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Abstract
Objective—Abnormalities in the anterior interhemispheric connections provided by the corpus
callosum (CC) have long been implicated in bipolar disorder (BD). In this study, we used
complementary diffusion tensor imaging (DTI) methods to study the structural integrity of the CC
and localization of potential abnormalities in BD.

Methods—Subjects included 33 participants with BD and 40 healthy comparison participants.
Fractional anisotropy (FA) measures were compared between groups using region of interest (ROI)
methods to investigate the anterior, middle and posterior CC and voxel-based methods to further
localize abnormalities.

Results—In ROI-based analyses, FA was significantly decreased in the anterior and middle CC in
the BD group (P<0.05). Voxel-based analyses similarly localized group differences to the genu,
rostral body and anterior midbody of CC (P<0.05, corrected).

Conclusion—The findings demonstrate abnormalities in the structural integrity of the anterior CC
in BD which may contribute to altered inter-hemispheric connectivity in this disorder.

The anterior corpus callosum (CC) has been implicated in bipolar disorder (BD) since at least
1903 when Starr described symptoms detected after anterior CC lesions similar to those of BD,
such as “undue excitement, causeless laughter, unusual crying, great depression and a lack of
harmony between the association of ideas and the state of feeling which they should
awaken” (1). An early magnetic resonance imaging (MRI) study of cerebral morphology in
BD detected mid-sagittal CC area decreases (2). Subsequent structural MRI studies provided
further evidence for CC white matter abnormalities in BD including in volume, signal intensity
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and structural integrity (3–5), although reports varied in the CC subregions studied and regional
differences detected. In this study, complementary diffusion tensor imaging (DTI) region of
interest (ROI) and voxel-based methods were used to study the structural integrity of CC white
matter in BD and assess the regional localization of differences. Anterior CC reductions in FA
in BD were anticipated.

Methods
Participants

The Structured Clinical Interview for DSM-IV Axis I Disorders Version 2.0 (SCID) (6)
confirmed the presence or absence of Axis I Disorders and mood state at scanning for the 33
BD and 40 healthy comparison (HC) participants studied. Symptoms were assessed using the
Hamilton Depression Rating Scale (HAMD) (7) and Clinician-Administered Rating Scale for
Mania (CARS-M) (8). No subject had a history of neurological illness, head trauma with loss
of consciousness over 5min. or major medical disorder, except 4 female BD participants with
treated hypothyroidism. HCs did not have a history of Axis I disorder themselves or in their
first-degree relatives. Table 1 and Table 2 provide sample details, including socioeconomic
status (SES) (9), and clinical features of BD participants. After a complete description of the
study, written informed consent was obtained from all participants in accordance with the
human investigation committees of the Yale School of Medicine and the Department of
Veterans Affairs.

MRI acquisition
Diffusion-weighted images were acquired on a 3T Trio MR scanner (Siemens, Erlangen,
Germany) with a single-shot echo planar imaging sequence in alignment with the anterior
commissure-posterior commissure (AC-PC) plane. Diffusion sensitizing gradients were
applied along 32 non-colinear directions uniformly distributed on a unit sphere: b-
value=1000s/mm2, together with a non-diffusion weighted acquisition (b-value=0)
(TR=7400ms, TE=115ms, FOV=256×256mm2, matrix=128×128, slice thickness=3mm
without gap,40 slices, 1 average). High resolution structural images were acquired with a three-
dimensional Magnetization Prepared Rapid Acquisition Gradient Echo T1-weighted sequence
for anatomical determinations (TR=1500ms, TE=2.83ms, FOV=256×256mm2,
matrix=256×256, slice thickness=1.0 mm without gap,160 slices,2 averages).

ROI-based DTI processing
DTI data were processed with BioImage Suite (www.bioimagesuite.org). Diffusion-weighted
data were interpolated to 2mm thickness along the coronal-oblique direction with in-plane
resolution of 1mm×1mm, and denoised by a three-dimensional isotropic Gaussian kernel with
sigma 1mm full-width-at-half-maximum (FWHM). Diffusion tensor matrices and regional
fractional anisotropy (FA) were calculated (10). The absolute red-green-blue color-encoding
scheme defined the directionality of the principal eigenvector: left-right fibers in red, anterior-
posterior in green and superior-inferior in blue (Figure 1). The middle sagittal slice was
determined on the AC-PC aligned T1-images (11) to which DTI data were coregistered with
Bioimage Suite software. The CC was delineated on the mid-sagittal slice and subdivided into
three subregions of equal length (Figure 1). Mean FA was calculated separately for these
anterior, middle and posterior subregions. Interrater reliability coefficients for the subregion
delineations were 0.95–0.97.

Voxel-based DTI processing
DTI data reslicing and smoothing were performed with BioImage Suite software. After
diffusion tensor matrices and FA were calculated, FA maps were normalized with SPM5
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(http://www.fil.ion.ucl.ac.uk/spm) to the Montreal Neurological Institute space using a white
matter tissue probability map as a template and spatially smoothed by an 8 mm FWHM
Gaussian kernel. The CC was defined by WFU Pick Atlas Tool
(http://www.fmri.wfubmc.edu/download.htm).

Statistical analysis for ROI-based DTI
Statistical analyses were conducted using SAS software, version 9.1 (SAS Institute, Cary, NC).
FA values were tested for normality using Kolmogorov-Smirnov test statistics and normal
probability plots. A linear mixed model was used in which diagnostic group (HC vs. BD)
represented a between-subjects factor and CC subregion (anterior, middle, posterior) was a
within-subjects factor. The interaction between diagnostic group and subregion was modeled.
Age and sex were considered as covariates but were not significant and therefore dropped for
parsimony. Least square means and standard errors were computed from the model and plotted
to interpret diagnosis effects.

Post-hoc exploratory analyses were performed for potential main effects of clinical factors on
FA among BD participants. Clinical factors examined included rapid cycling, mood state,
psychotropic medication at scanning, and history of substance related disorders overall and
alcohol related disorders. Spearman Correlation analyses were performed to test for
relationships between FA and HAMD or CARS-M scores.

Statistical analysis for voxel-based DTI
Differences between HC and BD groups were assessed using two-sample (HC and BD) t-tests
in SPM with FA values as the dependent variables. Findings in CC were considered significant
for P<0.005 (uncorrected) and clusters >100 voxels. Furthermore, to minimize the chance of
type I error, small volume correction (SVC) was used to correct multiple comparisons within
the CC with false discovery rate of P<0.05.

Results
The BD and HC groups did not differ significantly in age, sex or SES scores (P’s >0.1). Data
adhered to a normal distribution.

ROI-based DTI
The main effect of diagnosis was statistically significant [F(1,71)=11.2,P=0.001]; FA was
significantly lower in the BD than the HC group. Subregional analyses, Bonferroni-corrected
for 3 subregions, confirmed the presence of significant FA decreases in BD in the anterior
(Pbonf=0.01) and middle CC (Pbonf<0.001) (Figure 2). Exploratory analyses did not reveal
significant main or interactive effects of ethnicity overall (P’s>0.7), clinical factors within the
BD group (P’s>0.5) on CC FA, or correlations between CARS-M or HAMD scores and FA
values (P’s>0.2).

Voxel-based DTI
FA was significantly reduced in the genu, rostral body and anterior midbody of CC (P<0.005,
uncorrected, Figure 3). The difference remained significant after SVC was performed (P=0.02,
corrected).

Discussion
Using complementary ROI-and voxel-based DTI methods, we found decreased FA values in
the participants with BD compared to HC participants in anterior and middle CC subregions
encompassing the genu, rostral body and the anterior portion of the midbody. The
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interhemispheric white matter connections of the CC are critical to interhemispheric
communication and to the integration of emotional, cognitive, motor and sensory information.
Abnormalities in interhemispheric functioning in BD have been theorized previously (12,13).
Specifically, CC fibers coursing through the anterior CC regions in which differences were
detected provide connectivity between right and left prefrontal cortices as well as anterior
cingulate and insula (14). These CC regions are implicated in emotional dysregulation (1) and
in the hemispheric lateralization of prefrontal abnormalities associated with acute mood states
of BD (15). Significant associations between CC FA and clinical features of BD were not
detected; however, our ability to detect effects could have been limited by inadequate statistical
power.

In a recent DTI study of 11 BD and 10 HC adults that sampled two focal ROIs in the CC genu
and splenium, increased FA was detected only in the genu (4). The different direction of the
findings could relate to differences between subject samples or imaging methods. The methods
used herein permitted examination of the full CC length. We found differences that covered a
larger genu region and that extended to the anterior midbody, implicating a larger section of
the anterior CC in BD. The complementary ROI- and voxel-based DTI methods used yielded
consistent results and drew upon the relative strengths of each method (16). ROI-based DTI
permitted testing in specific subregions of the CC and minimized the risk of a type I error,
whereas voxel-based DTI permitted further localization within the CC. Neither study detected
significant group differences in subregional diffusivity (Supplementary Materials).
Furthermore, we did not detect differences in CC cross-sectional areas (Supplementary
Materials). Taken together, the studies suggest that DTI FA measures may be relatively
sensitive to the CC white matter abnormalities of BD.

Bipolar disorder frequently co-occurs with substance related disorders (17). To attempt to
balance generalizability of the findings, and potential effects of substances on white matter,
we included only BD participants who were in full remission from substance related disorders
for at least 1 year. Medication exposure of the BD participants is another potential confound
of this study. Although we did not detect significant effects of these factors, and evidence
suggests that effects of chronic alcohol and other substances of abuse on the CC may be at least
partially reversible with remission (18,19), power may have been limited and these analyses
did not take into account previous exposures. Further work is necessary to definitively
differentiate white matter integrity alterations related to BD from those resulting from
medication or substance exposure.

The majority of our BD participants reported symptom onset in adolescence. Interestingly, the
CC reaches its maximal myelination in late adolescence/early adulthood (20), a time period
coinciding with this peak in the onset of BD, suggesting that further study of CC development
in adolescence/early adulthood in BD may help to elucidate a neurodevelopmental mechanism
contributing to the disorder.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sagittal image from the tensor color map displays the left-right coursing fibers of the corpus
callosum in red.
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Figure 2.
Least square (ls) mean anisotropy values in the anterior, middle and posterior corpus callosum
and standard errors for the bipolar disorder (BD) group (n = 33) and the healthy comparison
(n = 40) group. The difference of ls means indicated that the contribution to group differences
was derived mainly from significant decreases in FA in the anterior CC [F(1,142)=8.43,
PBonf=0.01, Bonferroni corrected for the 3 subregions] and middle CC [F(1,142)=14.6, PBonf
<0.001] in the BD compared to the HC group; posterior CC FA decreases were not significant
[F(1,142)=2.71,PBonf=0.3]. Results remained significant when excluding the 2 BD subjects
with posttraumatic stress disorder and the subject with panic disorder (effect of diagnosis
P<0.001 and in anterior and middle subregions PBonf=0.003 and PBonf <0.001, respectively).
*denotes significant decreases
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Figure 3.
The sagittal (a, MNI plane: x=−2mm) and coronal (b, MNI plane: y=26mm) images display
the genu, rostral body and anterior midbody of the corpus callosum where fractional anisotropy
was reduced significantly in participants with bipolar disorder as compared to healthy
comparison participants (P<0.005). The color bar represents the range of T values. The findings
are displayed in a tissue probability map of white matter.
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Table 1
Sample demographics

HC BD

Number 40 33
Age (mean±SD) 29.2±9.2 32±10.1
Sex (number female, percent) 27, 68% 24, 73%
SES (mean±SD) 3.6±1.43 4.1±1.18
Ethnicity (EA:AA:A:others) 21:8:7:4 26:6:0:1
HAMD (mean±SD) 0.7±1.3 12.0±10.3
CARS-M (mean±SD) 0.2±0.5 5.6±6.4

Notes: SD, standard deviation; SES, socioeconomic status; EA, European American; AA, African American; A, Asian; HAMD, Hamilton Depression
Rating Scale; CARS-M, Clinician-administered rating scale for mania.
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Table 2
Clinical factors for participants with bipolar disorder

number (percent)

Rapid cycling 19 (58%)
Mood states
  manic/mixed or hypomanic 7 (21%)
  depressive 7 (21%)
  euthymic 19 (58%)
Medication
  unmedicated 6 (18%)
  lithium carbonate 8 (24%)
  anticonvulsants 17 (52%)
  atypical antipsychotics 16 (48%)
  benzodiazepines 8 (24%)
History of substance related disorders* 14 (42%)
Other comorbidity** 3 (9%)

*
This included 11 (33%) with a history of alcohol abuse or dependence, 6 (18%) of whom also had a history of other substance abuse or dependence, and

an additional 3 (9%) BD participants had a history of other substance abuse or dependence. All of 14 subjects were at full remission for at least one year.

**
This included panic disorder (1, 3%) and post-traumatic stress disorder (2, 6%).
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