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Objectives: A growing body of evidence suggests that, independent of
localized brain lesions, mood disorders can be associated with
dysfunction of brain networks involved in the modulation of emotional
and cognitive behavior. We used diffusion tensor (DT) tractography to
quantify the presence and extent of structural injury to the connections
between the amygdala and other brain regions, which included the
subgenual, the supragenual and posterior cingulate, the
parahippocampal, the orbitofrontal and dorsolateral prefrontal
cortices, as well as the insula.

Methods: Using a 3.0 Tesla scanner, conventional and DT magnetic
resonance imaging sequences of the brain were acquired from 15 adult
patients with major depressive disorder (MDD), 15 with bipolar disorder
(BD), and 21 age-matched healthy controls. Using FSL software,
diffusivity changes of the white matter (WM) fiber bundles belonging to
the emotional network were measured.

Results: Compared to controls and MDD patients, BD patients had
significantly decreased average fractional anisotropy, increased average
mean diffusivity, and increased average axial and radial diffusivity values
in the majority of the WM fiber bundles connecting structures of the
anterior limbic network (p-values ranging from 0.002 to 0.040).
Medication load did not influence the results with the exception of
lithium, which was associated with normal diffusivity values in tracts
connecting the amygdala with the subgenual cingulate cortex.

Conclusions: We detected specific WM abnormalities, suggestive of
disrupted integrity of fiber bundles in the brains of patients with BD.
These abnormalities might contribute to understanding both mood
dysregulation and cognitive disturbances in BD, and might provide
an objective marker to monitor treatment efficacy in this condition.

Structural and functional brain imaging studies
allow for definition of a network of structures
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associated with emotional processing in healthy
humans. The amygdala is a core component and

several corticolimbic structures interact in the
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generation and regulation of affective states (1,
2). This network is sometimes referred to as the



anterior limbic network (3, 4) and mood disorders
might possibly be associated with dysfunction of
this network. It is also possible that emotional
dysregulation could result from a lack of inhibition
by prefrontal cortices (PFC) on limbic structures,
as suggested by (i) the observation of decreased
glucose metabolism in the PFC with increased
metabolism in subcortical structures (5), and (ii)
functional magnetic resonance imaging (MRI)
studies showing reduced activity and impaired
signal communication in corticolimbic networks
critical to processing emotional stimuli (6, 7).

It has been speculated that disrupted functional
connectivity could be associated with white matter
(WM) pathology. Diffusion tensor (DT) MRI
measures the extension and direction of water
diffusivity, and provides indices of WM integrity
which are sensitive to the subtle pathological
changes associated with several neurological and
psychiatric conditions (8). Two metrics of the
diffusion properties that are commonly employed
as indices of tissue pathology are mean diffusivity
(MD), which measures the magnitude of water
molecule diffusion, and fractional anisotropy (FA),
which is an index of the degree of directionality of
water diffusivity. FA is reduced in diseased states
known to be associated with axonal loss and
destruction of myelin sheaths (9). Axonal damage
is reflected by a decrease of diffusivity parallel to
the primary fiber orientation [axial diffusivity
(AD)], while myelin breakdown is associated with
an increased diffusivity perpendicular to the WM
tract [radial diffusivity (RD)] with preserved AD
values (10, 11).

DT MRI studies hold significant promise for the
investigation of WM pathology associated with
mood disorders (12). In patients with bipolar
disorder (BD), decreased FA has been reported in
WM tracts linking the PFC with other regions,
without changes in trace apparent diffusion coef-
ficient (13). This observation suggests a loss of
bundle coherence and alignment of WM fibers
without a significant amount of tissue disruption or
reactive gliosis. Other studies observed increased
water diffusivity (14), also with normal FA (15), in
the PFC. In anterior regions, the majority of
studies found reduced FA (16-25), however, some
studies found an increased FA (26-28) and three
studies reported lower or higher FA values
depending on the brain regions which were
assessed (26, 29, 30).

Few studies have been performed in patients with
major depressive disorder (MDD). All of these
report a widespread pattern of reduced FA values in
late-life depression (31-38), but much less severe
abnormalities in young and adult patients (39, 40).

Tract-specific WM structural disruption in BD

DT MRI based tractography allows for recon-
struction of anatomically complex WM pathways
(41), but thus far, tract-specific studies in mood
disorders are lacking. The only two reported
studies were carried out in patients with BD and
the researchers found an increased connectivity
between the subgenual cingulate cortex and the
amygdala (42), and reduced FA values in the
uncinate fasciculi and anterior thalamic radiations
(19). To explain these inconsistencies, one can
hypothesize that the characteristics of WM damage
might be influenced by the unipolar/bipolar
dychotomy and might differ across the examined
brain regions.

Therefore, to test the above hypotheses, we
applied DT MRI tractography in order to compare
the integrity of several individual WM tracts,
known to be part of the anterior corticolimbic
networks, between healthy subjects and patients
with BD and MDD.

Methods
Participants

The study sample included 51 participants: 30
consecutively admitted inpatients affected by mood
disorder that were screened with the Structured
Clinical Interview for DSM Disorders (DSM-1V),
and 21 age-matched healthy controls. Of the 30
inpatients, 15 of them met criteria for MDD (10
women and 5 men; mean age = 50.5 years, range:
37-63 years; disease duration = 19.7 years, range:
3-45 years; mean number of previous illness epi-
sodes = 3.0, range: 1.0-10.0) and 15 met criteria
for BD type I (10 women and 5 men; mean age =
48.4 years, range: 23—64 years; disease duration =
12.4 years, range: 0.2-31.0 years; mean number of
previous illness episodes = 4.4, range: 2.0-11.0).
Exclusion criteria were: (i) additional diagnoses
on Axis I, (ii) mental retardation on Axis II, (iii)
current pregnancy, or (iv) major medical or
neurological disorders. Physical examinations,
laboratory tests, and electrocardiograms were
performed on each study participant. No patient
had received electroconvulsive therapy (ECT)
within six months prior to study enrollment though
four patients had received it during their lifetime.
All patients had been admitted to our hospital
ward during a major depressive episode and were
studied prior to discharge. Their current symptom
profile was of remission (Hamilton Rating Scale
for Depression scores < 8) after receiving success-
ful antidepressant treatment. At the time of the
study, patients were being treated based on their
clinical need: for BD [lithium (n = 8; patients on
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lithium had been taking it for at least six months),
valproate (n = 2), carbamazepine (n = 1), anti-
depressants (n = 11), antipsychotics (n = 6)], and
for MDD [antidepressants (n = 15)]. All patients
were also receiving benzodiazepines. To assess
the potential effect of the psychotropic medication
load on WM fiber bundle integrity, we used
previously developed criteria and categorized each
medication into low-dose or high-dose groupings,
scored as 0 (no medication), 1 (low dosage), or 2
(high dosage). We then combined all individual
medication scores for each medication category in
each individual participant to obtain a single
composite score (30).

A total of 21 age-matched healthy subjects (10
women and 11 men; mean age = 46.4 years, range:
27-67 years) with no previous history of psychiat-
ric, neurological, and/or systemic disorders served
as controls. After complete description of the study
to all subjects, written informed consent was
obtained and the study was approved by the local
Ethical Committee.

Image acquisition

Using a 3.0 Tesla scanner (Intera, Philips Medical
Systems, Best, The Netherlands), the following
sequences of the brain were obtained from all
subjects: (i) T2-weighted turbo spin echo (TSE)
[TR/TE = 3000/85 msec; echo train length = 15;
flip angle = 90°; 25 contiguous, 5 mm-thick, axial
slices with a matrix size = 512 x 512, and a field of
view (FOV) = 230 x 183.28 mm]; (ii)) 3D TI-
weighted fast field echo (FFE) [TR/TE = 25/
4.6 msec; flip angle = 30°; 220 contiguous, axial
slices with voxel size = 0.89 x 0.89 x 0.8 mm
(matrix size = 256 x 256; FOV = 230 x 230 mm);
(iii) sensitivity-encoded (SENSE) pulsed-gradient
SE echo planar (EP) (acceleration factor = 2.0;
TR/TE = 8753.89/58 msec; 55 contiguous, 2.3-
mm thick axial slices with an acquisition matrix
size = 128 x 128, and a FOV = 240 x 240 mm?;
after SENSE reconstruction, the matrix dimension
of each slice was 128 x 128, and in-plane pixel size
1.87 x 1.87 mm?), with diffusion gradients applied
in 35 noncollinear directions and a b-factor = 900
sec/mm”. Fat saturation was performed to avoid
chemical shift artifacts. All slices were positioned
to run parallel to a line that joins the most infero-
anterior and infero-posterior parts of the corpus
callosum.

Structural MRI post-processing

All structural MRI analysis was performed by a
single experienced observer, unaware to whom the
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scans belonged. Aspecific brain hyperintensities
were identified on the T2-weighted TSE scans and
their volumes were measured using a semiauto-
matic local thresholding segmentation technique
(Jim 4.0, Xinapse System, Leicester, UK).

Head motion effect and image distortion due to
eddy current were corrected. After reconstruction
of brain DT MRI data, MD and FA maps were
derived for every pixel. Probabilistic modeling of
diffusion parameters and tractography were carried
out using the methods from the FMRIB Diffusion
Toolkit (FDT) implemented in the Functional
Magnetic Resonance Imaging of the Brain Soft-
ware Library (http://www.fmrib.ox.ac.uk/fsl) (43,
44). In detail, the first step was the Bayesian
Estimation of Diffusion Parameters Obtained
using Sampling Techniques [bedpostx (the x stands
for modeling crossing fibres)] that run Markov
Chain Monte Carlo sampling to build up distribu-
tions on diffusion parameters at each voxel and
created all the files necessary for running probabi-
listic tractography. After bedpostx had been
applied, it was possible to run tractography
analyses using probtrackx tool (5,000 streamline
samples, 0.5 mm step lengths, curvature thresh-
olds = 0.2).

Tractography analysis

In order to initiate and constrain tractography,
eight brain regions were selected based on an «a
priori knowledge of their interactions in the emo-
tional network (45-47). For each subject and in
each hemisphere, the amygdala, orbitofrontal cor-
tex (BA11), subgenual cingulate cortex (BA25),
parahippocampal cortex (BA36), posterior cingu-
late cortex (BA23), supragenual cingulate cortex
(BA32), lateral prefrontal cortex (BA46), and
insula were identified. Amygdala was segmented
automatically from the 3D TI-weighted scans,
using the FMRIB’s Integrated Registration and
Segmentation Tool (FIRST). The results of the
segmentation were inspected visually to check for
correctness. The other brain regions were seg-
mented using the VTK CISG Registration Toolkit
(48) and an affine transformation. The Broadman
regions were taken from Broadman template
provided by SPMS5 (49, 50), whereas the insula
was obtained from the aal template also provided
by SPMS5 (51). These atlases were first coregistered
to the 3D T1-weighted scans of each subject, and
then to the diffusion space using a rigid transfor-
mation (Fig. 1).

In each hemisphere, the following WM fiber
bundles, as defined by their initial and target
regions were reconstructed: amygdala-BA1l,



Tract-specific WM structural disruption in BD

Fig. 1. An illustrative example of cortical masks in a subject of the: (A) amygdala, (B) orbitofrontal cortex (BA1l), (C) lateral
prefrontal cortex (BA46), (D) subgenual cingulate (BA25), (E) supragenual cingulate (BA32), (F) posterior cingulate (BA23), (G)
parahippocampal cortex (BA36), and (H) insula. The amygdala (red) was segmented automatically from the 3D T1-weighted scans,
using the FMRIB’s Integrated Registration and Segmentation Tool. The other brain regions (yellow) were segmented using the VTK
CISG Registration Toolkit (48) and an affine transformation.

amygdala-BA25, amygdala-BA36, amygdala-insu-
la, BA23-BA32, BA25-BA32, BA11-BA46, and
BA25-insula (Fig. 2). To have an internal patient
reference, the corticospinal tracts (CST) were also
reconstructed, using the cerebral peduncle as seed
mask, which was segmented manually from the FA
maps, and using BA4 as the target cortical mask.

An exclusion mask was produced in order to
limit the propagation of the tractography in the
WM and to avoid indirect connections between
gray matter (GM) nuclei as well as those of
crossing fibers to the controlateral hemisphere.
Such a mask was obtained by adding the masks of
CST, thalami, and mid-sagittal plane. In each
subject, CST was segmented with the FMRIB’s
Automated Segmentation Tool from T2-weighted,
but not from diffusion weighted images. The
thalami were segmented with FIRST on the 3D
T1-weighted scans.

The output of the tractography algorithm was a
probabilistic map which provides, at each voxel, a
connectivity value corresponding to the total num-
ber of samples that pass from the seed to the target
region through that given voxel. For each connec-
tivity map the mean value of connectivity was

assessed (52). In addition, the reconstructed WM
fiber bundles were also applied as masks to the MD,
FA, AD (which is equivalent to the magnitude of
the largest eigenvalue of the tensor), and RD (which
is the average of the two smallest eigenvalues of the
tensor), and average values were calculated.

Statistical analysis

Patients’ WM fiber bundle derived measures were
reported as mean =+ standard deviation. Differ-
ences according to the disease status were assessed
with analysis of variance (ANOVA) models.
Adjustments for multiple comparisons were
accounted for using the Bonferroni method con-
sidering each of the eight tracts as a family.
Furthermore, the post-hoc comparisons between
patients versus healthy controls were carried out
within the ANOVA models and Bonferroni was
adjusted as above.

To assess the effect of demographic and clinical
characteristics on diffusivity parameters, the tract-
specific measures, that were found to be signif-
icantly different between groups after adjustment
for multiple comparisons, were correlated with age,
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Amy gdul;l—-BAZS

Cortical spinal tract

Fig. 2. An illustrative example of tract reconstruction (red) in a single subject of the: (A) amygdala-orbitofrontal cortex (BA11), (B)
amygdala-insula, (C) amygdala-subgenual cingulate cortex [(BA25); amygdala in yellow], (D) orbitofrontal cortex (BA1l)-lateral
prefrontal cortex (BA46), (E) amygdala—BA36 (amygdala in yellow, BA36 in green), (F) insula-subgenual cingulate cortex [(BA2Y5);
insula in green, BA25 in blue], (G) cingulum, and (H) corticospinal tracts.

age at onset, medication load, and lifetime rate of
illness recurrence (number of previous illness
episodes/duration of illness in years). Correlations
between continuous variables were assessed using
Spearman coefficients.

A p-value < 0.05 was considered for statistical
significance. All analyses were performed using
SAS Release 9.1 (SAS Institute, Cary, NC, USA).

Results

No significant difference was found between MDD
and BD patients in terms of age, sex, disease
duration, and mean relapse number. Brain aspe-
cific hyperintensities were seen on the T2-weighted
MRI scans of 8 healthy controls, 9 MDD patients,
and 11 BD patients. The median T2 brain hyper-
intense lesion load was 0.0 ml (range: 0.0-5.8 ml)
in healthy controls, 0.7 ml (range: 0.0-2.5 ml) in
MDD patients, and 0.6 ml (range: 0.0-1.0 ml) in
BD patients (p = n.s.).

Tract-specific DT MRI derived quantities are
summarized in Table 1 and Figure 3. Significant
between-group differences were found for FA and
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AD of the amygdala-BA25 connection, bilaterally;
for MD, AD, and RD of the BA32-BA23 connec-
tion; for MD of the left BA11-BA46 connection; for
MD and AD of the right BA25-insula connection;
and for RD of the BA25-BA32 connection. The
connectivity values of all the analyzed WM fiber
bundles did not differ between groups (data not
shown). When contrasted to healthy subjects at
post-hoc analysis, BD patients had significantly
lower average FA and significantly higher average
MD, average AD and RD values of all the WM fiber
bundles reported above (p-values ranging from
0.002 to 0.040). No significant differences were
found between MDD patients and healthy controls.

The overall medication load score was not
correlated with any of the tract-specific measures
that were found to be significantly different from
those of healthy controls (data not shown). Also,
the scores of specific drug classes were not
correlated with diffusivity parameters, with
the exception of lithium. Patients treated with
lithium showed significantly higher FA values
in the amygdala-BA25 connection than those
who did not receive lithium (0.32 = 0.02 versus
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Table 1. Diffusion tensor magnetic resonance imaging measures [mean (SD)] in healthy controls (HC) and patients with bipolar disorder (BD) and major
depressive disorder (MDD), and levels of significance of the observed differences, uncorrected for multiple comparisons

p-value
HC BD MDD ANOVA

R Amyg-BA25 FAZ e 0.35 (0.06) 0.30 (0.03) 0.32 (0.05) 0.003
L Amyg-BA25 FA® 0.37 (0.08) 0.31 (0.02) 0.34 (0.04) 0.01
R Amyg-BA25 MD 0.88 (0.06) 0.88 (0.04) 0.87 (0.04) 0.9
L Amyg-BA25 MD 0.90 (0.08) 0.89 (0.04) 0.86 (0.05) 0.08
R Amyg-BA25 AD 1.23 (0.09) 1.17 (0.06) 1.18 (0.05) 0.3
L Amyg-BA25 AD 1.19 (0.18) 1.18 (0.06) 1.18 (0.05) 0.08
R Amyg-BA25 RD 0.70 (0.07) 0.74 (0.04) 0.72 (0.05) 0.2
L Amyg-BA25 RD 0.71 (0.07) 0.74 (0.03) 0.70 (0.06) 0.2
R Amyg-BA25 voxels, n 709 (576) 693 (284) 706 (347) 0.9
L Amyg-BA25 voxels, n 520 (381) 553 (244) 568 (270) 0.9
R Amyg-BA11 FA 0.32 (0.06) 0.30 (0.02) 0.31 (0.03) 0.7
L Amyg-BA11 FA 0.29 (0.07) 0.30 (0.03) 0.31 (0.05) 0.7
R Amyg-BA11 MD 0.85 (0.05) 0.87 (0.05) 0.86 (0.05) 0.4
L Amyg-BA11 MD 0.89 (0.08) 0.88 (0.08) 0.87 (0.07) 0.8
R Amyg-BA11 AD 1.14 (0.04) 1.16 (0.06) 1.15 (0.04) 0.6
L Amyg-BA11 AD 1.17 (0.08) 1.17 (0.10) 1.16 (0.08) 0.9
R Amyg-BA11 RD 0.70 (0.07) 0.73 (0.04) 0.72 (0.05) 0.4
L Amyg-BA11 RD 0.75 (0.10) 0.69 (0.20) 0.72 (0.07) 0.5
R Amyg-BA11 voxels, n 629 (305) 588 (382) 573 (361) 0.6
L Amyg-BA11 voxels, n 459 (233) 492 (395) 381 (258) 0.06
R Amyg-Insula FA 0.39 (0.07) 0.38 (0.05) 0.38 (0.07) 0.9
L Amyg-Insula FA 0.37 (0.05) 0.34 (0.05) 0.37 (0.06) 0.1
R Amyg-Insula MD 0.82 (0.10) 0.85 (0.05) 0.83 (0.06) 0.2
L Amyg-Insula MD 0.82 (0.07) 0.86 (0.04) 0.84 (0.04) 0.1
R Amyg-Insula AD 1.17 (0.06) 1.22 (0.07) 1.19 (0.06) 0.07
L Amyg-Insula AD 1.17 (0.07) 1.18 (0.06) 1.18 (0.07) 0.7
R Amyg-Insula RD 0.64 (0.08) 0.67 (0.07) 0.65 (0.09) 0.5
L Amyg-Insula RD 0.65 (0.08) 0.70 (0.05) 0.61 (0.20) 0.1
R Amyg-Insula voxels, n 975 (691) 1658 (1283) 1328 (1294) 0.08
L Amyg-Insula voxels, n 1017 (943) 1661 (1590) 705 (722) 0.2
R Amyg-BA36 FA 0.33 (0.04) 0.35 (0.05) 0.32 (0.03) 0.1
L Amyg-BA36 FA 0.34 (0.05) 0.31 (0.06) 0.33 (0.02) 0.3
R Amyg-BA36 MD 0.86 (0.05) 0.80 (0.20) 0.85 (0.04) 0.4
L Amyg-BA36 MD 0.86 (0.05) 0.80 (0.20) 0.86 (0.04) 0.4
R Amyg-BA36 AD 1.17 (0.07) 1.21 (0.06) 1.16 (0.06) 0.09
L Amyg-BA36 AD 1.17 (0.05) 1.17 (0.07) 1.17 (0.07) 0.9
R Amyg-BA36 RD 0.70 (0.06) 0.69 (0.05) 0.70 (0.04) 0.8
L Amyg-BA36 RD 0.70 (0.06) 0.72 (0.05) 0.70 (0.04) 0.5
R Amyg-BA36 voxels, n 1683 (1062) 2000 (1569) 2785 (1458) 0.06
L Amyg-BA36 voxels, 1867 (1437) 2210 (1554) 1889 (1110) 0.8
R BA11-BA46 FA 0.35 (0.04) 0.34 (0.03) 0.35 (0.04) 0.8
L BA11-BA46 FA 0.34 (0.03) 0.34 (0.03) 0.36 (0.03) 0.3
R BA11-BA46 MD 0.78 (0.03) 0.79 (0.03) 0.79 (0.03) 0.3
L BA11-BA46 MD%*® 0.79 (0.03) 0.81 (0.03) 0.79 (0.02) 0.03
R BA11-BA46 AD 1.08 (0.05) 1.09 (0.04) 1.09 (0.03) 0.06
L BA11-BA46 AD 1.09 (0.04) 1.12 (0.05) 1.11 (0.02) 0.8
R BA11-BA46 RD 0.63 (0.03) 0.64 (0.03) 0.64 (0.04) 0.3
L BA11-BA46 RD 0.63 (0.04) 0.66 (0.03) 0.63 (0.03) 0.09
R BA11-BA46 voxels, 2279 (1592) 2376 (1183) 2299 (1295) 0.5
L BA11-BA46 voxels, n 29083 (1588) 3200 (1490) 2628 (1118) 0.9
R BA25-Insula FA 0.36 (0.03) 0.36 (0.02) 0.36 (0.03) 0.8
L BA25-Insula FA 0.36 (0.03) 0.35 (0.03) 0.37 (0.02) 0.09
R BA25-Insula MD®" 0.82 (0.05) 0.87 (0.07) 0.84 (0.05) 0.04
L BA25-Insula MD 0.81 (0.05) 0.85 (0.04) 0.83 (0.03) 0.09
R BA25-Insula AD** 1.15 (0.08) 1.22 (0.10) 1.18 (0.03) 0.03
L BA25-Insula AD 1.14 (0.07) 1.17 (0.04) 1.18 (0.03) 0.1
R BA25-Insula RD 0.65 (0.05) 0.69 (0.06) 0.66 (0.04) 0.09
L BA25-Insula RD 0.65 (0.05) 0.68 (0.04) 0.66 (0.03) 0.1
R BA25-Insula voxels, n 4009 (1482) 4617 (2181) 4667 (1641) 0.4
L BA25-Insula voxels, n 3958 (1751) 4715 (1536) 4784 (1955) 0.3
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Table 1. (Continued)

p-value
HC BD MDD ANOVA

BA25-BA32 FA 0.37 (0.03) 0.35 (0.03) 0.38 (0.03) 0.08
BA25-BA32 MD 0.79 (0.03) 0.83 (0.10) 0.78 (0.03) 0.06
BA25-BA32 AD 1.12 (0.04) 1.16 (0.10) 1.14 (0.02) 0.2
BA25-BA32 RD¢ 0.62 (0.04) 0.67 (0.08) 0.62 (0.04) 0.02
BA25-BA32 voxels, n 4944 (1910) 5408 (2523) 4970 (1298) 0.7
BA32-BA23 FA 0.33 (0.03) 0.32 (0.03) 0.33 (0.02) 0.5
BA32-BA23 MD&" 0.75 (0.02) 0.78 (0.02) 0.76 (0.03) 0.002
BA32-BA23 AD' 1.03 (0.05) 1.07 (0.04) 1.05 (0.04) 0.04
BA32-BA23 RD?)< 0.61 (0.02) 0.64 (0.03) 0.62 (0.03) 0.009
BA32-BA23 voxels, n 4969 (1487) 5570 (1298) 5864 (1171) 0.1

R CST FA 0.48 (0.05) 0.50 (0.05) 0.52 (0.05) 0.1

L CST FA 0.48 (0.05) 0.48 (0.05) 0.51 (0.03) 0.3

R CST MD 0.73 (0.03) 0.74 (0.02) 0.73 (0.02) 0.6

L CST MD 0.74 (0.04) 0.76 (0.03) 0.76 (0.03) 0.1

R CST AD 1.17 (0.07) 1.20 (0.05) 1.20 (0.05) 0.2

L CST AD 1.18 (0.06) 1.21 (0.07) 1.23 (0.04) 0.06
R CST RD 0.52 (0.04) 0.51 (0.04) 0.51 (0.04) 0.2

L CST RD 0.53 (0.04) 0.54 (0.05) 0.53 (0.03) 0.6

R CST voxels, n 802 (337) 713 (430) 773 (369) 0.06
L CST voxels, n 815 (333) 735 (282) 787 (412) 0.06

Average mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) values are expressed in units of mm?/sec x 1072,
Fractional anisotropy (FA) is a dimensionless index. R = right; L = left; Amyg = amygdala; BA25 = subgenual cingulate; BA11 = or-
bitofrontal cortex; BA36 = parahippocampal cortex; BA46 = lateral prefrontal cortex; BA32 = supragenual cingulate; BA23 = posterior

cingulate; CST = corticospinal tract.
@Significant also after correction for multiple comparisons.
Pp = 0.0008 (BD versus HC).

°BD versus MDD: not significant.
9p = 0.004 (BD versus HC).

°p = 0.008 (BD versus HC).

o = 0.01 (BD versus HC).

90 = 0.009 (BD versus HC).

fp = 0.0006 (BD versus HC).

'p = 0.02 (BD versus MDD).

'o = 0.003 (BD versus HC).

Kp = 0.03 (BD versus MDD).

0.28 £ 0.02, p = 0.01). The comparison between
BD patients with and without ongoing lithium
versus healthy controls showed that the same
measures behaved differently in the two diseased
groups (F = 6.55, p = 0.004), with lithium-treat-
ed patients having values not significantly different
than those of healthy controls, and lithium-free
patients having significantly lower values than
those of healthy controls (post-hoc Newman-Keuls
test, p = 0.009).

The rate of lifetime illness recurrence correlated
directly with increased M D of the right BA25-insula
connection (r = 0.48, p = 0.02). Age was signifi-
cantly and directly correlated with MD (r = 0.47,
p = 0.009) of the BA32-BA23 connection.

Discussion

This is the first tractography study assessing DT
MRI parameters in multiple brain WM tracts of
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patients affected by mood disorders. We found that
patients with BD have alterations which are likely
to reflect disruption of myelin sheaths (i.e., increase
of mean and RD) in WM tracts connecting
subgenual, supragenual, and posterior areas of
cingulate cortex. Moreover, patients showed
decreased FA values (which are likely to reflect
decreased bundle coherence as well as disrupted
myelin) in tracts connecting amygdala and sub-
genual cingulate cortex, bilaterally.

Previous findings based on a variety of func-
tional neuroimaging techniques (functional MRI,
positron emission tomography, single photon
emission computerized tomography) showed that
an abnormal functioning of these brain structures
might be involved in the psychopathology of mood
disorders (4, 7, 45, 53, 54). Our findings in BD
patients provide a possible structural basis to these
observations. Damage of critical WM tracts con-
necting cortical areas might hamper connectivity
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Fig. 3. Graphical representation of white matter (WM) fiber bundles analyzed and of the observed differences between patients with
bipolar disorder (BD) and healthy controls (HC). Only structural measures significantly different between groups have been reported.
MD = mean diffusivity; AD = axial diffusivity; RD = radial diffusivity; FA = fractional anisotropy; R = right; L = left.

between them and disregulate brain networks
involved in mood and emotions (Fig. 3). The
WM tracts in which we found abnormal DT
MRI measures include (i) uncinate fasciculus,
which directly connects the hippocampus, amyg-
dala, and temporal poles to the subgenual cortex
(55), and where we observed bilaterally reduced
FA in the fibers linking amygdala and BA 25; (ii)
cingulum, along which we observed increased RD
both in anterior and posterior regions; and (iii)
prefrontal cortico-cortical WM fibers connecting
orbitofrontal and lateral prefrontal cortex. Our
tract-specific observations are in agreement with
previous reports of abnormal DT MRI measures in
the uncinate fasciculus, cingulum, and short pre-
frontal fibers in patients with BD (13, 16-25). Our
findings support the hypothesis of an impaired
connection between the amygdala and the cingu-
late and prefrontal cortical areas, which play a
major role in resolving emotional conflict (56), and
in inhibiting amygdala responses to negative emo-
tional stimuli (46).

The nature of the injury leading to these
abnormalities remains elusive. A similar pattern
of abnormal DT MRI parameters has been
detected in conditions associated with inflamma-
tion, degeneration, demyelination, and dysmyeli-
nation (57).

An altered myelination during development,
resulting in abnormal MRI findings early in the
pediatric stage, has been proposed to play a role in
the pathophysiology of BD (58). In addition, post-
mortem gene expression, neuropathological, and

neuroimaging studies suggest down-regulation of
key oligodendrocyte and myelination genes (59), as
well as lowered density of oligodendroglial cells in
BD patients (60). Finally, several findings suggest
an altered immune function affecting myelin main-
tenance and repair (12), which is likely to be
important in the pathophysiology of the disease
(61).

Interestingly, we observed a protective effect of
ongoing lithium treatment in terms of relatively
preserved FA values in the WM tracts connecting
amygdala with subgenual cingulate cortex. Con-
sidering that we observed that the rate of recur-
rence of illness episodes had an opposite
detrimental effect, this observation suggests that
lithium is likely to counteract the neuropatho-
logical process associated with WM changes in BD.
In patients with BD, lithium has been reported to
increase GM density in the cingulate cortex and
paralimbic structures (62), thus normalizing the
abnormally reduced GM volumes associated with
the disease (63). Lithium affects myelin gene
expression (64), and a previous DT MRI study
assessing the effect of lithium on WM integrity
showed that this drug is associated with diffusely
increased FA and decreased MD values in the
brain of patients with human immunodeficiency
virus infection (65). In this study, we suggest that
the protective effect of lithium could extend to the
WM changes associated with BD (see 12, 66).

We did not observe either significant differences,
or abnormal trends, between MDD patients and
healthy controls. Although the relatively small
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sample size studied and the high clinical hetero-
geneity of this condition (67) do not allow us to
draw definite conclusions, this observation is in
agreement with previous reports of severe WM
abnormalities in late-life MDD (see Introduction),
and with those describing cognitive impairment in
young patients with BD (68), but not in those with
MDD (69).

In conclusion, we speculate that critical WM
pathology 1is likely to be at least one of the
pathological substrates of BD; that the observed
WM changes might be secondary to disruption of
the integrity of myelin sheaths; and that effective
treatments for BD, such as lithium, may protect
against such an injury. All of this suggests that
WM diffusivity changes may be of clinical rele-
vance in BD and that, in future studies, DT MRI
might provide reliable markers of treatment effi-
cacy in this psychiatric disorder.

Clearly, this study is not without limitations,
including the relatively small number of recruited
subjects, and the fact that we selected one of the
available strategies for the analysis of our DT MRI
data. Further research in larger independent sam-
ples is now warranted to clarify all of the issues
raised by our findings.
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