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Callosal volume reduction has been observed in patients with
bipolar disorder, but whether these deficits reflect genetic
vulnerability to the illness remains unresolved. Here, we used
computational methods to map corpus callosum abnormalities in
a population-based sample of twin pairs discordant for bipolar
disorder. Twenty-one probands with bipolar I disorder (mean age
44.46 7.5 years; 48% female), 19 of their non-bipolar co-twins, and
34 demographically matched control twin individuals underwent
magnetic resonance imaging. Three-dimensional callosal surface
models were created to visualize its morphologic variability and to
localize group differences. Neurocognitive correlates of callosal
area differences were additionally investigated in a subsample of
study participants. Bipolar (BPI) probands, but not their co-twins,
showed significant callosal thinning and area reduction, most
pronounced in the genu and splenium, relative to healthy twins.
Altered callosal curvature was additionally observed in BPI
probands. In bipolar probands and co-twins, genu and splenium
midsagittal areas were significantly correlated with verbal
processing speed and response inhibition. These findings suggest
that aberrant connections between cortical regions—possibly
reflecting decreased myelination of white matter tracts—may be
involved in bipolar pathophysiology. However, findings of callosal
thinning appear to be disease related, rather than reflecting genetic
vulnerability to bipolar illness.
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Introduction

Several lines of evidence suggest that abnormal white matter

connectivity may be relevant to the pathophysiology of bipolar

disorder. Traditional volumetric magnetic resonance imaging

(MRI) studies report nonspecific white matter volume deficits

(Strakowski et al. 2002; Kieseppa et al. 2003; Davis et al. 2004).

Elevated rates of white matter hyperintensities have been

widely observed in bipolar disorder (Aylward et al. 1994;

Altshuler et al. 1995; Dupont et al. 1995; Videbech 1997). More

recently, diffusion tensor imaging (DTI) studies have observed

microstructural changes consistent with lower white matter

integrity in bipolar patients (Adler et al. 2004; Regenold et al.

2006), suggesting a loss of bundle coherence in white matter

tracts.

As the largest white matter fiber tract in the brain, the

corpus callosum (CC) is a critical component of the biological

infrastructure that allows communication among brain regions.

Abnormal callosal structure may lead to altered interhemi-

spheric communication, which may underlie some of the

cognitive impairments in bipolar patients (Wilder-Willis et al.

2001; Brambilla et al. 2004). A recent meta-analysis of 5 case--

control studies concluded that bipolar I patients showed lower

callosal area than healthy volunteers (effect size of 0.52), with

no evidence of heterogeneity across studies (Arnone et al.

2008). Brambilla et al. (2004) found lower CC signal intensity

(a putative index of callosal myelination) in bipolar patients

relative to healthy controls, while unipolar depressed patients

did not differ from healthy subjects.

Although there are few neuroanatomic studies of relatives of

bipolar patients to date, white matter may be particularly

affected in those at genetic risk for the illness. In an extended

pedigree with a strong family history of bipolar disorder,

Ahearn et al. (1998) found lesions of white matter and sub-

cortical gray nuclei in affected and unaffected family members.

In a twin sample partially overlapping with the one studied

here, Kieseppa et al. (2003) previously found decreased left

hemisphere white matter volume in both bipolar probands and

their non-bipolar co-twins. Similarly, McDonald et al. (2004)

found that genetic risk for both schizophrenia and bipolar

disorder was associated with white matter reduction in left

frontal and temporoparietal regions, suggesting that left

frontotemporal disconnectivity may be a genetically controlled

neuroanatomic abnormality common to both disorders.

To our knowledge, only 2 other studies of twin pairs

discordant for bipolar disorder have been published (Noga et al.

2001; van der Schot et al. 2009). The first focused on medial

temporal structures and included just 6 twin pairs discordant

for bipolar disorder and 6 normal twins; increased left caudate

volume was observed in both bipolar probands and their well

co-twins, suggesting a genetic contribution. In a larger Dutch

twin sample, van der Schot et al. (2009) found that reduction in

total white matter volume was related to genetic risk for

bipolar disorder, whereas significant environmental correla-

tions were observed for cortical gray matter.

However, the familial aggregation of callosal abnormalities in

twin pairs discordant for bipolar illness has not been in-

vestigated. Thus, it is not yet known whether such abnormal-

ities may represent genetic vulnerability markers, as may be the

case in schizophrenia (e.g., Narr, Cannon, et al. 2002), or a

disease-related trait. Furthermore, geometric anatomic models

and statistical mapping approaches have not previously been

employed in studies of callosal abnormalities in patients with

bipolar disorder.
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Here, we used computational mapping methods to visualize

callosal morphometry in a nationwide sample of twins with

bipolar disorder, their co-twins, and a demographically bal-

anced sample of control twin subjects. A novel measurement

of callosal thickness (radial distance) was combined with

a shape-averaging technique to create models of the CC used to

visualize differences in callosal size and shape between groups.

Our first goal was to confirm prior findings of callosal ab-

normalities in patients with bipolar disorder, using these novel

methods. Our primary aim, however, was to assess genetic and/

or disease-related contributions to altered midsagittal callosal

morphometry in bipolar disorder. We hypothesized that we

would detect localized thinning in the genu and the splenium

in patients with bipolar disorder, as these interconnect

cortical regions previously implicated in bipolar pathophysiol-

ogy (Strakowski et al. 2005; Cerullo et al. 2009; Walterfang,

Malhi, et al. 2009; Walterfang, Wood, et al. 2009).

Materials and Methods

Study Participants
Study participants were ascertained via the National Hospital Discharge

Register of Finland, which identified all patients with a mood disorder

diagnosis (ICD-8; World Health Organization codes 296.10 or 296.30 or

DSM-III-R (American Psychiatric Association 1987) codes 296.4, 296.5,

or 296.6) during 1969--1991. The National Population Register and the

Finnish Twin Cohorts (Kaprio et al. 1978, 1990) were used to locate

twins born between 1940 and 1969. This comprehensive search

identified 59 twins, who were invited to participate in the study with

their co-twin. After diagnostic ascertainment, only twins with BPI and

their co-twins were included in the MRI study. Other psychotic dis-

orders, neurologic disorders affecting the brain, or brain injuries were

criteria for exclusion (for further details, see Kieseppa et al. 2003,

2004). A control group of 34 twin subjects without any psychotic or

mood disorder was recruited from the same Finnish twin cohorts and

matched to the age, gender, and zygosity distribution of the patient

sample. Zygosity determination was based on genetic marker analysis in

all control and index twin pairs (Cannon et al. 2000).

In total, 21 bipolar probands, 19 of their non-bipolar co-twins and

34 healthy control twins were included in the current analysis (see

Table 1). Four (19%) of the bipolar twins were from monozygotic (MZ)

pairs. Because the sample size was relatively modest, and we wished

to maximize the utility of the information available to us, we included

some probands for which co-twin data were not available.

One BPI patient was hypomanic during the MRI session; no BP1

patients fulfilled criteria for a current manic or major depressive epi-

sode at the time of the scan. Five BPI patients (24%) were unmedicated,

whereas 11 patients (52%) were taking lithium, at a mean daily dose of

927 mg (range 600--1200 mg). Thirteen patients (62%) were taking

neuroleptics, at a mean daily dose of 15 mg haloperidol equivalents

(range 2--48 mg). The mean duration of medication was 13.1 years (±9.6
years). Those without current medication usage had all used lithium or

neuroleptics during at least one period in their life; however, the mean

time without medication prior to the MRI scan was 10 years (±8 years).

None of the co-twins or control twin subjects was taking psychotropic

medication.

The study was approved by the Ministry of Social Affairs and Health,

the Ethics Committee of the National Institute for Health and Welfare,

and the UCLA Institutional Review Board. Written informed consent

was obtained from all subjects after they had received a complete

description of the study.

Diagnostic and Cognitive Assessment
All the probands, co-twins, and control twin subjects were interviewed

using the Structured Clinical Interview for DSM-IV diagnoses (SCID;

Spitzer et al. 1994). One investigator (T.K.) interviewed the probands

and co-twins and field workers of the schizophrenia twin study

(Cannon et al. 2000) interviewed the control twin subjects. All inter-

views were made blind to zygosity. The diagnostic and case consensus

procedures are described in detail elsewhere (Cannon et al. 2000;

Kieseppa et al. 2004).

Bipolar probands and their co-twins also completed a neuropsycho-

logical battery, which included measures of verbal processing speed

(verbal category and letter fluency), auditory attention/working mem-

ory (Digit Span), and response inhibition (Stroop paradigm, interference

Table 1
Demographic and clinical features of the 3 study groups

Characteristics Bipolar I disorder twins Non-BPI co-twins Control twin subjects Difference between groups
n 5 21 n 5 19 n 5 34

Age in years
Mean (±SD) 44.4 (7.5) 45.1 (8.1) 46.2 (5.4) F2,71 5 0.52, P 5 0.60
Gender
Female, n (%) 10 (48) 11 (58) 17 (50) v2 55 0.47, P 5 0.79
Education (SCID category)
Mean (±SD) 11.1 (4.9) 10.9 (4.1) 11.2 (4.2) F2,71 5 0.01, P 5 0.95
Zygosity
MZ, n (%) 4 (19) 2 (10.5) 8 (23.5) v2 55 1.34, P 5 0.51
Handedness
Right, n (%) 21 (100) 18 (95) 33 (97) v2 55 1.06, P 5 0.59
Lifetime alcohol
Abuse/dependence, n (%) 5 (23.8) 2 (10.5) 2 (5.9) v2 55 3.97, P 5 0.14
Current alcohol
Abuse/dependence, n (%) 1 (4.8) 0 (0) 1 (2.9) v2 55 0.87, P 5 0.65
Lifetime anxiety
Disorder, n (%) 7 (33) 3 (15.8) 2 (5.9) v2 55 7.20, P 5 0.03
Lithium (mg/day)
Mean (±SD) 927 (249.4) 0 0 —
Any psychotropic
Medication, n (%) 15 (71) 0 0 —
Length of use of medication in years
Mean (±SD) 13.1 (9.6) 0 0 —
TBV, cc3 (±SD) 1298.2 (125.6) 1307.5 (140.5) 1244.9 (125.6) F2,71 5 1.5, P 5 0.23
Gray matter volume, cc3 (±SD) 722.2 (83.3) 725.3 (74.3) 694.1 (62.5) F2,71 5 1.6, P 5 0.22
White matter volume, cc3 (±SD) 446.5 (87.8) 461.7 (62.9) 450.3 (64.5) F2,71 5 0.25, P 5 0.78
Ventricular volume, cc3 (±SD) 22.5 (14.0) 19.8 (9.2) 16.2 (5.6) F2,71 5 2.9, P 5 0.06*

*BP \ CTL, P 5 0.07; BP 5 CO-TWIN; CO-TWIN 5 CTL; TBV = Total Brain Volume.
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condition). In order to reduce the risk of Type I error, we examined

only those cognitive measures expected a priori to be related to callosal

white matter integrity, that is, measures of processing speed, attention,

and inhibition (Turken et al. 2008; Madsen et al. 2010).

Imaging Procedures
Image acquisition procedures are described in detail in Kieseppa et al.

(2003). Briefly, T1-weighted magnetization prepared rapid gradient

echo scans (time repetition/time echo = 11.4/4.4 ms, sagittal ori-

entation, matrix size = 256 3 256 3 128, Field of View = 250 mm, in-

plane resolution = 0.98 3 0.98 3 1.2) were acquired with a 1.0-T

scanner (Siemens Medical Systems) in a private medical center

(Teslamed).

Image Processing and Analysis
Each brain volume was corrected for field inhomogeneties (Sled et al.

1998) and resliced into a standard orientation. First, image volumes

were placed into the standard coordinate system of the ICBM-305

average brain (Mazziotta et al. 1995), using a 3-translation and 3-

rotation rigid-body transformation in order to correct for differences in

head alignment between subjects (Woods et al. 1998). This procedure

ensures that callosal measurements are not influenced by differences in

brain orientation. Each brain volume was resampled to 1.0-mm isotropic

voxels using trilinear interpolation and a 6-parameter Procrustes fit.

Brain and Ventricle Volumes
Brain tissue volumes and lateral ventricle volumes were obtained after

classifying each image set into gray matter, white matter, and

cerebrospinal fluid, after removal of extracortical tissue, as previously

described (Narr, Cannon, et al. 2002). Total brain volume (TBV) was

determined in centimeters cubed as the sum of voxels representing

gray matter, white matter, and cerebrospinal fluid (CSF) (including

ventricular CSF).

Corpus Callosum Delineation and Analysis
One rater (C.E.B.), who was blind to group status and demographic

variables, identified the CC in midsagittal sections and delineated the

upper (top) and lower (bottom) callosal boundaries in each magnified

brain volume, using a mouse-driven cursor (Fig. 1). Midsagittal sections

were defined by identifying the interhemispheric fissure in native con-

tiguous 1.5-mm coronal slices and again in the sagittal plane when

volumes were resliced at 0.5 mm after AC--PC scaling. The anterior and

posterior splitting points for the upper and lower callosal boundaries

were defined as in prior publications (e.g., Luders et al. 2007, 2009);

specifically, we used the tip of the rostrum as the anterior splitting

point, and for the posterior splitting point, the most inferior point of

the splenium (see Supplementary Fig. 1). Reliability of callosal tracing

was evaluated by repeatedly outlining the CC (6 times) in a randomly

chosen brain (root mean square [r.m.s.] error < 1 mm).

Callosal thickness measurements were performed after correcting

brains for head position and tilts but preserving original brain size, as

in Ballmaier et al. (2008). Callosal top and bottom sections were

redigitized, resulting in 100 equidistant points along the midsagittal

callosal curve per section (see Fig. 1). Then a new callosal outline

(medial curve) was created by computing the spatial mean curve from

surface points representing the top and bottom traces, followed by

calculating the pointwise distances from the medial curve to the callosal

top and bottom curves. The resulting distance values in each participant

are color coded and superimposed onto each individual’s callosal model.

Subsequently, individual callosal surfaces and pointwise distance values

were averaged within groups in order to create maps of callosal mean

thickness, as well as group-specific profiles of average callosal shape.

Next, we tested for group differences in callosal thickness and generated

color-coded maps illustrating localized regions in which bipolar

probands differ from healthy individuals and/or their unaffected co-

twins, as well as differences between co-twins and healthy control twins.

Finally, measures of dorsal and ventral callosal curvature were obtained

from the uniformly redigitized grid points representing the callosal

surfaces in pixel coordinates in the coordinate space of the ICBM-305

average brain, as described in detail in Narr et al. (2000).

Area Measurement
To obtain measures of CC morphology consistent with regional

measurements typically reported in the literature, callosal renderings

were divided into 5 partitions using a modification of the Witelson par-

titioning scheme (Witelson 1989; Clarke and Zaidel 1994) into 5 discrete

partitions representing the1) splenium, 2) isthmus, 3)posteriormidbody,

4) anterior midbody, and 5) anterior third (see Fig. 1b). Area measures

were computed in square millimeters for each callosal segment, as

described previously (Narr, Cannon, et al. 2002; Vidal et al. 2006).

Statistical Analysis
Differences in callosal areas and morphometric shape parameters (i.e.,

curvature) were analyzed using mixed model regression analyses,

treating each twin pair as a cluster in modeling (Laird and Ware 1982).

To take into account the correlated nature of twin data (and to account

for the fact that not all twins had a co-twin included in the analysis),

twin pair was included as a random effect in the model. Risk status

(patient, co-twin, control twin subject) as well as the 2/3 root of TBV

was included in the model as fixed effects (covariates). Significant main

effects were followed up with post hoc contrasts, using Scheffé’s

correction for multiple comparisons (Scheffé 1953). Secondary analyses

examined the effects of medication on callosal measures.

Thickness measures allow greater localization of deficits but may be

less sensitive to differences in anterior--posterior length of the CC.

Thus, volumetric or regional cross-sectional area measures may in some

cases be more sensitive than thickness maps for detecting group

differences and vice versa. To compare both methods, we used both

traditional volumetric methods and statistical maps. Given that com-

parisons of callosal thickness were made at hundreds of equidistant

callosal surface points and adjacent data points may be correlated, a

false discovery rate (FDR) of 0.05 was employed to control for multiple

comparisons (Benjamini and Hochberg 1995; Storey et al. 2002).

Significant group differences in callosal thickness, corrected using FDR,

were color coded and mapped on the callosal surface model.

Brain Size Correction

Given that relationships between callosal size and brain size may differ

across biological risk groups and our goal was to target differences

specific to the CC, we chose to assess callosal parameters after brain

Figure 1. (a) Pointwise distances between the medial curve (in red) and the callosal
top and bottom surfaces are calculated to obtain a thickness measure at each point
on the callosal surface. (b) Subdivision of the CC into 5 areas according to the
modified Witelson scheme (Clarke and Zaidel 1994; adapted from Ballmaier et al.
2008).
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volumes were aligned into a standard orientation with no scaling and

therefore to use a brain size correction for the derived parameters in

statistical analyses (e.g., Narr, Cannon, et al. 2002; Narr, van Erp, et al.

2002).

Correlations with Cognitive Measures

To assess the relationship between callosal area measures and cognitive

measures, we used Spearman’s rank correlational analyses to examine

only those callosal areas corresponding to regions for which significant

area and thickness reduction were observed in bipolar probands.

Spearman’s correlations are not influenced by outliers in small samples;

bivariate analyses were deemed appropriate as the diagnostic groups

did not differ in terms of age, education, or gender. To control for

Type I error, Bonferroni correction was applied and the threshold of

significance was set at P < 0.01.

Results

Subjects

The 3 groups (bipolar probands, non-bipolar co-twins, and con-

trol twins) were similar in terms of age, education, handedness,

gender, and TBV (see Table 1). The groups did not differ with

regard to frequency of lifetime alcohol abuse/dependence, but

there was a significant difference in the frequency of lifetime

anxiety disorder diagnoses, with bipolar I probands having a

higher rate of anxiety disorder diagnoses (v2 = 7.20, P = 0.03).

For this reason, secondary analyses included lifetime anxiety

disorder as a covariate.

Bipolar probands and co-twins did not significantly differ

from each other on verbal fluency, auditory attention, and

Stroop measures (FAS: F = 1.96, P = 0.18; animal naming: F = 3.8,

P = 0.07; Digit Span: F = 0.64, P = 0.43; Stroop Interference

condition, response time: F = 0.28, P = 0.60; Stroop Interference

condition, errors: F = 1.95, P = 0.18).

Group Differences in Callosal Area Measurements

Traditional morphometric methods detected a significant re-

duction in callosal area in bipolar probands relative to control

twins but not their co-twins. Mixed model analyses indicated

a main effect of diagnosis on total callosal area (F2,70 = 4.01, P =
0.022; see Fig. 2). Post hoc pairwise contrasts revealed that

bipolar probands differed significantly from both their co-twins

(t = 1.97, P < 0.05) and control twins (t = 2.78, P = 0.007), but

the co-twins and control twins did not differ significantly from

each other (P = 0.61). Post hoc contrasts, displayed in Figure

3A, indicated significant main effects for CC area differences in

the anterior third (genu) (F2,70 = 2.96, P < 0.05; P = 0.023 for BP

vs. controls (CTL); P = 0.07 for BP vs. co-twins), anterior

midbody (F2,70 = 6.66, P = 0.002; P = 0.001 for BP vs. controls;

P = 0.024 for BP vs. co-twins), posterior midbody (F2,70 = 3.47,

P = 0.037; P = 0.014 and P = 0.095 for BP vs. control twins and

BP vs. co-twins, respectively), and splenium (F2,70 = 2.76, P <

0.05; P = 0.02 and P = 0.29 for BP vs. control twins and BP vs. co-

twins, respectively). There were no group differences in the

isthmus (F2,70 = 0.78, P = 0.46). Including lifetime anxiety

disorder as a covariate did not alter the significance of these

results. Finally, these analyses were reconducted excluding the

2 bipolar probands without co-twins; the pattern of results

remained the same.

Computational Mapping

Maps of callosal thickness were consistent with results of area

analyses, revealing regions of localized thinning of greatest

magnitude in the genu and splenium in BPI probands, relative

to both their non-bipolar co-twins and control twins. Bipolar

probands also demonstrated significant thinning in the mid-

body of the CC. The significance of these results was confirmed

via FDR correction for multiple comparisons (Pcritical = 0.012,

BP < CTL; Pcritical = 0.0064, BPI vs. co-twins; see Fig. 3, below).

Control subjects did not show significantly reduced callosal

thickness relative to bipolar subjects or co-twins in any region

of the CC. Consistent with area analyses, callosal thickness

in co-twins of bipolar probands did not differ from control

twins.

Figure 2. Callosal area differences. Bipolar probands differed significantly from both their co-twins (P\ 0.05) and control twins (P 5 0.007); callosal area in non-bipolar co-
twins was intermediate between that of bipolar probands and controls but was not significantly different from that of controls (P 5 0.61). Statistical analyses covary for 2/3 root
of TBV, but raw values are presented in figure for illustrative purposes.
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Shape Parameters

Mixed model regression analysis was performed to determine

whether group differences existed in parameters characterizing

the shape of the CC (i.e., dorsal and ventral surface curvature).

This analysis revealed a significant main effect of diagnosis for

ventral CC curvature (F2,73 = 3.63, P = 0.03) and a trend toward

main effect of diagnosis for dorsal CC curvature (F2,73 = 2.94,

P = 0.059; see Fig. 4). Univariate post hoc contrasts revealed

that ventral curvature significantly differed in the bipolar

probands compared with both their non-bipolar co-twins (P =
0.017) and normal control twins (P = 0.028). Dorsal curvature

significantly differed in the BPI probands versus their non-BP

co-twins (P = 0.03), with a trend toward difference between

BPI probands and controls (P = 0.054). However, callosal

curvature in co-twins did not differ from that of normal control

twins (P > 0.20 for both top and bottom curvature).

Medication Effects

There were no differences in callosal measures between BPI

probands with and without lithium treatment (P = 0.90)

nor was there a correlation between lithium dosage and/or

chlorpromazine equivalents with callosal area or thickness

(P > 0.30 for all comparisons). This is consistent with prior

studies that have found no effect of lithium or antipsychotic

medications on white matter volumes (Kieseppa et al. 2003;

Bearden et al. 2007).

Figure 3. Group differences in callosal thickness. CC maps comparing BP probands, their non-bipolar co-twins, and control twin subjects. (A) Modified Witelson partitioning
scheme. The anterior midbody of the CC showed a significant area reduction in BP1 probands relative to both control twins and their non-bipolar co-twins. Posterior midbody and
anterior third (genu) areas were significantly reduced in BP probands relative to healthy control twins, with a similar trend toward area reduction relative to their non-ill co-twins.
Splenium area was also significantly reduced in BP versus control twins. (B) Left panel depicts reduction of callosal thickness in BPI probands, expressed as a percentage relative
to healthy control twin subjects. Right panel depicts corrected statistical maps (FDR) showing P values for group differences (BPI vs. controls) in callosal thickness. (C) Reduced
callosal thickness in BPI probands, expressed as a percentage (left) and map of P values (right), relative to their non-bipolar co-twins. (D) Nonsignificant reduction of callosal
thickness in co-twins of BP probands, expressed as a percentage (left) and map of P values (right), relative to healthy control twin subjects.
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Relationship to Neurocognitive Measures

In BP1 probands and co-twins, significant correlations were

observed between verbal fluency (FAS and animal naming) and

callosal area in the splenium (r = 0.63, P = 0.001; r = 0.61, P =
0.002, respectively). There was a significant inverse relation-

ship between number of errors on Stroop Interference and area

of the genu (r = –0.55, P = 0.005) and splenium (r = –0.63, P =
0.001). There was a trend toward relationship in the same

direction for response time on the Stroop Interference task,

with both the genu (r = –0.43, P = 0.035) and the splenium

(r = –0.36, P = 0.088) that did not survive Bonferroni correction.

Similarly, there was a trend toward correlation of auditory

attention (Digit Span) with callosal area in the splenium (r =
0.46, P = 0.024). Correlations between verbal fluency and

auditory attention measures and area of the genu were also

positive but not significant (r = 0.27, P = 0.20; r = 0.35, P = 0.10,

r = 0.33, P = 0.12, respectively).

Discussion

To our knowledge, this is the first study to use computational

mesh-based mapping methods to investigate callosal structure

in twins discordant for bipolar disorder. Four key findings

emerged from this study: 1) Localized regions of callosal

Figure 4. Differences in callosal morphology. Callosal shape profiles mapped in groups defined by biological risk for bipolar disorder. Average anatomical mesh models of the CC
are shown in different colors to illustrate differences between groups, indicating genetic and disease-related effects on callosal morphology. From the top, average callosal shape
profiles are mapped in the following: 1) bipolar probands versus healthy control twins; 2) bipolar probands versus non-bipolar co-twins; and 3) unaffected co-twins of bipolar
probands versus control twins.
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thinning, most pronounced in the genu and splenium, were

observed in bipolar probands, relative to both healthy control

twins and to their non-bipolar co-twins. Corresponding

reductions in callosal area were identified in bipolar probands

using traditional morphometric methods; 2) Significantly

altered callosal curvature was found in bipolar I probands,

relative to both healthy control twins and their non-bipolar co-

twins. 3) Within bipolar patients and their co-twins, callosal

measures were significantly correlated with cognitive perfor-

mance on measures of verbal processing speed and response

inhibition, indicating that quantitative variation in CC size has

functional significance. And finally, 4) no differences could be

detected between co-twins and controls on measures of

callosal structure, suggesting that callosal alterations in bipolar

patients are disease related.

Callosal aberrations in bipolar probands were most pro-

nounced in the genu and splenium and also observed within

the callosal midbody but were not present within the isthmus,

a callosal region containing fibers mainly projecting to parietal

regions (Hofer and Frahm 2006). Our findings are highly

consistent with those of a recent study using similar methods

to map the CC in elderly patients with major depressive dis-

order, in which significant callosal thinning was restricted

to the genu in early-onset depressed patients but evident in

both the genu and the splenium in patients with late-onset

depression (Ballmaier et al. 2008). Similarly, in patients with

established bipolar illness, Walterfang, Malhi, et al. (2009a)

found evidence for disproportionately reduced callosal thick-

ness in the splenium. Notably, this pattern is also consistent

with that seen in patients with Alzheimer disease, who tend to

show the greatest callosal atrophy in the rostrum and splenium,

with relative sparing of the callosal body, a pattern which has

been proposed to reflect specific loss of large pyramidal

neurons in cortical layers III and V of frontal and parietoocci-

pital association areas (Hampel et al. 1998).

Although no previous studies have examined callosal

structure in twins discordant for bipolar I disorder, a prior

study—using a different methodology—examined callosal size

and shape in BPI patients and their first-degree relatives (both

siblings and adult offspring of bipolar patients). Consistent with

our findings, Walterfang, Wood, et al. (2009b) found significant

global and regional reductions in callosal thickness in BD

patients, but first-degree relatives did not differ in callosal size

or shape from controls. This pattern of findings provides

further support for our conclusion that CC abnormalities may

be linked to disease expression in bipolar disorder and thus do

not appear to represent a marker of familial predisposition.

These investigators also found that BD patients on lithium

treatment showed a thicker anterior midbody than those on

other psychotropics. While we did not find a medication effect

in our sample, the majority of BPI patients in our sample were

on lithium, thus limiting our power to compare the effects of

lithium to those of other medications. However, it is important

to note that the effect of lithium detected in the study by

Walterfang and colleagues was in the opposite direction of the

effect of diagnosis; this is consistent with prior studies showing

volumetric increases associated with lithium treatment (Moore

et al. 2000; Bearden et al. 2007, 2008). Thus, effects of lithium

in our patient sample would be likely to result—if anything—in

attenuation of the observed callosal reductions.

A variety of methods can be used to normalize raw

neuroimaging data, and the results from these methodologies

are not always interchangeable (Bermudez and Zatorre 2001).

Due to concerns that the relationship between callosal

structure and overall brain size is not necessarily linear and

also because the relationships between callosal size and brain

size may differ across biological risk groups, we chose—for our

primary analysis— not to use a global scaling transform but

rather to adjust for brain size statistically in our analyses. As

shown in Supplementary Figure 2, the group differences ob-

served for our ‘‘unscaled’’ callosal thickness maps remained

significant when a scaling parameter is used.

Decreased callosal size may be associated with a reduction in

fibers or decreased myelination of fibers connecting the

prefrontal and parietal cortices. This might interfere with

interhemispheric communication required for sustained atten-

tion and response inhibition, thus contributing to symptoms of

distractibility, impulsivity, and inattention, frequently observed

in patients with bipolar disorder. Supporting this view, we

found significant associations of genu and splenium midsagittal

areas with verbal processing speed and response inhibition, and

a similar trend for a measure of auditory attention. While these

tasks cannot be considered specific to interhemispheric con-

nectivity, they are nonetheless measures requiring integrated,

efficient information processing and thus are likely to be

disrupted by abnormalities of major white matter fiber tracts

(Karlsgodt et al. 2008; Madsen et al. 2010).

At present the cellular changes leading to the observed

callosal alterations in bipolar patients are not known. Although

postmortem neuropathology studies have reported decreased

neuronal and glial density in the dorsolateral prefrontal cortex

in bipolar patients (Rajkowska et al. 2001). Beasley et al. (2002)

found no differences in the spatial pattern distribution or

density of interstitial white matter neurons in frontal cortex. A

follow-up study (Beasley et al. 2005) demonstrated that

postmortem brain cholesterol (a major component of myelin

and of cell membranes) was reduced by 10% in individuals with

bipolar disorder compared with controls, suggesting that

reduced brain cholesterol levels and/or a reduction in synapses

may underlie findings of white matter volume reduction in

bipolar disorder. Loss of NRG1-erbB signaling in oligodendro-

cytes in the adult brain has been shown to lead to reduced

myelin thickness and increased levels of dopamine (D1-like and

D2-like) receptors and transporter (dopamine active trans-

porter), and behavioral alterations that are consistent with

mental disorders, for example, heightened anxiety-like behav-

ior and increased amphetamine sensitization. This signaling

pathway may also contribute to mental disorders through

nongenetic mechanisms, as both NRG1 and erbB4 expression

can be altered by environmental stressors such as forced

locomotion (Roy et al. 2007). Further studies are needed to

determine whether the observed regional callosal thinning

reflects neurodevelopmental alterations and/or whether bi-

polar disorder is characterized by progressive callosal atrophy.

Our findings of abnormal callosal structure in bipolar I

probands are also supported by recent DTI studies of white

matter microstructure (Bellani et al. 2009). Wang et al. (2008)

recently observed reduced fractional anisotropy (FA) in the

anterior and middle CC in bipolar patients relative to healthy

controls, suggesting reduced myelination and/or axonal dam-

age in these regions. Only one study, to our knowledge, has

applied DTI methods to first-degree relatives of bipolar patients

(Chaddock et al. 2009); these investigators found lower FA in

bipolar patients compared with controls in the genu of the CC
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and in major intrahemispheric white matter tracts (i.e., right

inferior longitudinal fasciculus and left superior longitudinal

fasciculus). Unaffected relatives did not show significant FA

differences relative to controls in a straightforward group-level

comparison, but they did show intermediate FA values in the

same clusters that showed reduced FA in bipolar patients.

Increasing genetic liability for bipolar disorder was significantly

associated with lower FA across distributed white matter regions.

Similar to what has been reported in schizophrenia (e.g.,

Casanova et al. 1990), we did find evidence for altered

morphology of the CC in bipolar patients. These disorders

may therefore involve common processes such as deficient

myelination and abnormal white matter integrity (Casanova

et al. 1990; Narr et al. 2000). Nevertheless, the pattern of shape

alteration observed in bipolar probands was not identical to

that typically seen in schizophrenia patients, involving an

upward bowing of the callosum (which may reflect ventricular

enlargement). Here, we observed differences in posterior CC

curvature in bipolar probands, a finding which is unlikely to

result from enlarged lateral ventricles.

In contrast to findings in relatives of schizophrenia patients

(Casanova et al. 1990; Narr, Cannon, et al. 2002), we did not

find evidence that these alterations are a result of genetic

liability to bipolar disorder, as non-bipolar co-twins of bipolar

probands did not differ from controls on any callosal measures.

Overall callosal area in co-twins was intermediate between

bipolar probands and control twins, but this difference was

nonsignificant and the effect size was small (eta-squared =
0.005). Genetic effects on callosal structure—if present—may

be very subtle, and thus a much larger twin sample would be

needed to detect such effects. Thus, while global decreases in

white matter volume may be related to genetic risk for bipolar

disorder (Kieseppa et al. 2003; van der Schot et al. 2009), to our

knowledge, no studies have yet identified genetic contributions

to regionally specific white matter variation in bipolar disorder.

Certain limitations of this study should be noted. In

particular, the limited number of MZ twin pairs in our sample

precluded comparison of MZ with dizygotic twin pairs.

Nevertheless, groups were very well matched on demographic

variables, and the correlative nature of the data from twin pairs

was taken into account in the statistical analyses. Second, in

order to maximize our sample, we included some BP1

probands without a matching co-twin. Nevertheless, excluding

these 2 subjects from the analysis did not substantively alter

our results. Also, despite the field strength of 1.0 T, we were

able to get good gray--white contrast for the images (see

Supplementary Fig. 1). While this field strength could po-

tentially be a limitation for imaging smaller structures (e.g.,

amygdala), the CC was clearly visible in our images, and our

intrarater reliability was excellent (r.m.s. error < 1 mm). Finally,

our study was limited to structural MR methodology; future

studies employing multimodel neuroimaging techniques will

be important to determine the direct relationship between

regional callosal thickness and white matter integrity.

In summary, this was the first MRI study to examine the

integrity of the CC and its functional correlates in twins with

bipolar I disorder, their co-twins, and appropriate control twin

subjects. We found evidence for structural alteration in the CC

associated with bipolar illness, which appeared to be a disease-

specific, rather than genetically mediated, effect. Callosal

reduction in the genu and splenium was significantly associated

with measures of cognitive processing speed (verbal fluency)

and response inhibition in bipolar probands and co-twins. Our

findings further implicate disrupted interhemispheric connec-

tivity in bipolar disorder. Further studies are needed to

determine the etiology of callosal alterations and when in the

course of illness they develop.

Supplementary Material

Supplementary material can be found at: http://www.cercor.

oxfordjournals.org/
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