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Abstract
Objective—To examine white matter microstructure, as assessed via diffusion tensor imaging
(DTI), in adolescents with bipolar I disorder compared with control volunteers.

Method—Twenty-six (12 male and 14 female subjects) adolescents (mean age, 16.0 years) with
bipolar I disorder and 26 (14 male and 12 female subjects) control volunteers (mean age, 15.3 years)
completed structural and DTI examinations. Fractional anisotropy (FA) and apparent diffusion
coefficient (ADC) maps were compared between groups in the brain white matter using a voxelwise
analysis after intersubject registration to Talairach space. Exploratory analyses were performed to
assess structure–function correlations in a subgroup of 11 patients with available neuropsychological
measures.

Results—Compared with the control volunteers, the patients demonstrated abnormalities in white
matter regions predicted to differ a priori between groups, including lower FA in the right orbital
frontal lobe and higher ADC in the right and left subgenual region (p < .005, uncorrected; cluster
size ≥ 100). There were no areas of higher FA or lower ADC in patients compared with control
volunteers. Lower FA across regions that differed significantly between groups correlated
significantly with slower visuomotor speed among patients with bipolar disorder.

Conclusions—Abnormalities involving the orbital frontal and subgenual white matter in
adolescents with bipolar disorder are consistent with neurobiological models that implicate
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dysregulation of affective systems and impulsivity in the pathophysiology of the disorder.
Preliminary findings suggest that white matter abnormalities in pediatric bipolar disorder have
functional correlates and may be useful in constructing neurobiological models of the disorder.
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Increasing evidence suggests that bipolar disorder may be characterized by a disruption in
white matter integrity as identified from hyperintensities,1,2 structural morphometry,3,4 altered
expression of myelin and oligodendrocyte genes,5 and fewer oligodendroglial6 and glial7 cells
in patients compared with control volunteers. A potentially more sensitive technique for the
assessment of white matter integrity with implications for understanding the anatomic
organization of axons and myelin sheath involves the use of diffusion tensor imaging (DTI).
8 Diffusion tensor imaging is an in vivo magnetic resonance imaging (MRI) technique that
provides quantitative information regarding tissue water mobility. Measures of the coherence
of white matter fibers that can be derived from DTI include fractional anisotropy (FA), which
is a measure of the tendency for water molecules to move in one direction compared with
another, and the apparent diffusion coefficient (ADC), which is a measure of water mobility
in brain tissue. This information thus represents a potentially powerful tool for in vivo mapping
of anatomic connectivity in humans. Adolescence is a time of enormous structural changes in
the brain.9 Because adolescence is a frequent age of onset for bipolar disorder, there may be
structural neurodevelopmental deficits that are associated with the expression of bipolar
disorder during this period of brain development. In particular, myelination of white matter
tracts occurs during this time10 especially in the frontal lobes,11 which are believed to be
responsible for emotional regulation, response inhibition, and planning and organization,
among other functions. Clinically, these are the very functions that are most disrupted during
a manic episode.12

Previous DTI studies in bipolar disorder have yielded inconsistent findings with reports of
higher anisotropy,13,14 lower anisotropy,15,16 and no differences in anisotropy17 between
patients and controls. The majority of studies, however, used small sample sizes and a region-
of-interest approach whose definitions may be unreliable. A potentially important advantage
of a voxel-based approach is that abnormalities may be identified across the entire brain and
with greater reliability. Moreover, examining patients early in the course of illness may limit
potential confounds such as illness duration. In this study, we used DTI to investigate FA and
ADC in a cohort of adolescents with bipolar I disorder compared with control volunteers using
a voxelwise analysis of brain white matter. We hypothesized that patients would demonstrate
abnormal FA and ADC in regions implicated in emotion regulation including orbital frontal
and subgenual regions.

METHOD
Subjects

Twenty-six adolescents with a diagnosis of bipolar I disorder and 26 control volunteers
participated in this study (Table 1). All of the subjects and, separately, a parent or guardian,
were interviewed using the Schedule for Affective Disorders and Schizophrenia for School-
Age Children–Present and Lifetime version.18 None of the comparison subjects met DSM-IV
criteria for an Axis I disorder, and none of their first-degree relatives had a diagnosis of bipolar
disorder, unipolar disorder, or any psychotic disorder. Additional exclusion criteria for all of
the subjects included the following: seizure disorder or other neurological/developmental
disorder including mental retardation and autism; history of brain injury/premature birth;
cardiovascular disease, hypertension, or diabetes; current/past history of alcohol/substance
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dependence; history of substance use within 3 months or positive urine toxicology screen;
pregnancy as confirmed by urine pregnancy test on day of scan; or contraindications to MRI.
The study was approved by the North Shore–Long Island Jewish Health System institutional
review board. Parents provided written informed consent, and all of the subjects provided
written assent.

Patients met DSM-IV criteria for bipolar I disorder, manic or mixed phase, in at least partial
remission. Eleven patients met criteria for additional Axis I disorders, which included a history
of a substance use disorder (cannabis [n = 3], alcohol abuse [n = 1], and heroin [n = 1]),
attention-deficit/hyperactivity disorder (n = 1), generalized anxiety disorder (n = 2),
oppositional defiant disorder (n = 2), obsessive-compulsive disorder (n = 1), panic disorder
(n = 2), Tourette’s disorder (n = 1), and eating disorder not otherwise specified (n = 1). The
majority of patients (16/26 or 61.5%) were scanned after their first manic or mixed episode.
Seventeen (65.3%) had psychotic features, usually grandiose delusions, during their manic
episode. At the time of their MRI scan, 21 patients were receiving second-generation
antipsychotic medications (olanzapine [n = 9]), risperidone [n = 6], or quetiapine [n = 6]), and
19 patients were receiving lithium. Additional medications at the time of the MRI examination
included anticonvulsant mood stabilizers (n = 7), antidepressants (n = 4), stimulants (n = 2),
and clonazepam (n = 2). At the time of the scan, the median duration of treatment with a second-
generation antipsychotic was 11.3 weeks (range 0–144 weeks), and that with lithium was 8.7
weeks (range 0–107 weeks).

MRI Procedures
Magnetic resonance examinations were conducted on a 1.5-T GE system. Seven DTI volumes
were obtained for each subject, including six volumes with diffusion gradients applied along
non-collinear directions with b = 860 s/mm2 and number of excitations (NEX) = 4 and a volume
without diffusion weighting (b = 0; NEX = 2). Each volume consisted of 18 contiguous axial
slices (slice thickness = 5 mm) acquired parallel to the anterior-posterior commissures using
a pulsed gradient spin-echo echo-planar imaging method (repetition time [TR] = 6 seconds,
time to echo [TE] = 106 ms; 128 × 128 matrix, field of view [FOV] = 22 × 22 cm2). One
hundred twenty-four contiguous coronal images (slice thickness = 1.5mm) were also acquired
through the whole head using a three-dimensional fast spoiled gradient echo (SPGR) sequence
with inversion recovery prep (TR = 14.5 ms, TE = 5.5 ms, FOV = 22 cm, NEX = 1, and inversion
time = 600 ms) in a 256 × 256 matrix. Additionally, a double echo-fast spin echo sequence
was acquired axially at the same slice positions as the DTI data set (TR = 3000 ms, TE = 17/90
ms, FOV = 22 × 22 cm2, 18 slices, slice thickness = 5.0 mm, gap = 0.0, NEX = 1, and 256 ×
256 matrix), providing a pair of T2- and proton density (PD)–weighted volumes that were used
to correct distortion on the diffusion tensor images and for segmentation.

After eddy current correction, FA and ADC maps were computed for each subject19 and
registered to Talairach space using three image registration steps as described in detail
previously.20 Briefly, first, we matched all SPGR volumes to a target volume in Talairach
space.21 Second, for each subject, the T2- and PD-weighted volumes were registered to the
SPGR volume.22 Third, the b = 0 DTI volume was registered to the T2 volume to correct spatial
distortion in the FA maps.19 The transformations from these three registration steps were
combined numerically and applied to the FA maps using a single interpolation operation. The
resulting transformation was then applied to the original FA or ADC map by a single
interpolation operation, yielding a voxel size of 1 × 1 × 1 mm3 in common Talairach space.
We also created a white matter mask for all of the subjects using FSL software by segmenting
the brain based on the combination of the T2, PD, and SPGR volumes. The white matter
segmented from each subject was transformed to Talairach space, averaged, and thresholded
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at 40% to obtain a white matter mask for the group. Both the registered FA and white matter
images were smoothed with a three-dimensional isotropic Gaussian kernel with σ = 6 mm.

Neuropsychological Assessment
Neuropsychological data were available for 11 patients with bipolar disorder who also
completed MRI examinations. Neuropsychological tests included measures of visuomotor
speed (Trail Making Test, Part A),23 set shifting (Trail Making Test, Part B),23 and motor
coordination (average Lafayette Grooved Pegboard performance with the dominant and
nondominant hand).24 z Scores were computed for each measure based on published norms
for reference samples of age-matched control comparison subjects. Full-scale IQ (FSIQ)25,26

was available for 11 patients and 9 control volunteers; of these individuals, FSIQ was estimated
for 3 patients and 2 control volunteers using the Vocabulary and Block Design Subtests.27

Clinical Assessment
Nineteen patients received the Hamilton Depression Rating Scale,28 Young Mania Rating
Scale,29 and the Clinical Global Assessment Scale.30

Statistical Analyses
Group differences in demographic variables and FSIQ were examined using either χ2 or
independent groups t tests. Two-sample t tests were performed at each voxel on the FA values
within the brain white matter between the patients and controls, with age as a statistical
covariate. We estimated the false discovery rate (FDR) for the applied p value threshold of .
005 to be q < 0.035 using the “FDR” program of the FSL package with the conservative option,
which estimates the FDR using the method of Benjamini and Hochberg.31 As a further
protection against multiple comparisons, significantly different FA values (corresponding to
a p value of .005 or less) were required to be part of a spatially contiguous cluster size of 100
voxels or greater.32,33 Maximum t values for regions of FA and ADC that differed significantly
between groups were imported into SPSS (version 11.5; SPSS, Chicago, IL) to investigate the
potential effects of comorbidity, multiple episodes of illness, and psychosis on the observed
findings. These values were also used for the investigation of structure–function relations and
to examine in relation to duration of antipsychotic and lithium treatment at the time of the scan.
For these analyses, we used Spearman rank order correlations to minimize the influence of any
outliers, given the small sample size. Alpha was set to .05. To control type I error in the
investigation of structure–function relations and clinical correlates, we computed an average
FA measure, and an average ADC measure, across the 5 and 10 regions, respectively, that
differed significantly between patients and control volunteers.

RESULTS
The patients did not differ significantly from control volunteers in distributions of relevant
demographics (Table 1). In addition, independent groups t tests did not reveal any significant
(p > .05) difference in FSIQ between patients (mean 97.7, SD 17.7) and control volunteers
(mean 100.4, SD 16.3) or between groups where FSIQ was not estimated. Bipolar I adolescents
demonstrated significantly (p < .005, uncorrected; cluster size ≥ 100) lower FA in the right
orbital frontal region compared with control volunteers (Fig. 1). In addition, lower FA was
identified in the left and right temporal lobes and left occipital lobe in the patients compared
with the control volunteers (Table 2). Higher ADC was observed in both right and left
subgenual regions in the patients compared with the control volunteers (Fig. 2). In addition,
higher ADC was identified in the postcentral gyrus, precuneus, and temporal and occipital
lobes (Table 3). There were no regions of significantly higher FA or lower ADC in the patients
compared with the control volunteers at this threshold and α level.
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Ancillary analyses confirmed significantly (p < .05) lower FA in the right orbital frontal region
and higher ADC in the right subgenual region in the patients without a comorbid diagnosis
(n = 15), those experiencing their first episode of mania (n = 16), and those without psychosis
(n = 9) compared with the control volunteers. In the left subgenual region, the group of patients
without a comorbid diagnosis (n = 15) and the group experiencing their first episode of mania
(n = 16) had significantly (p < .05) lower ADC compared with the control volunteers. In
addition, duration of antipsychotic and lithium treatment at the time of the scan was not
significantly correlated with FA in the right orbital frontal lobe or ADC in the right or left
subgenual regions.

The patients with neuropsychological data (n = 11) did not differ significantly from the patients
without neuropsychological data (n = 15) in distributions of age, sex, number of patients with
a comorbid diagnosis, number of patients experiencing a first episode of illness, or number of
patients with psychosis. Investigation of structure–function relations revealed a significant
positive correlation between average FA across the five regions that differed significantly
between groups and worse functioning on the Trail Making Test, Part A (r = −0.64, df = 11,
p = .035). Trails A performance was not correlated significantly, however, with any of the five
regions of FA that differed significantly between groups. Average ADC across the 10 regions
that differed significantly between groups did not correlate significantly with any of the
neuropsychological or clinical measures.

DISCUSSION
The main findings of this study support our a priori hypothesis that adolescents with bipolar I
disorder have abnormalities in the ventral prefrontal white matter, including orbital frontal and
subgenual regions. Specifically, patients demonstrated lower FA in the right orbital frontal
white matter and higher ADC bilaterally in the subgenual white matter compared with the
control volunteers. Regions of lower FA and higher ADC were also observed in
nonhypothesized regions in patients compared with the control volunteers, including the
temporal and occipital lobes, postcentral gyrus, and precuneus. Strengths of the present study
include the relatively large sample size and the assessment of white matter integrity early in
the course of illness before extensive pharmacological intervention.

The few studies that have investigated FA or ADC in pediatric bipolar samples have used
smaller sample sizes and younger patients, and thus, it is difficult to compare our findings with
previous results. Our findings are generally consistent with a report of lower FA in the brain
white matter in medication-naïve adolescents (mean age, 14 years) experiencing their first
episode of mania.16 However, Adler et al.16 restricted their analysis to prefrontal white matter
regions-of-interest above the anterior commissure and thus did not investigate the ventral
prefrontal white matter. Our data converge more specifically with Frazier et al.,34 who reported
lower FA in the orbital frontal white matter in a cohort of very young (mean age, 9.2 years)
medicated patients with bipolar disorder compared with controls. Findings of lower FA or
higher ADC in pediatric bipolar cohorts could conceivably represent microstructural
abnormalities in the brain white matter involving the myelin sheath and/or a disruption in
axonal organization. Any abnormalities may become evident during adolescence when these
white matter pathways are developing.

Previous DTI studies in adults with bipolar disorder have yielded mixed findings but may be
informative regarding neurobiological mechanisms that could play a role in adolescent forms
of the disorder. In this regard, our data are consistent with the results of Beyer et al.,17 who
reported significantly higher ADC in the orbital frontal white matter in 14 adult patients with
bipolar disorder compared with 21 nonpsychiatrically ill control volunteers. Other studies
investigating adult patients with bipolar disorder, however, have yielded findings of higher
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anisotropy in the internal capsule adjacent to the striatum and thalamus,13 higher FA in the
genu of the corpus callosum,14 and a significantly increased number of reconstructed fibers
between the left subgenual cingulate and left amygdalo-hippocampal complex35 compared
with control volunteers. Methodological differences, including the use of voxel-based, region-
of-interest, and tractography approaches; the lack of statistical power in studies with small
sample sizes; inconsistencies in regions examined; potentially differing neurobiologies for
pediatric and adult samples; and illness duration may contribute to discrepant findings between
our pediatric study findings and those observed in adult studies.

Our data provide converging evidence, using both FA and ADC, for abnormalities in the ventral
prefrontal white matter in pediatric bipolar disorder, which has been hypothesized to play an
important role in neurobiological models of the disorder.36 For example, some data suggest
that patients with bipolar disorder engage emotional brain areas, including the orbital frontal
lobe, more often than do control volunteers while performing neuropsychological tasks.37 In
addition, impairments in neuropsychological measures with purported sensitivity to ventral
prefrontal functioning have been reported in pediatric patients with bipolar disorder.12

Moreover, functional neuroimaging studies report ventral prefrontal cortical activation
abnormalities in patients compared with control volunteers while viewing positive and negative
stimuli38 and during performance of the Stroop39 and emotional go/no-go tasks.40 Our findings
are thus consistent with the hypothesis that certain aspects of phenomenology including
impulsivity41 response inhibition39 and decision making42 in bipolar disorder may be linked
to a defect involving ventral prefrontal abnormalities,42 making it a potentially useful
endophenotypic marker for bipolar disorder.42

It is conceivable that manic states may result from the episodic failure of the ventral prefrontal
cortex to inhibit the expression of exaggerated mood states such as elation and irritability and
the manifestation of behaviors associated with mania such as impulsivity, talkativeness, and
flight of ideas. Structural abnormalities within inhibitory tracts, such as those we report in our
pediatric sample, may increase vulnerability to such failures of inhibition,43 thereby allowing
pathological behaviors that are usually suppressed to be expressed during manic episodes. The
inclusion of neuropsychological or clinical measures specifically tapping the integrity of
ventral prefrontal regions would be an important consideration for future studies investigating
structure–function relations to directly test this hypothesis.

It may be noteworthy that, in our study, abnormal FA in the orbital frontal white matter was
evident in the right hemisphere. Some neuropsychological studies indicate that patients with
bipolar disorder have a differential right versus left hemisphere deficit with respect to
neurocognitive tasks.44 Moreover, Blumberg et al.45 indicated that mania was associated with
decreased right orbital frontal activation during word generation, and Leibenluft et al.46

reported that children with bipolar disorder may have deficits in their ability to engage the right
ventral prefrontal cortex during unsuccessful inhibition. Taken together with the present
findings, these studies support the possibility that right hemispheric abnormalities may play
an important role in modulating mood in bipolar disorder.

Abnormalities in ADC were evident among pediatric patients with bipolar disorder in the
subgenual white matter. Morphological alterations in this region have been linked to both
depressive47 and bipolar48 disorders. A recent meta-analysis, however, identified subgenual
cingulate volume reductions in patients with unipolar but not bipolar disorder.49 This raises
the possibility that DTI may be a more sensitive technique for assessing the integrity of this
region compared with regional volumetry, although it should be acknowledged that the
majority of studies examining this region have focused solely on the gray matter. In this regard,
it may be particularly noteworthy that both animal50 and human51 studies have identified a
pattern of strong connectivity between the subgenual region and amygdala, which has been
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demonstrated to be abnormal in bipolar disorder35 and thus may contribute to aspects of bipolar
phenomenology.

Investigation of structure–function relations among the subset of patients with DTI and
neuropsychological data available revealed that lower FA across the five regions that differed
significantly between groups was associated with worse overall neuropsychological
functioning. More specifically, lower FA across these regions was associated with slower
performance on a task of visual–motor speed. Although neuropsychological deficits on
measures of visual–motor functioning have been reported in patients with bipolar disorder,43

the neurobiology underlying these deficits is not well understood. Our findings suggest that a
distributed network of regions encompassing the white matter in the orbital frontal, temporal,
and occipital lobes may contribute to deficits in motor processing speed. These analyses should
be considered preliminary, however, because of the small sample size and number of
correlations performed.

There were a number of limitations in our study that should be acknowledged. Although there
is the risk for type I error with the use of any voxelwise analysis, we limited this possibility by
restricting the analysis to the white matter and by using a large extent threshold. Moreover, we
believe it is noteworthy that, despite the potential bias for a type I error, we did not observe
any regions of higher FA or lower ADC in the patients compared with the control volunteers,
thus supporting the specificity of the observed findings. Another potential study limitation is
that the patients were receiving antipsychotics and/or mood stabilizers at the time of the scan,
and the potential effects of these medications on white matter integrity are not well understood.
52 Thus, these findings need to be replicated in medication-naïve samples.

In sum, our data provide support for ventral prefrontal white matter abnormalities in the
pathogenesis of bipolar disorder. Future work could focus on the use of tractography to
investigate these abnormalities in bipolar disorder as well as their functional significance.
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Fig. 1.
Lower fractional anisotropy in the right orbital frontal region in adolescent bipolar patients
compared with control volunteers (p < .005; uncorrected, minimum cluster size = 100 voxels).
Maximum t value located at x = 20, y = 18, z = −1.
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Fig. 2.
Higher apparent diffusion coefficient in the right and left subgenual white matter in adolescent
bipolar patients compared with control volunteers (p < .005; uncorrected; minimum cluster
size = 100 voxels). Maximum t values located at x = 9, y = 21, z = −4 (right hemisphere) and
x = −11, y = 19, z = −2 (left hemisphere).
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