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Disruption of White Matter Integrity in Bipolar
Depression as a Possible Structural Marker of Illness
Francesco Benedetti, Ping-Hong Yeh, Marcella Bellani, Daniele Radaelli, Mark A. Nicoletti, Sara Poletti,
Andrea Falini, Sara Dallaspezia, Cristina Colombo, Giuseppe Scotti, Enrico Smeraldi, Jair C. Soares, and
Paolo Brambilla

Background: Diffusion tensor imaging allows the study of integrity of white matter (WM) tracts. Literature suggests that WM integrity could
be altered in bipolar disorder. Heterogeneity of brain imaging methods, the studied samples, and drug treatments make localization, nature,
and severity of the WM abnormalities unclear.

Methods: We applied tract-based spatial statistics of diffusion tensor imaging measures to compare fractional anisotropy (FA), mean, and
radial diffusivity of the WM skeleton in a group of 40 consecutively admitted inpatients affected by a major depressive episode without
psychotic features with a diagnosis of bipolar disorder type I and 21 unrelated healthy volunteers from the general population.

Results: Compared with control subjects, patients showed lower FA in the genu of the corpus callosum and in anterior and right
superior-posterior corona radiata and higher values of radial diffusivity in WM tracts of splenium, genu and body of corpus callosum, right
mid-dorsal part of the cingulum bundle, left anterior and bilateral superior and posterior corona radiata, bilateral superior longitudinal
fasciculus, and right posterior thalamic radiation. Patients had no brain areas with higher FA or lower diffusivity values than control subjects.

Conclusions: Reduced FA with increased mean and radial diffusivity suggests significant demyelination and/or dysmyelination without
axonal loss. Comparing our findings with other observations in homogeneous samples of euthymic and manic patients, it can be hypoth-

esized that changes in measures of WM integrity might parallel illness phases of bipolar illness.
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D iffusion tensor imaging (DTI) assesses the microscopic dif-
fusion of water and allows the indirect investigation of the
integrity and bundle coherence of brain white matter (WM)

tracts. 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 axis of the fiber. This tendency to
diffuse in one direction as opposed to all others, termed 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 �1, �2, and �3 (1–3).

Fractional anisotropy (FA) values range between 0, when water
motion is random in all directions, and 1, when the directional
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electivity of water motion is maximal. Fractional anisotropy can
eflect the structure of axonal cell membranes and myelin sheaths
4). A decrease of the tendency to diffuse along the principal direc-
ion (�1) of the fiber, axial diffusivity, suggests axonal loss or loss of
undle coherence, and an increase in radial diffusivity (RD) (the
verage of �2 and �3), perpendicular to axonal walls, suggests dis-
upted myelination (5). Mean diffusivity (MD) (average of �1, �2, and

3) is a measure of the average molecular motion, independent of
issue directionality. In WM pathologies involving disruption of my-
lin sheaths, the reduction of FA is usually paralleled by an increase
f MD (6). High FA values are observed in heavily myelinated tracts
nd decline with age, and a reduction of FA is observed along the
rogression of several degenerative WM disorders that result in
xonal loss or destruction of myelin sheaths, such as multiple scle-
osis, leukoaraiosis, various dementias, and infections (6).

Several lines of evidence, coming both from neuropsychological
tudies and from functional and structural brain imaging reports,
uggest that disrupted neural connectivity and brain network dys-
unction are core biological correlates of bipolar disorder and could
lay a role in the mechanistic explanation of its symptomatology

7). Disrupted connectivity might be due to WM pathology, as sug-
ested by the observation of an increased number of hyperintense
M lesions at T2-weighted magnetic resonance imaging scanning

8), a signal enhanced where degradation of the myelin sheath
eads to local edema (4,9).

Focusing on the a priori hypothesized brain regions, the DTI
tudies using region of interest approach reported reduced FA with
ormal apparent diffusion coefficients in adult patients in the re-
ions of superior frontal WM (n � 9) (10), reduced FA in anterior-
iddle corpus callosum (n � 37) (11) and anterior cingulum (n �

2) (12), and reduced FA in the anterior limb of the internal capsule,
nterior thalamic radiation, and in the uncinate fasciculus (n � 42)
13,14). However, increased diffusivity (n � 8) (15) and normal FA
n � 14) (16) were also reported. Moreover, even increased FA in
nterior frontal regions, with reduced FA in fronto-occipital fasciculi
n � 33) (17), increased FA in corpus callosum (n � 11) (18), and

BIOL PSYCHIATRY 2011;69:309–317
© 2011 Society of Biological Psychiatry

mailto:benedetti.francesco@hsr.it
mailto:benedetti.francesco@hsr.it


c
t
f
f
o
a
d
w
l
s
D
n
d
s
T

I

(
e
e
w
v
m
c
b
s

E
t
s
w

D

t
e
D
b
c
o
H
f
i

m
c
s
s
m
a
s
a

p
o
t
w
h
t
f
.

310 BIOL PSYCHIATRY 2011;69:309–317 F. Benedetti et al.

w

normal FA and MD in several regions together with more axonal
fibers and increased connectivity between subgenual cingulate
and the amygdala (n � 16) (19) were observed.

Extending the DTI study to the whole brain using voxelwise
analysis, there was reported decreased FA in temporo-occipital
regions, with increased MD in frontal and prefrontal WM (n � 36)
(20) and reduced FA in the genu of corpus callosum, right inferior
longitudinal fasciculus, and left superior longitudinal fasciculus
(n � 19) (21). Significantly decreased FA and increased MD in bilat-
eral prefrontal-limbic-striatal white matter and right inferior fronto-
occipital, superior, and inferior longitudinal fasciculi were observed
in currently depressed (n � 16) but not in currently euthymic (n �
21) patients (22). However, higher FA in bilateral frontal white mat-
ter with lower FA in the left cerebellar white matter has also been
reported (n � 30) (23).

Recent studies used tract-based spatial statistics (TBSS), which
focuses on the centers of all fiber bundles that are common to the
participants (the most compact WM skeleton), thus improving the
probability that the given space voxels contain data from the same
part of the same WM tract among each participant (24). Using this
approach in bipolar patients experiencing heterogeneous states of
the illness (depression, mania, or euthymia) and treated with mul-
tiple combined drugs (n � 31), abnormally high left FA and low
right FA, respectively coupled with lower or higher radial diffusivity,
were found in orbitomedial prefrontal regions (25). The most recent
study, however, reported a diffusely higher FA in medial frontal,
precentral, inferior, parietal, and occipital white matter of euthymic
patients (n � 22) (26).

Considering FA, the above cited literature reported it to be de-
creased in studies involving 159 cases, normal in 51, and increased
in 33, with three studies in 94 cases reporting lower or higher values
in different brain regions in the same groups. Although confirming
the interest for the DTI study of WM integrity in bipolar disorder,
these inconsistencies clearly raised the need for further studies
taking into account the whole WM compartment and the psycho-
pathological status of the patients. Remarkably, the recently devel-
oped TBSS, which appears to potentially overcome the problems
linked with smoothing and WM tracts alignment of other whole-
brain methods (24), gave opposite results in the samples studied up
to now. The localization, the nature, and the severity of the WM
abnormalities associated with bipolar illness remained unclear.
Nonetheless, if chronic mood homeostasis is one of the core fea-
tures of bipolar disorder, then it is conceivable that both hyper-
dense or hypodense white matter intensities or fasciculi could re-
sult in deficits in neuropsychiatric system level deficits (27). This
might explain how diverse white matter endophenotypes can all
result in bipolar disorder, because both heightened and reduced
fractional anisotropy of fasciculi could result in concomitant
changes in effective connectivity and dysregulation of higher order
neural control systems.

To determine precisely the extent and the quality, if any, of the WM
abnormalities linked with bipolar disorder, here we studied the WM
integrity by means of TBSS in a unique homogeneous sample of 40
adult patients affected by a major depressive episode in the course
of bipolar disorder, drug-free or treated with lithium alone.

Methods and Materials

Participants
The sample included 61 participants. We studied 40 inpatients

selected from among 347 patients affected by mood disorders
consecutively admitted to our ward in Milano. Inclusion criteria

were to be affected by a major depressive episode, without psy- b

ww.sobp.org/journal
hotic features, with a diagnosis of bipolar disorder type I (Struc-
ured Clinical Interview for DSM Disorders), and to be either drug-
ree (n � 26) or have been on treatment with lithium alone (n � 14)
or at least 6 months. Exclusion criteria were additional diagnoses
n Axis I, mental retardation on Axis II, pregnancy, major medical
nd neurological disorders, or history of drug or alcohol abuse or
ependency. No patient had received electroconvulsive therapy
ithin 6 months before study enrollment. Physical examination,

aboratory tests, and electrocardiograms were performed at admis-
ion. Severity of depression was rated on the 21-item Hamilton
epression Rating Scale (HDRS). Twenty-one healthy subjects with
o previous history of psychiatric, neurological, and systemic disor-
ers served as control subjects. After complete description of the
tudy to the participants, written informed consent was obtained.
he study was approved by the local ethical committee.

mage Acquisition
Diffusion tensor imaging was performed on a 3.0 Tesla scanner

Gyroscan Intera, Philips, Best, The Netherlands) using spin-echo
cho-planar imaging and the following parameters: repetition time/
cho time � 8753.89/58 msec; 55 contiguous, 2.3-mm thick axial slices
ithfieldofview�240mm;matrixscan112;reconstructed128;acquired

oxelmeasure,phaseandsize(mm)�2.14/2.71/2.30;reconstructedvoxel
easure, phase and size (mm) � 1.88/1.87/2.30, sensitivity encoding ac-

eleration factor�2, 35 noncollinear directions of the diffusion gradients,
value � 900 sec/mm2. Fat saturation was performed to avoid chemical

hift artifacts.
On the same occasion and using the same magnet 22 Turbo Spin

cho (Philips), T2 axial slices (repetition time � 3000 msec; echo
ime � 85 msec; flip angle � 90°; turbo factor 15; 5-mm-thick, axial
lices with a 512 � 512 matrix and a 230 � 230 mm2 field of view)
ere acquired to rule out brain lesions.

ata Processing and Analysis
The diffusion-weighted images were preprocessed by aligning to

he nondiffusion-weighted image (b � 0) using affine registration for
ddy current and motion correction (28). Simple least squares fit of the
TI model, FA, MD, parallel diffusivity, and RD were calculated. Tract
ased spatial statistics were performed. All FA images were nonlinearly
o-registered to a FA template (FMRIB58-FA, FMRIB Centre University
f Oxford, Department of Clinical Neurology, John Radcliffe Hospital
eadington, Oxford, United Kingdom; http://www.fmrib.ox.ac.uk/

sl/tbss/FMRIB58_FA.html) and normalized to the Montreal Neurolog-
cal Institute space.

The perpendicular direction of the local surface tract was esti-
ated and the highest FA along this direction was identified as the

enter of the tract (skeleton) to create the mean FA image and its
keleton. The entire study sample was used to create the mean FA
keleton. All individual FA values were then projected onto the

ean FA skeleton. The maximum FA value was searched and then
ssigned to the current skeleton voxel. Voxelwise statistical analy-
es were performed on the skeletonized FA, MD, parallel diffusivity,
nd RD images, where FA � .2.

After accounting for age and gender effects, we executed a
ermutation-based nonparametric inference within the framework
f the general linear model to investigate the differences between

he three groups of healthy control subjects and patients with or
ithout ongoing lithium treatment. Threshold-free cluster en-
ancement (TFCE) was performed, a permutation-based approach

ested the voxel t value, and TFCE estimated cluster size for the
amilywise error correction of multiple comparisons (corrected p �
05, 5000 permutations). Threshold-free cluster enhancement can

e seen as a generalization of the cluster mass statistics (29) and

http://www.fmrib.ox.ac.uk/fsl/tbss/FMRIB58_FA.html
http://www.fmrib.ox.ac.uk/fsl/tbss/FMRIB58_FA.html
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uses spatial neighborhood information in a nonlinear image pro-
cessing to increase sensitivity and boost the height of spatially
distributed signals without changing the location of their maxima.
Voxelwise levels of significance, corrected for multiple compari-
sons, are then calculated with a standard permutation testing by
building up the null distribution (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 � .05 (30). We evaluated whether the voxelwise diffu-
sion parameters derived from the participants affected by bipolar
disorder correlated with the HDRS scores after accounting for the
effects of age and gender. We used Randomize (Department of
Biostatistics, University of Michigan, Ann Arbor, Michigan) (31), a

Table 1. Clinical and Demographic Characteristics of the Sample Divided A

Control Subjects
(n � 21)

Drug-Free Patie
(n � 26)

Age (Years) 39.86 � 11.05 45.11 � 9.82
ender (Males/Females) 11/10 5/9
ge at Onset (Years) — 31.58 � 10.1
uration of Illness (Years) — 13.54 � 9.95
epressive Episodes (n) — 5.27 � 5.59

Manic Episodes (n) — 3.19 � 4.89
HDRS Score — 20.12 � 8.85

Age at onset: Age at which the patient first met criteria for either major
HDRS, Hamilton Depression Rating Scale.

Table 2. Values of Fractional Anisotropy and Radial and Mean Diffusivity of
Showing Significant Differences Between Groups and Regions Showing Ma
Subjects

Number of Voxels
MNI Atlas Coordinates at

Signal Peak (x, y, z)

All Patients Compar
ractional Anisotropy (control subjects: .619 � .143; patients: .586 � .145)

1260 12 30 –6 G
506 16 –40 39 R

Radial Diffusivity (control subjects: .465 � .084: patients: .492 � .086)
16550 23 –42 38 R

Mean Diffusivity (control subjects: .679 � .063; patients: .703 � .067)
13182 22 –42 26 S

Drug-Free Patients Com
Radial Diffusivity (control subjects: .471 � .073: patients: .502 � .076)
2759 16 –42 40 R
85 37 –2 22 R

Mean Diffusivity (control subjects: .720 � .055; patients: .703 � .067)
253 16 –41 26 S
65 7 –27 23 B

Lithium-Treated Patients C
Fractional Anisotropy (control subjects: .557 � .148; patients: .526 � .146)
909 16 34 0 R
840 25 –30 42 R
309 –10 30 10 G
171 –21 –40 40 L

Radial Diffusivity (control subjects: .464 � .086: patients: .489 � .087)
13514 25 –31 42 R

Mean Diffusivity (control subjects: .692 � .057; patients: .719 � .062)
1718 19 –35 36 R
65 31 –68 9 R
MNI, Montreal Neurological Institute; TBSS, tract-based spatial statistics.
ermutation program enabling modeling and inference using stan-
ard general linear model design setup. For each contrast, an effec-

ive regressor is formed using the original full design matrix and the
ontrast, as well as a new set of effective confound regressors,
hich are then preremoved from the data. Statistical inference p

alues were corrected using TFCE after permutation testing.

esults

Clinical and demographic characteristics of participants are pro-
ided in Table 1. No difference was statistically significant.

AveragevaluesofDTImeasuresandlocalizationofareaswithmaximal
ifferences between patients and control subjects are listed in Table 2.

ing to Diagnosis and Treatment

Lithium-Treated Patients
(n � 14) F or �2 df p

47.79 � 13.26 2.10 2,58 .131
5/21 5.67 2 .059

31.14 � 7.78 .21 2,38 .647
17.64 � 10.62 1.48 2,38 .231

4.07 � 2.81 .56 2,38 .458
2.57 � 2.06 .20 2,38 .654

19.14 � 6.27 .13 2,38 .718

ssion or mania. Data are means � standard deviations.

rol Subjects and Patients (Mean � Standard Deviation) in All the Clusters
Differences of TBSS Values (Signal Peaks) Between Patients and Control

e Matter Tract at Signal Peak Direction of Effect

th Control Subjects

f corpus callosum Control subjects � patients
orsal cingulum Control subjects � patients

osterior corona radiata Patients � control subjects

um of corpus callosum/
erior corona radiata

Patients � control subjects

with Control Subjects

orsal cingulum Patients � control subjects
uperior longitudinal fasciculus Patients � control subjects

um of corpus callosum Patients � control subjects
f corpus callosum Patients � control subjects

red with Control Subjects

nterior corona radiata Control subjects � patients
uperior longitudinal fasciculus Control subjects � patients
f corpus callosum Control subjects � patients
sterior corona radiata Control subjects � patients

uperior longitudinal fasciculus Patients � control subjects

osterior corona radiata Patients � control subjects
osterior thalamic radiation Patients � control subjects
ccord

nts
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Compared with control subjects, patients showed significantly lower FA
and higher MD and RD in multiple brain regions, while no difference in
parallel diffusivity was observed. In no region did patients show higher FA
or lower RD and MD than control subjects.

In detail, bipolar depressed patients as a group had lower FA in
WM tracts of the genu of corpus callosum, bilateral anterior corona
radiata, and in right superior and posterior corona radiata (Figure 1).
Patients showed higher RD in a large cluster, including WM tracts of
splenium, genu, and body of corpus callosum; right middorsal part
of the cingulum bundle; left anterior and bilateral superior and
posterior corona radiata; bilateral superior longitudinal fasciculi;
and right posterior thalamic radiation including optic radiation
(Figure 2). Finally, patients showed larger MD values in the sple-
nium, genu, and body of corpus callosum; right middorsal part of
cingulum bundle; right anterior and bilateral superior and posterior
corona radiata; right superior longitudinal fasciculus; and right pos-
terior thalamic radiation (Figure 3).

A post hoc power calculation (32) showed that, despite the
statistical significance of the between-group effect in the above-
mentioned regions, the effect size of the average differences be-
tween patients and control subjects was small (Cohen’s d � .229 for

A, d � .369 for RD, d � .318 for MD), thus leading to a low power
respectively, .21, .39, and .32).

When comparing the three groups (healthy control subjects and

atients with or without ongoing lithium treatment), we observed i

ww.sobp.org/journal
he following (Table 2): 1) patients with lithium did not significantly
iffer from unmedicated patients on any DTI measure; 2) patients
ith lithium significantly differed from control subjects, showing

ower FA and higher MD and RD; and 3) patients without lithium
ignificantly differed from control subjects, showing higher RD and
D but not different FA.

The HDRS scores were not found significantly correlated with
TI measures after controlling age effect and correcting for multi-
le comparisons.

iscussion

We observed reduced FA and increased mean and radial diffu-
ivity, with conserved parallel diffusivity, in multiple brain regions
f a sample of patients affected by a major depressive episode in

he course of bipolar disorder. The distribution of abnormalities
uggests a more severe disruption of WM integrity in cingulum,
orpus callosum, and corona radiata, where lower FA values were
oupled with higher mean and radial diffusivity (Table 2). Given that
n increase of radial diffusivity is thought to signify increased space
etween fibers, suggesting demyelination or dysmyelination, and a
ecrease in parallel diffusivity suggests axonal injury (5), this find-

ng suggests disrupted integrity of myelin sheaths without axonal
oss. Other abnormal findings of increased radial and mean diffusiv-

Figure 1. White matter areas where patients had signifi-
cantly lower values of fractional anisotropy than control
subjects. The color bar refers to t values for the observed
differences. Group differences are mapped onto the stan-
dard Montreal Neurological Institute atlas MNI152 1-mm
brain template. Numbers are z coordinates.
ty, but no change of FA, were distributed across different regions,
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particularly in the right hemisphere (including cingulum bundle,
superior longitudinal fasciculus, and thalamic radiation), thus sug-
gesting less severe disruption of WM integrity (Figures 1–3).

These localizations include key WM tracts contributing to the
functional integrity of the brain. Compromised communication in-
volving interhemispheric connections and limbic and large frontal,
parietal, and fronto-occipital connections could be a major biolog-
ical underpinning of the hypothesized brain network dysfunctions
leading to the cognitive and emotional deficits typical of bipolar
depression and could contribute to explain the abnormal effective
corticolimbic connectivity observed with functional magnetic res-
onance imaging in bipolar patients (33,34). Corpus callosum integ-
rity is crucial for sustained attention and context processing, which
are frequently impaired in bipolar patients (35). Compromised
white matter tract integrity of connections involving cortical and
subcortical structures of the anterior limbic network (7) and anterior
prefrontal network (36) are consistent with the concept of dis-
rupted neurocircuitry involved in impulse control and emotional
regulation, which are core features of bipolar disorder (see a com-
prehensive review in [37].

This partially confirms previous reports in the field about re-
duced FA in bipolar disorder (see above). In contrast with the two
previous studies using TBSS (25,26), in no brain regions did we
observe an increased FA or a reduced diffusivity. Several nonalter-

native hypotheses could explain these discrepancies. In particular, f
he previous TBSS observations of a diffuse FA increase in euthymic
atients treated with heterogeneous drugs (26) and of increased

eft with decreased right FA in patients with heterogeneous illness
hases and mixed drug treatment (25) could either be due to the
ffect of drugs and/or to state-dependent changes in WM integrity
easures.

The essential feature of bipolar disorder is a clinical course that is
haracterized by recurrent mood episodes of different polarity (de-
ressive, manic, or mixed) alternating with euthymia. Euthymic and
athological states can last for years. The intriguing question
hether DTI abnormalities associated with bipolar disorder are

tate- or trait-related requires longitudinal studies to be answered,
ut it can be hypothesized that changes in WM integrity might
arallel the dramatic clinical changes across illness phases. A survey
f the literature about DTI in adult bipolar patients shows that in
everal studies the current state of the patient was not reported
10,20,23) or the sample included patients with heterogeneous
linical states (11,12,16,25,38). These latter studies observed either
eduction of FA (11,12,16,38) or mixed abnormalities depending on
he studied brain region (25). Five studies have been performed on
uthymic (18,22,26) or relatively stable (13,17) patients, and three of
hem observed an increased FA in patients with bipolar disorder
ompared with control subjects. Previous to our own study in non-
sychotic bipolar depression, a pilot study in eight inpatients af-

Figure 2. White matter areas where patients had signifi-
cantly higher values of radial diffusivity than control sub-
jects. The color bar refers to t values for the observed
differences. Group differences are mapped onto the stan-
dard Montreal Neurological Institute atlas MNI152 1-mm
brain template. Numbers are z coordinates.
ected by bipolar depression with psychotic symptoms reported an

www.sobp.org/journal



a
c
f
t

c
i
i
i
m
t
s
F
F
t
d
i
a
h
r
w
c

s
e
i
t
c
d
i
c
r
t
f
t
d
p
i
t
c
l
t
s
p
p
D

314 BIOL PSYCHIATRY 2011;69:309–317 F. Benedetti et al.

w

increased diffusivity in frontal, temporal, and occipital region of
interest (15); a study in patients with subsyndromal symptoms
(Beck Depression Inventory score 7.9 � 7.0 [mean � SD]) observed

reduced FA in several brain regions including the genu of the
orpus callosum and right inferior and left superior longitudinal
asciculi (21); and a study in patients with heterogeneous drug
reatments confirmed a diffusely reduced FA (22).

It is tempting to speculate that critical bipolar illness phases
ould be associated with DTI findings suggesting disrupted WM

ntegrity (22) (reduced FA and increased radial and mean diffusiv-
ty), with opposite observations in stable euthymia (increased FA,
ncreased connectivity [19]). In agreement with this hypothesis, in a

ixed sample, currently depressed patients had lower FA values
han remitted patients (25), while among clinically stable patients,
ubsyndromal depression ratings correlated inversely with FA (13).
ollowing this perspective, it should be noted that the increase of
A in euthymic conditions could well reflect neuroplasticity (26) but
hat several factors such as increases in myelination, microscopic
eficits of axonal structures, or decreases in axonal diameter, pack-

ng density, and fiber branching may cause higher directionality
nd contribute to higher FA in the regions where fibers cross, which
as been associated with neuropsychological deficits in some neu-

ological conditions (39). Persistent WM abnormalities associated
ith euthymic intervals could parallel persistent neuropsychologi-
al deficits in bipolar disorder (40). t

ww.sobp.org/journal
Notwithstanding statistical significance, the differences ob-
erved by us were subtle, with low effect sizes (lowest for FA, high-
st for RD and MD) resulting in low achieved power. This leaves the

ssue of lithium effects on WM integrity open, because it hampers
he interpretation of the differences observed when separately
omparing lithium-treated and lithium-free patients (who did not
iffer among themsleves) with healthy control subjects, when lith-

um-free patients showed abnormal RD and MD but not FA. Lithium
an increase gray matter volumes, and two longitudinal studies
ecently associated its therapeutic efficacy in bipolar disorder with
his effect (41,42). Lithium could also improve WM integrity: it af-
ects myelin gene expression (43), promotes structural and func-
ional recovery in spinal cord-lesioned rats (44), and in humans it
iffusely increased FA and decreased MD values in the brain of
atients with human immunodeficiency virus infection, thus lead-

ng to better functional and metabolic patterns (45). Contradicting
he above, a specific toxic effect of lithium in our patients could
ontribute to explain abnormal FA in lithium-treated but not in

ithium-free patients. Alternative explanations, in agreement with
he literature, include type II error due to insufficient power of the
tratified sample and/or possible higher severity of illness, different
revious drug treatments, and different biological substrates in
atients who had chosen to take long-term lithium medication.
irect comparisons between lithium-treated and unmedicated pa-

Figure 3. White matter areas where patients had signifi-
cantly higher values of mean diffusivity than control sub-
jects. The color bar refers to t values for the observed
differences. Group differences are mapped onto the stan-
dard Montreal Neurological Institute atlas MNI152 1-mm
brain template. Numbers are z coordinates.
ients were negative in our dataset, including areas where both
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groups significantly differed from control subjects, and Table 2
shows that the localization of peak differences and the dimensions
of the clusters were different. Only prospective studies similar to
those performed on gray matter, and far beyond the aim of the
present one, can clarify this issue by testing the effects of lithium in
unmedicated patients, who showed, however, abnormally high RD
and MD. While disrupted integrity of myelin sheaths consistently
leads to increased RD with preserved axial diffusivity, changes of FA
can be due to a number of factors affecting local diffusivity, such as
bundle coherence, crossing fibers, or water concentration (46 – 48).
This could have contributed to differences in effect sizes for the
different measures and also supports altered WM integrity uncon-
founded by current drug treatment in our lithium-free patients.

In a similar way, a low variability of HDRS scores among patients
who were currently hospitalized for depression could have ham-
pered the detection of a relationship between this measure and
TBSS values.

Aging reduces WM integrity, as detected by using TBSS analysis
on DTI (4), but the few studies in young patients with bipolar disor-
der confirmed WM abnormalities. In children, reduced FA was re-
ported in corpus callosum, orbitofrontal cortex, and bilateral supe-
rior frontal tracts, including cingulate and paracingulate regions
(49), and in anterior corona radiata (50) of patients with heteroge-
neous clinical states. In adolescents suffering a manic episode, re-
duced FA with normal apparent diffusion in superior frontal WM
(51) and lower FA in the right orbital frontal lobe, with higher
diffusivity in the right and left subgenual regions (52), were re-
ported, and lower FA values in the fornix, cingulate gyrus, corpus
callosum, and parietal and occipital corona radiata, with normal
diffusivity, were observed in adolescent patients with mixed clinical
states (38).

The pattern of abnormal findings described by us has been
observed in neurological conditions associated with inflammation,
degeneration, demyelination, or dysmyelination (53). An altered
myelination during development, resulting in abnormal findings
early in the pediatric age, has been proposed to play a role in the
pathophysiology of bipolar illness (54). A single study in patients
affected by bipolar disorder and their relatives observed a signifi-
cant correlation between reduced FA across distributed regions of
white matter and a quantitative measure of genetic liability for the
disorder (21), but in young healthy adults, reduced FA has been
associated with higher adverse childhood experiences due to harsh
parenting (55), thus suggesting major gene-environment interac-
tions. Postmortem gene expression, neuropathological, and neuro-
imaging studies suggested downregulation of key oligodendro-
cyte and myelination genes (56), as well as lowered density of
oligodendroglial cells (57). Several findings support the notion of an
altered immune function specific to bipolar illness (58), which could
affect myelin maintenance and repair and play a role in the patho-
physiology of the disease (35,59).

All these mechanisms, and others to be hypothesized, could
contribute to disrupt the integrity of WM. The question as to
whether white matter integrity in bipolar disorder is a function of
state-dependent processes (e.g., loss of myelination because of
disease processes occurring over weeks or months) or occurs be-
cause of inherited traits cannot in principle be answered by a cross-
sectional study, and only a longitudinal or perhaps cross-sequential
design can answer this question. In this respect, it should be noted
that the only disorder that showed strong state-dependent
changes in myelination occurring over weeks was multiple sclero-
sis. Longitudinal studies, performed in the same centers with the
same methods, will also protect against possible arbitrary DTI meth-

odological choices. In this respect, it should be noted that TBSS
easures of WM integrity have been correlated with both func-
ional connectivity among brain areas in schizophrenia (60) and
ith increasing neuropsychological performance during normal

dolescence (61), thus suggesting that these DTI indexes likely
eflect the multiple biological processes that occur during brain
evelopment and psychopathological processes that provide the
eural substrate for ongoing functional connectivity.

Limitations of the present study, which is correlational in nature,
lso include issues such as generalizability, possible population
tratification, a different sex ratio among groups, concomitant

edications and their effects on the observed differences, nondrug
aïve, no placebo control, no evaluation for compliance, varying

reatment periods, no consideration of gene-environment interac-
ions, and technical issues such as slice thickness that could limit the
pecificity of the regional differences or specific issues related to
BSS, which limits the study of the WM tracts that are out of the
enters of the fiber bundles (the WM skeleton).
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