 2005; Anda et al. 2006; Teicher et al. 2010;
Wermter et al. 2010). Bipolar disorder (BD) is a pro-
gressive and accelerating condition with a cyclical
alternating pattern of manic and depressive episodes,
and has been associated with neurostructural changes,
cognitive deterioration and accumulated medical co-
morbidity. A history of childhood maltreatment is
highly prevalent in patients with BD, and has been

associated with an earlier onset of the disorder,
worse clinical course, and higher lifetime suicidal ide-
ation and suicide attempts (McIntyre et al. 2008;
Daruy-Filho et al. 2011; Brietzke et al. 2012).

An impressive series of studies in healthy subjects
associated adverse childhood experiences (ACE) with
in vivo measures of adult white matter (WM) micro-
structure. Given the microscopic structure of WM, in
normal conditions the integrity of myelinated axons
limits the diffusion of water in directions other than
along the main axis of the fibre. This tendency to
diffuse in one direction as opposed to all others,
termed anisotropy, reflects the integrity of axons
and myelin sheaths and the bundle coherence of
WM tracts, and can be estimated in vivo through the
application of diffusion-tensor imaging (DTI) techni-
ques (Basser et al. 1994; Le Bihan, 2003; Taylor et al.
2004b). These allow estimation of the tendency to
diffuse along the principal direction of the fibre (axial
diffusivity; AD) or perpendicular to axonal walls
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(radial diffusivity; RD) (Song et al. 2002), and to cal-
culate the variance of the direct measures of the
diffusion magnitude in these directions (fractional ani-
sotropy; FA).

Early severe socio-emotional deprivation in Eastern
European orphanages has been found to be associated
with reduced FA in the left uncinate fasciculus
(Eluvathingal et al. 2006), paralleling glucose hypome-
tabolism in limbic and paralimbic structures (Chugani
et al. 2001). A pivotal study in healthy adults associated
parental verbal abuse during childhood with a signifi-
cantly reduced FA in the arcuate fasciculus in the left
superior temporal gyrus, in the cingulum bundle by
the posterior tail of the left hippocampus, and in the
left body of the fornix (Choi et al. 2009). The same
group then documented an increased mean diffusivity
(MD) and RD with decreased FA in the corpus cal-
losum and corona radiata of adults exposed to peer
verbal abuse (Teicher et al. 2010), and a reduction of
FA values in the inferior longitudinal fasciculus
of the left lateral occipital lobe in adults who had wit-
nessed domestic violence during childhood (Choi et al.
2012). These data suggested an association between
childhood maltreatment and the development of fibre
pathways that convey the adverse experience to fron-
tal, temporal or limbic regions (Teicher et al. 2006). A
recent study confirmed that adolescents exposed to
childhood maltreatment had lower FA in the superior
longitudinal fasciculi, right cingulum bundle project-
ing to the hippocampus, left inferior fronto-occipital
fasciculus, and splenium of the corpus callosum,
with lower values being associated with emerging de-
pression during follow-up (Huang et al. 2012), thus
supporting the hypothesis that WM disruption in cir-
cuitries critical for emotional and cognitive processing
could be linked with mood disorder psychopathology
(Benedetti et al. 2011c). However, the effects of stress on
WM are not limited to ACE, because post-exposure
combined reduction in hippocampal volume and con-
nectivity with the prefrontal cortex have been found to
mark a maladaptive response to stressful military ser-
vice (Admon et al. 2013).

Changes in WM microstructure have indeed
been proposed as structural biomarkers of BD, inde-
pendent of the effects of ongoing drug treatments.
Widespread changes in DTI measures of WM integrity
have been reported in untreated BD depressed patients
(Benedetti et al. 2011c), in drug-naive BD patients with
mania (Adler et al. 2006), in untreated BD patients with
first-episode psychosis (Lu et al. 2011) and in high-risk
unaffected relatives of patients with BD (Sprooten et al.
2011). These studies consistently documented an
increased diffusivity with reduced FA during illness
phases of both manic and depressive polarity, while
the few observations in stable euthymic patients

showed increased FA in patients with BD compared
with controls (Houenou et al. 2007; Wessa et al. 2009).
Long-term administration of lithium, the mainstay for
the treatment of BD, has been associated with higher
diffusivity along the principal fibre axis (AD, λ1),
thus possibly counteracting the detrimental changes
in WM microstructure associated with BD (Benedetti
et al. 2013). These findings suggest that WM diffusivity
changes might be of clinical relevance in BD, and that
DTI could provide new biomarkers to estimate suscep-
tibility to the disorder, to track its lifetime progression,
to identify new targets for treatment, and to predict
and monitor treatment efficacy (Benedetti et al. 2011c,
2013).

The documented associations between ACE and
WM microstructure in healthy subjects, between BD
and WM microstructure, and between ACE and out-
come of BD, led us to hypothesize that ACE could be
associated with altered DTI measures of WM integrity
in patients with BD. In the present study, using tract-
based spatial statistics (TBSS), we tested this hypoth-
esis in a homogeneous sample of patients affected by
a major depressive episode in the course of BD.

Method

Participants and clinical assessment

We studied 80 consecutively admitted in-patients af-
fected by a major depressive episode without psychotic
features, with a diagnosis of BP type I (Structured
Clinical Interview for DSM Disorders). Patients
were either drug-free (n=54) or treated with lithium
(n=26). Exclusion criteria were: additional diagnoses
on Axis I, mental retardation on Axis II, pregnancy,
major medical and neurological disorders, history of
drug or alcohol abuse or dependency. Physical exam-
ination, laboratory tests and electrocardiograms were
performed at admission. No patient had received elec-
troconvulsive therapy within 6 months prior to study
enrolment. After complete description of the study
to the participants, written informed consent was ob-
tained. The study was approved by the local ethical
committee.

Severity of ACE was rated on the Risky Families
Questionnaire (RFQ) (Taylor et al. 2006) after functional
magnetic resonance imaging (fMRI) scanning. The
RFQ has been adapted from an instrument originally
developed to assess the relationship of family stress
to mental and physical health outcomes in adulthood
(Felitti et al. 1998). The instrument is aimed at rating
the degree of harsh parenting with overt family conflict
and deficient nurturing experienced by the children in
their familial environment. Previous research has vali-
dated this questionnaire against clinical interviews
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conducted and coded by trained clinical interviewers;
the dual assessments (questionnaire and interview)
demonstrated high agreement and reliability (Taylor
et al. 2004a). This approach has been proven successful
in detecting the grey matter structural and functional
brain correlates of ACE in adult life (Taylor et al.
2006; Benedetti et al. 2011b).

Image acquisition

DTI was performed on a 3.0 Tesla scanner (Gyroscan
Intera; Philips, The Netherlands) using spin-echo
echo-planar imaging and the following parameters: re-
petition time (TR)=8753.89ms; echo time (TE)=58ms;
field of view 231.43mm (AP), 126.50mm (FH), 240.00
mm (RL); acquisition matrix 2.14×2.71×2.31; 55 con-
tiguous, 2.3-mm thick axial slices reconstructed
with in-plane pixel size 1.88×1.87mm; sensitivity
encoding acceleration factor=2; one b0 and 35 non-
collinear directions of the diffusion gradients; b value=
900 s/mm2. Fat saturation was performed to avoid
chemical shift artifacts. On the same occasion and
using the same magnet, 22 turbo spin echo, T2 axial
slices (TR=3000ms; TE=85ms; flip angle=90°; turbo
factor 15; 5-mm-thick, axial slices with a 512×512
matrix and a 230×230 mm2

field of view) were ac-
quired to rule out brain lesions.

Data processing and analyses

Image analyses and tensor calculations were carried
out using the ‘Oxford Center for Functional Magnetic
Resonance Imaging of the Brain Statistical Library’
(FSL 4.1.4; www.fmrib.ox.ac.uk/fsl/index.html) (Smith
et al. 2004; Woolrich et al. 2009). First, each of the 35
DTI volumes was affine registered to the T2-weighted
b=0 volume using FLIRT (FMRIB’s Linear Image
Registration Tool) (Jenkinson & Smith, 2001). This cor-
rected for motion between scans and residual eddy-
current distortions present in the diffusion-weighted
images. In addition, trained researchers blind to diag-
nosis manually inspected each volume of each image
to check for head motion artifacts: scans rated as 0
(none) had little or no detectable motion artifact,
those rated as 1 (mild) had enough detectable motion
to result in subtle concentric bands, 2 (moderate) had
significant banding while those rated as 3 (severe)
were so extreme that the data were deemed unreliable
for analyses (Blumenthal et al. 2002). Anisotropy
can be estimated through the application of diffusion-
sensitizing gradients and the calculation of elements of
the diffusion tensor matrix, i.e. the three eigenvalues
λ1, λ2 and λ3 (Basser et al. 1994; Le Bihan, 2003; Taylor
et al. 2004b). The tendency to diffuse along the princi-
pal direction of the fibre (AD, λ1) reflects the integrity

of axons and myelin sheaths, and the bundle coherence
of WM tracts (Boretius et al. 2012). An increase in RD
(the average of λ2 and λ3), perpendicular to axonal
walls, suggests disrupted myelination (Song et al.
2002). MD (average of λ1, λ2 and λ3) is a measure of
the average molecular motion, independent of tissue
directionality. FA is the square root of the sum of
squares (SRSS) of the diffusivity differences, divided
by the SRSS of the three diffusivities. After removal
of non-brain tissue (Smith, 2002), least-square fits
were performed to estimate the FA, eigenvector, and
eigenvalue maps. MD was defined as the mean of all
three eigenvalues [(λ1+λ2+λ3)/3], AD as the principal
diffusion eigenvalue (λ1), and RD as the mean of the se-
cond and third eigenvalues [(λ2+λ3)/2].

Next, all individuals’ volumes were skeletonized
and transformed into a common space as used in
TBSS (Smith et al. 2006, 2007). TBSS focuses on the
centres of all fibre bundles that are common to the par-
ticipants (the most compact WM skeleton), thus im-
proving the probability that the given spatial voxels
contain data from the same part of the same WM
tract of each participant. Briefly, all volumes were
non-linearly warped to the FMRIB58_FA template sup-
plied with FSL (http://www.fmrib.ox.ac.uk/fsl/tbss/
FMRIB58_FA.html) and normalized to the Montreal
Neurological Institute (MNI) space, by use of local de-
formation procedures performed by FMRIB’s Non-
Linear Image Registration Tool (FNIRT) (www.fmrib.
ox.ac.uk/fsl/fnirt/index.html), a non-linear registration
toolkit using a b-spline representation of the regis-
tration warp field (Rueckert et al. 1999). The common
template used in the present study is a high-resolution
average of 58 FA volumes from healthy male and
female subjects aged 20–50 years. All warped FA
volumes were visually inspected for accuracy, which
is especially pertinent when analysing datasets with
broad age ranges with relatively large interindividual
variability in brain size and architecture. FNIRT has
been shown to perform native-to-standard warping
adequately across several age groups, including chil-
dren and adolescents (Westlye et al. 2010). Next, a
mean FA volume of all subjects was generated and
thinned to create a mean FA skeleton representing
the centres of all common tracts. We thresholded and
binarized the mean skeleton at FA>0.20 to reduce
the likelihood of partial voluming in the borders be-
tween tissue classes, yielding a mask of 137833 WM
voxels. Individual FA values were warped onto this
mean skeleton mask by searching perpendicular
from the skeleton for maximum FA values. Using
maximum FA values from the centres of the tracts
further minimizes confounding effects attributable to
partial voluming (Smith et al. 2006). The resulting
tract invariant skeletons for each participant were
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fed into voxelwise permutation-based cross-subject
statistics. Similar warping and analyses were used
on MD, AD and RD data sampled from voxels with
FA>0.20.

Voxelwise DTI analyses were performed using
non-parametric permutation-based testing (Nichols &
Holmes, 2002) as implemented in RANDOMISE in FSL.
We tested for linear effects of ACE on FA, MD,
AD and RD across the WM skeleton with general lin-
ear models. We accounted for the effects of nuisance
covariates that could influence WM structure: age
(Kochunov et al. 2007), sex (Herting et al. 2011), edu-
cation (Foubert-Samier et al. 2012), and duration of
lithium treatment in months (Benedetti et al. 2013).
Threshold-free cluster enhancement (TFCE) (Smith &
Nichols, 2009) was used to avoid defining arbitrary
cluster-forming thresholds and smoothing levels.
TFCE is particularly useful when the spatial correlation
length of the signal exceeds that of noise, as it is ex-
pected when studying WM tracts. It can be seen as a
generalization of the cluster mass statistics (Bullmore
et al. 1999), using spatial neighbourhood information
in non-linear image processing to increase sensitivity
and boosting the height of spatially distributed signals,
without changing the location of their maxima.
Voxelwise levels of significance, corrected for multiple
comparisons, were then calculated with a standard
permutation testing by building up the null distri-
bution (across permutation of the input data) of the
maximum (across voxels) TFCE scores, and then
using the 95th percentile of the null distribution to
threshold signals at corrected p<0.05. The data were
tested against an empirical null distribution generated
by 5000 permutations for each contrast, thus providing
statistical maps fully corrected for multiple compari-
sons across space. Corrected p<0.05 in a minimum
cluster size of k=100 was considered significant.

In addition to FA and MD, we analysed the signifi-
cance of the effects of ACE on the single eigenvalue
λ1 and RD. The eigenvalue λ1 directly measures
diffusion along the principal axis of the WM tracts
(AD), thus accounting for those components of the dif-
fusion anisotropy that are related to axonal structure,
directionality and branching. RD measures diffusion
perpendicular to the fibre, thus being directly influ-
enced by the integrity of myelin sheaths. Previous
work has shown that these measures are more able
to capture the subtle WM abnormalities associated
with bipolar illness and its treatment (Benedetti et al.
2011a,c, 2013).

Results

Clinical and demographic characteristics of the sample
are shown in Table 1.

In agreement with earlier observations (Daruy-Filho
et al. 2011), and confirming the clinical relevance of
ACE in the present sample, higher ACE as rated on
the RFQ were associated with a significantly earlier
age of onset of illness (Pearson’s r=0.342, p=0.002;
see Fig. 1). The other measures were not associated
with RFQ scores.

ACE influenced DTI measures of WM microstruc-
ture. Patients with higher RFQ scores showed lower
values of AD in several brain WM tracts (Fig. 2).

Differences in AD were observed in two main
clusters, which included the corpus callosum and for-
ceps minor, bilateral anterior and posterior cingulum
bundle, bilateral corona radiata with anterior and pos-
terior thalamic radiation, bilateral superior longitudi-
nal fasciculus, left inferior fronto-occipital fasciculus
and left uncinate fasciculus (see Table 2).

No other effect was significant. In particular, no
positive correlation was observed between ACE and
AD in any region, and no effect of sex or clinical vari-
ables (severity of depression), or any effect of ACE on
FA, RD and MD, survived the statistical threshold
of p<0.05 corrected for multiple comparisons across
space.

Discussion

This is the first study to report an effect of ACE on
WM integrity in bipolar patients. We observed that
the severity of exposure to ACE was associated with
decreased DTI measures of AD in many WM tracts
connecting cortical and subcortical brain structures.

AD represents the water diffusivity parallel to the
axonal fibres, reflecting the greater freedom of water
to diffuse along the principal fibre axis rather than
to travel across the surrounding myelin sheaths. Both
myelin and axonal microstructure, including micro-
tubules and neurofilaments (Kinoshita et al. 1999),

Table 1. Clinical and demographic characteristics of the sample

Characteristics

Sex, n
Female 57
Male 23

Age, years 45.91 (11.46)
Age at onset, years 29.94 (9.84)
Duration of illness, years 15.95 (10.49)
Education, years 10.81 (3.88)
Previous manic episodes, n 3.25 (4.51)
Previous depressive episodes, n 5.56 (5.56)

Data are given as mean (standard deviation).
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contribute to this diffusion anisotropy. Studies on
neurodevelopment have associated AD with fibre di-
ameter and organization (Takahashi et al. 2000). Over
the human lifespan AD and MD decrease initially,
and then increase later in life (Qiu et al. 2008; Lebel
et al. 2012), also reflecting changes in fibre coherence
and tortuosity (Dubois et al. 2008). AD positively corre-
lates with functional connectivity among brain regions,
and with network-related aspects of human brain
function also including, as behavioural correlates, the
experience of emotions in response to stimuli (Baur
et al. 2013) and higher-order abilities such as reasoning
and cognitive flexibility (Borghesani et al. 2013).

Here we observed that ACE were associated with
a lower AD in key WM tracts contributing to the
functional integrity of the brain. These included inter-
hemispheric connections, limbic, and large frontal, par-
ietal and fronto-occipital connections that have been
proposed as key components of the brain network
dysfunctions, putatively leading to the cognitive and
emotional deficits typical of BD (Brambilla et al. 2009;
Benedetti et al. 2011a,c). ACE-associated alterations in
WM structure could then contribute to the abnormal
effective cortico-limbic connectivity observed with
fMRI (Arnone et al. 2008; Rich et al. 2008), and to the
affective and cognitive instability observed during
the waxing and waning of illness episodes in BD.
Examination of the available literature regarding the
WM tracts where ACE are associated with decreased
AD supports this hypothesis.

The corona radiata contains both descending and
ascending axons that carry nearly all of the neural

traffic from and to the cerebral cortex. The DTI
measures of the corona radiata correlate with per-
formance in executive function and information pro-
cessing speed (Sasson et al. 2012). Prefrontal cortical
areas ensure the cognitive control of emotion experi-
ence and mood (Beauregard et al. 2001; Barrett et al.
2007). Their reactivity to stimuli parallels the mood-
congruent biases in the processing of emotional
stimuli during depression (Elliott et al. 2002), and nor-
malize after successful antidepressant treatment in BD
(Benedetti et al. 2007). The corona radiata showed a
reduced integrity in patients with BD (Benedetti et al.
2011c), soon at the beginning of illness (Barnea-
Goraly et al. 2009; Pavuluri et al. 2009), and with
lithium increasing AD proportionally to treatment dur-
ation (Benedetti et al. 2013). The corona radiata is sen-
sitive to early stress in healthy humans, as documented
by measures of reduced integrity in adults exposed to
peer verbal abuse (Teicher et al. 2010).

The cingulum bundle is located within the WM
of the cingulate gyrus and originates from the frontal
lobe, rounds the corpus callosum from the genu
extending to the splenium, travels along the ventral
surface of the hippocampus, and terminates in the
amygdala (Schmahmann et al. 2007). These connec-
tions are crucial for both motivational and emotional
aspects of behaviour, integrating disparate modular
brain systems involved in attention, memory and
emotion regulation that have been considered at the
core of mood dysregulation in BD (Davidson et al.
2002). In mood disorders a higher directionality of
water diffusion in the cingulum bundle is associated

Fig. 1. Inverse correlation (––) between the severity of adverse childhood experiences measured using the Risky Families
Questionnaire (RFQ) and onset of illness (Pearson’s r=0.342, p=0.002). The worse the adverse childhood experiences, the
earlier the onset of bipolar disorder. The dashed lines represent 95% confidence intervals.
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with better hedonic tone (Keedwell et al. 2012), better
cognitive performance (Schermuly et al. 2010) and
less psychomotor slowing (Walther et al. 2012),

memory scores and hippocampal volume (Sexton
et al. 2010). The cingulum is highly sensitive to early
stress, with FA in this area being reduced in healthy

Fig. 2. White matter areas where axial diffusivity showed a significant inverse relationship with adverse childhood
experiences (Risky Families Questionnaire scores). Voxels of significant difference are shown on the mean fractional
anisotropy (FA) template of the studied sample. The colour bar refers to 1 – p values for the observed differences. Group
differences are mapped onto the mean FA brain template. Numbers are z coordinates in the standard Montreal Neurological
Institute (MNI) space. Images are in neurological convention (left side of the brain is represented on the right side of the
pictures).
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humans exposed to parental verbal abuse and being
inversely associated with ratings of depression, dis-
sociation and limbic irritability (Choi et al. 2009).
Again, we had reported a breakdown in the architec-
ture of these WM tracts in BD (Benedetti et al. 2011a),
and that lithium, contrary to stress, promotes a higher
directionality of water diffusion in these tracts
(Benedetti et al. 2013).

The thalamic radiations are two-way fibre con-
nections between the thalamus and cerebral cortex,
forming a major part of the internal capsule and corona
radiata (Liao et al. 2013). The anterior thalamic radi-
ation (ATR) connects the anterior thalamic and
dorsomedial nuclei with the prefrontal cortex and me-
dial temporal cortex, and is part of the thalamo-fronto-
striatal loops that have been implicated in the

pathophysiology of both BD and schizophrenia
(Buchsbaum et al. 1999; McIntosh et al. 2008). Early
life stress has been associated with significant reduc-
tions in FA in the anterior limb of the internal capsule
in non-human primates (Coplan et al. 2010). A reduced
FA in the ATR has been consistently detected in pa-
tients with BD (McIntosh et al. 2008; Sussmann et al.
2009) soon after the beginning of illness (Pavuluri
et al. 2009; Lu et al. 2012), and in their unaffected rela-
tives (McIntosh et al. 2005), among whom FA in the
internal capsule was inversely related to cyclothymic
temperament (Sprooten et al. 2011), thus also suggest-
ing a link with genetic vulnerability for the disorder.
Converging ascending and descending medial fore-
brain bundle and ATR fibre tracts could mediate re-
ward seeking and regulation of affective states in

Table 2. Effect of ACE on axial diffusivitya

Cluster dimensions and
signal peaks: x, y, z White matter tracts

Voxels: 2752 Corticospinal tract R
MNI: 18, 18, 40 Forceps minor
R Superior longitudinal fasciculus Anterior corona radiata R

Anterior thalamic radiation R
Anterior cingulate gyrus R
Body of corpus callosum
Splenium of corpus callosum
Superior longitudinal fasciculus R
Superior corona radiata R

Voxels: 1772 Uncinate fasciculus L
MNI: –18, 7, 41 Forceps minor
L Superior longitudinal fasciculus
(temporal part)

Anterior cingulate gyrus L
Posterior cingulate gyrus L
Body of corpus callosum
Splenium of corpus callosum
Anterior thalamic radiation L
Anterior corona radiata L
Superior corona radiata L
Posterior corona radiata L
Inferior fronto-occipital fasciculus L
Corticospinal tract L
Superior longitudinal fasciculus L

Voxels: 345 Inferior fronto-occipital fasciculus L
MNI: −27, 23, 17 Anterior thalamic radiation L
L Anterior thalamic radiation Anterior corona radiata L

Forceps minor
Uncinate fasciculus L
Superior longitudinal fasciculus L

ACE, Adverse childhood experiences; MNI, Montreal Neurological Institute;
R, right; L, left.

a In the first column, dimensions of clusters (number of voxels, mm3) and
localization of signal peaks (MNI coordinates) are given for regions showing
maximal differences of tract-based spatial statistics values (signal peak). The second
column lists the white matter tracts significantly affected by ACE in the clusters.
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healthy and depressed humans (Schoene-Bake et al.
2010; Coenen et al. 2012). Executive function and pro-
cessing speed were correlated with anisotropy of the
ATR and uncinate fasciculus in late-life depression
(Sexton et al. 2012). The posterior thalamic radiation
(PTR) connects the pulvinar and lateral geniculate
nuclei to the posterior parietal and occipital cortex,
and its integrity correlates with behavioural reaction
time in visuospatial attention tasks (Tuch et al. 2005).
Impaired orientational coherence or reduced WM
integrity has been consistently described in patients
with major depressive disorder (MDD) (Liao et al.
2013) and with BD (Chan et al. 2010; Benedetti et al.
2011c). Again, lithium counteracted these effects in
the ATR and PTR by increasing AD (Benedetti et al.
2013).

The corpus callosum provides the major commissu-
ral fibre bundles allowing interhemispheric communi-
cation. Corpus callosum integrity is crucial for the
integration of sensory–motor functions, attention,
language and memory, which are frequently impaired
in bipolar patients (Brambilla et al. 2009). Its structure
is sensitive to early stress, because degree of exposure
to peer verbal abuse correlates with increased RD and
MD and decreased FA (Teicher et al. 2010). Abnormal
myelination and morphometry have been consistently
associated with BD (Bearden et al. 2011, Benedetti
et al. 2011c), and with dimensions of BD psycho-
pathology such as aggression (Saxena et al. 2012) and
suicide (Matsuo et al. 2010). These abnormalities persist
in euthymic conditions (Emsell et al. 2013), when pa-
tients show signs of reduced fibre density (Torgerson
et al. 2012), and again we found lithium to increase
AD in the corpus callosum (Benedetti et al. 2013).
Reduced FA correlates with the genetic liability risk
for BD in unaffected relatives (Chaddock et al. 2009),
and a progressive FA reduction during adolescence,
contrary to the expected increase, has been observed
in unaffected youth at high risk for BD and proposed
as a vulnerability marker for future BD (Versace et al.
2010b).

The superior longitudinal fasciculus is a huge associ-
ation fibre tract connecting cortical areas of the frontal,
parietal, temporal and occipital lobes, thus being
involved in a wide range of functions including
executive functioning and emotional regulation, in
addition to language processing thanks to its connec-
tions to Broca and Wernicke areas (Wakana et al.
2004; Makris et al. 2005). Adolescents exposed to child-
hood maltreatment had significantly lower FA values
in the bilateral superior longitudinal fasciculus, and
those who developed a MDD at follow-up had the
lowest values (Huang et al. 2012). WM integrity in
the superior longitudinal fasciculus was consistently
reported to be reduced in BD (Chaddock et al. 2009;

Versace et al. 2010a; Benedetti et al. 2011c), with lithium
increasing AD (Benedetti et al. 2013). Children with BD
or with a first-degree relative with BD showed both a
reduced FA in the superior longitudinal fasciculus
compared with controls (Frazier et al. 2007), and in un-
affected individuals at familial risk of mood disorder
lower FA in the superior longitudinal fasciculus was
associated with increasing genetic liability for BD
(Chaddock et al. 2009) and with a higher polygenic
risk allele load for MDD (Whalley et al. 2013). Here
we found our most significant peak effects of ACE
on AD.

The inferior fronto-occipital fasciculus is a long as-
sociation bundle that connects the inferior–lateral and
dorsolateral prefrontal frontal cortex with posterior
temporal and occipital cortices (Schmahmann et al.
2007), being thus involved in many brain functions.
In healthy humans a reduced FA has been found to
be associated with reduced inhibitory cognitive control
during response selection (Forstmann et al. 2008). FA in
the inferior fronto-occipital fasciculus is reduced dur-
ing BD illness episodes (Zanetti et al. 2009; Lu et al.
2011), and here lithium increases AD (Benedetti et al.
2013). Unaffected siblings had FA values in the inferior
fronto-occipital fasciculus that were intermediate to
and significantly different from those of healthy volun-
teers and patients with BD (Mahon et al. 2013), and,
again, in unaffected relatives FA correlated with gen-
etic risk (Chaddock et al. 2009).

Finally, the uncinate fasciculus connects the hippo-
campus, amygdala and anterior temporal lobe to the
medial prefrontal cortex, thus allowing mood regu-
lation and emotional processing, and playing a critical
role in memory networks and in the comprehension
and regulation of emotional responses to auditory
stimuli (Schmahmann et al. 2007). Integrity of the unci-
nate fasciculus may facilitate language- and emotion-
based evaluative processes as well as behavioural con-
trol functions that delay gratification (Olson et al. 2009),
is reduced in BD (McIntosh et al. 2008; Sussmann et al.
2009; Benedetti et al. 2011a), and lithium treatment
positively correlates with AD (Benedetti et al. 2013).
Moreover, in patients with BD, FA in the uncinate fas-
ciculus positively correlates with the functional coup-
ling between the amygdala and anterior cingulate
cortex (Wang et al. 2009), which is a critical component
of the circuits ensuring adequate emotional processing
(Pezawas et al. 2005).

These networks are crucial for cognitive func-
tions known to be impaired in bipolar patients
(Rubinsztein et al. 2000; Sole et al. 2012). Early life stress
has been found to reduce neurocognitive functioning
(executive functioning, visual memory, spatial work-
ing memory) and emotional processing in healthy
humans (Majer et al. 2010; Gould et al. 2012).
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We then surmise that ACE could contribute to the im-
pairment of cognitive and emotional processing in BD
through the alteration of WM structure in specific net-
works. These effects of ACE are likely to be associated
with other detrimental influences on WM integrity
observed in BD. Increased genetic liability to familial
BD has been associated with reduced FA across distrib-
uted regions of WM in patients and their unaffected
relatives (Chaddock et al. 2009). Genetic factors affect-
ing the severity of BD also influence WM integrity in
BD (Benedetti et al. 2013), which is found to be reduced
in the main tracts of the WM skeleton (Benedetti et al.
2011c). Neuroinflammation has been associated with
BD, with environmental stress, and with a disrupted
integrity of myelin sheaths (Bartzokis, 2012). Gene×
environment interactions, including ACE, could then
play a major role in the observed relationship between
BD and altered DTI measures of WM integrity.

However, the mechanisms by which this might hap-
pen remain elusive. The main limitation in interpreting
in vivo DTI findings is that animal models of DTI mea-
sures have been mainly developed to test toxic effects
of drugs or to model severe demyelinating diseases
(Harsan et al. 2006), and not normal human neurodeve-
lopment. The recently described trajectories of change
in DTI measures over the human lifespan suggest non-
linear relationships with age (Qiu et al. 2008; Bartzokis
et al. 2012; Lebel et al. 2012), and current models pro-
pose specific effects on brain structures depending on
specific sensitive periods in which brain regions and
WM tracts could be maximally susceptible to early
stress (Andersen & Teicher, 2008). However, prospec-
tive studies are still lacking and the available data do
not include patients who developed neuropsychiatric
diseases.

Given that proliferation and differentiation of oli-
godendrocytes, and the myelination of axons, are
partly controlled by neurotransmitters (Karadottir &
Attwell, 2007), factors affecting brain neurotransmitter
function in response to stress could contribute to the as-
sociation between early stress and reduced AD. One
example can be found in a polymorphism in the pro-
moter in the serotonin transporter (5-HTTLPR) (Canli
& Lesch, 2007), which can independently influence
both the behavioural effects of early stressors and
WM structure in the general population: carriers of
the low-activity alleles showed: (1) a higher association
between stress and its worse consequences, including
depression and suicide (Caspi et al. 2010); and (2) a
reduced FA in the uncinate fasciculus (Pacheco et al.
2009). Other mechanisms possibly involved include
inflammation, which is abnormally elevated in BD
(Drexhage et al. 2010), also prompted by environmental
factors (Padmos et al. 2009), and can be increased by
psychological distress (Raison et al. 2006). Many other

genetic and epigenetic mechanisms can mediate the ef-
fects of stress (Dudley et al. 2011), but their effects on
WM have not yet been investigated.

Strengths of the present study include a focused re-
search question and state-of-the-art imaging methods.
However, our results must be viewed in the light
of several methodological limitations. The lack of a
control group limits generalizability of the results,
which, however, confirm previous literature in healthy
subjects (see Introduction). The sample size allowed us
to define the effects of ACE, but did not allow us to test
their interaction with clinical variables, or their poss-
ible interactions with genetic or pharmacological fac-
tors. We measured no biological markers to test for
possible mechanisms of the observed effects. Patients
were non-drug-naive, and the drug treatments ad-
ministered during the course of the illness could have
influenced DTI measures, alone or interacting with
the effects of early stress. Recruitment was in a single
centre and in a single ethnic group, thus raising the
possibility of population stratifications limiting the
generalizability of the findings.

In conclusion, these limitations do not bias the main
finding of an effect of ACE on WM microstructure in
patients with BD, thus: (1) suggesting shared influ-
ences of stress on brain development of healthy and
psychiatric populations, to be further confirmed and
explored in enlarged and independent samples; and
(2) confirming the usefulness of DTI for the study of
the structural changes in the brain associated with BD.
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