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Abstract

Neuroimaging studies have implicated the corpus callosum (CC) in the pathophysiology of
obsessive-compulsive disorder (OCD). Putative dysfunctions in prefrontal cortical regions suggest
anomalies in anterior segments of the CC. However, recent studies have also implicated the
middle and posterior CC. The present study soughts to examine the CC using parcellation scheme
informed by diffusion tensor imaging. Anatomic brain magnetic resonance scans were obtained
from 21 OCD subjects (mean age = 26.9+9.93) and 42 healthy age- and sex-matched controls
(mean age = 26.6+9.46) between the ages of 14 and 49. Area and volume measures of five
subregions of the CC were obtained via manual tracings. A multivariate analysis of variance (after
correcting for multiple comparisons) identified smaller area and volume in the mid-anterior region
of the CC in OCD patients relative to controls. These findings implicate medio-frontal regions of
the cortex in the pathophysiology of OCD.
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1. Introduction

Obsessive—compulsive disorder (OCD) has a lifetime prevalence of approximately 2%
(Fontenelle et al., 2006) and is characterized by the following: (1) intrusive and unwanted
thoughts, beliefs, or ideas that cause significant distress and anxiety (i.e. obsessions) and (2)
ritualistic or repetitive actions intended to subdue the anxious obsessions (i.e. compulsions).
Neuroimaging studies have implicated frontal—striatal circuitry in the pathophysiology of
OCD, with reports of structural and functional abnormalities in the prefrontal cortex
(Szeszko et al., 1999; Kang et al., 2004; Friedlander and Desrocher, 2006; Baxter et al.,
1988; Nordahl et al., 1989), basal ganglia (Szeszko et al., 1999; Scarone et al., 1992), and
corpus callosum (CC) (Rosenberg et al., 1997).
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1.1. Corpus callosum

The CC is composed of ~200 million, mostly myelinated axons that connect homologous
areas of the left and right cerebral cortex. Its relative ease of quantification on magnetic
resonance imaging (MRI) and its central role in interhemispheric communication have made
the CC a frequent target for neuroimaging investigations of several disorders, including
OCD (Rosenberg et al., 1997). As fibers generally connect via the shortest route, the CC
maintains a roughly topographic representation of the cortex (Hofer and Frahm, 2006; Fabri
et al., 2010). Different methods have been proposed to divide the CC into segments
corresponding to functionally distinct cortical regions from which the interhemispheric
axons arise. Parcellation schemes include those devised by Weis (1991), Witelson (1989),
Seltzer et al. (1986), and Hofer and Frahm (2006).

Weis subdivided the CC into five equal segments relative to the total CC length. Witelson
and Seltzer took a more functional approach, dividing the CC into five vertical regions based
on postmortem measures and autoradiograms (injections of radiolabelled amino acid) of
rhesus monkeys. In the most widely used scheme, Witelson (1989) divided the CC into (1)
an anterior third (CC1), comprising the rostum, genu, and rostral body, which projects to
prefrontal, premotor and supplementary motor cortices; (2) a middle third, including the
mid-anterior (CC2) and mid-posterior (CC3) bodies, proposed to extend to anterior and
posterior parietal cortices, respectively; and (3) a posterior third, including the isthmus
(CC4) and splenium (CCS5), which extends to posterior parietal, temporal, and occipital
cortices. More recently, Hofer and Frahm (2006) established a variation of Witelson’s
scheme using in vivo fiber tractography through diffusion tensor imaging (DTI), wherein the
segmentation of the CC is based on topographical white matter projections to the cortex. The
Hofer-Frahm scheme is suggested to provide a more accurate representation of human
cortical—callosal connectivity than the earlier animal-informed parameters.

1.2. Callosal pathology in OCD

A typical connectivity in axons linking prefrontal cortices to frontal regions of CC (Yoo et
al., 2007; Li et al., 2011; Bora et al., 2011; Menzies et al., 2008; Oh et al., 2012) suggests
abnormalities in the anterior-most segment of the CC. Several reports of CC1 pathology
support this hypothesis. In two DTI studies, both Saito et al. (2008) and Nakamae et al.
(2011) localized white matter abnormalities in CC1. MacMaster et al. (1999) found similar
results using signal intensity, wherein drug-free OCD patients showed decreased signal
intensity in CC1, specifically in the anterior genu. Among the few structural imaging studies
that functionally examined the CC, Rosenberg et al. (1997) identified increased area in CC1
in addition to middle and posterior CC abnormalities.

An increasing number of studies also found middle and posterior abnormalities, suggesting
that callosal pathology may not be restricted to anterior regions of the CC. In a recent DTI
study, Li et al. (2011) identified white matter abnormalities along the body of the CC in
addition to the genu. Bora et al. (2011) also used DTI and detected decreased fractional
anisotropy in the body of the CC including mid-regions. Using DTI, both Zarei et al. (2011)
and Garibotto et al. (2010) found abnormal connectivity in the CC5 (i.e., splenium) in OCD
patients. Studies using structural imaging have identified similar findings. While Rosenberg
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et al. (1997) found increased area in CC5 in addition to frontal and middle sectors, Park et
al. (2010) identified isolated posterior CC enlargements suggesting possible dysfunction in
parietotemporal and occipital cortices. While these findings (see Table 1 for summary)

implicate middle and posterior CC as regions of pathology, reports have been inconsistent.

Differences in CC segmentation may drive these regional CC inconsistencies. These
discrepancies may be especially prominent in mid-regions where topographic parameters to
the cortex are most variable across schemes. Thus, callosal segmentation may not only
present variability in detecting regional pathology of the CC but also in ascertaining
anatomical connectivity to the cortex.

Most studies have employed Witelson’s animal-informed parcellation model to study human
cortico—callosal relationships. Only recently have a few DTI studies adopted Hofer—Frahm
guidelines to examine the CC in OCD (Li et al., 2011; Garibotto et al., 2010). To our
knowledge, there are no existing studies that have applied these parameters to structural
measures of the CC. Furthermore, studies have utilized length, area, and thickness as
measures of CC structure but have not examined volume. Obtaining a three-dimensional
measure of structure may afford a more comprehensive insight into regional differences of
CC morphology. The present study sought to apply the Hofer-Frahm parameters to area and
volume measurements of the CC to examine whether structural abnormalities are present in
middle and posterior regions of the CC, as suggested by recent reports.

2. Methods

2.1. Participants

Adults exhibiting obsessive—compulsive symptoms were sought through national
recruitment between 1991 and 1997. Participants were screened and tested at the Bethesda
campus of the National Institutes of Health (NIH). Twentyone patients ranging from ages 14
to 49 (Mean age = 26.9+9.93) met the DSM-I11 criteria for OCD and were included in the
study’s sample.

Severity of diagnosis was assessed through a series of scales measuring the extent of
preoccupation with obsessions or rituals, impediment in normal functioning, time spent on
ritual behaviors, and the level of overall anxiety. The scales utilized include the Yale-Brown
Obsessive—-Compulsive Scale, Obsessive-Compulsive Rating Scale, National Institute of
Mental Health Global OCD Rating Scale, and the Comprehensive Psychopathological
Rating Scale-OCD subscale. Furthermore, all patients underwent laboratory testing,
neurological assessments, and a physical exam to ascertain overall health. Participation in
the study required a 4 week abstinence from psychotropic drugs. See Table 2 for
characteristics of our clinical group.

Forty-two healthy controls (mean age = 26.6+9.46) were sex- and age-matched to
psychiatric patients at a 2:1 ratio. Controls were recruited as part of an ongoing longitudinal
study on typical brain development at the National Institute of Mental Health. Participation
in the study required the completion of a battery of neuropsychological assessments and
both physical and neurological examinations. Participants with current or past psychiatric
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diagnosis, history of drug or alcohol abuse and any medical condition affecting brain
development were excluded.

1Q scores were obtained from all participants using either the Wechsler Adult Intelligence
Scale (WAIS) or the Wechsler Abbreviated Scale of Intelligence (WASI). Participants
signed informed consent regarding the nature of the study, procedures involved, and
potential risks.

2.2. MRI acquisition

All subjects were scanned at the NIH using a Bethesda, Maryland using a 1.5 T GE Sigma
scanner. High-resolution MRI scans were acquired using a three-dimensional spoiled
gradient-recalled pulse sequence to obtain T1-weighted axial whole brain images with a 1.5
-mm slice thickness and an in-plane resolution of 0.9375 by 0.9375 mm. Pulse parameters
were selected to maximize gray and white matter tissue contrast and consisted of the
following: repetition time: 24 ms; echo time: 5 ms; flip angle: 45°; matrix: 256 x 192;
number of excitations: 1; field of view: 24 cm; acquisition time: 9 min, 52 s. A dual echo
fast spin echo scan was also acquired to collect T2-weighted and proton density images for
clinical evaluation.

2.3. Corpus callosum measurement

The Medical Image Processing, Analysis and Visualization tool (http://mipav.cit.nih.gov)
was used to manually trace and measure the CC. Images were aligned to standard orientation
using a rigid-body rotation. The brain images were rotated in the axial plane so that the
interhemispheric fissure was parallel to the y-axis. In the sagittal plane, images were rotated
so that the line segment connecting the furthest anterior and posterior points of the CC was
parallel to the x-axis. The mid-sagittal slice, used to obtain area measurements, was chosen
as the slice that contained the maximum curvature of the rostrum or contained the most
visible septum pellucidum. Binary images of the CC were made for five sagittal slices with
the mid-sagittal as the center slice. Binary segmentation was a semi-automated procedure
with manual adjustments made by a rater (KL) who was unaware of diagnosis. The five
binary slices were divided into five subdivisions using an in-house MATLAB program.
First, the anterior—posterior length of the CC mask was found. Then each voxel was
assigned to a subdivision based on relative anterior—posterior location according to the
proportions proposed by Hofer and Frahm (2006). If a voxel on the border of two
subdivisions would have been classified as a mixture of two subdivisions, it was classified
as the subdivision with the highest proportion. If both were equally represented, then it was
classified as the more anterior region. After segmentation, the volume of each CC
subdivision was summed across all slices. During training the rater (KL) demonstrated high
inter-rater reliability with one other rater (intraclass correlation coefficients=0.92). Intra-
rater reliabilities for the study were determined from repeated measurement in separate
sessions of 60 randomly selected scans, blind to prior measurement. Intraclass correlation
coefficients were high, with averaged 1CC=0.94 for all five regions. Parcellation of the CC
as performed by manual tracings is depicted in Fig. 1. For regions traced, see Table 3.
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2.4, Statistical analysis

3. Results

3.1. Area

3.2. Volume

CC measurements for both area and volume were analyzed using a multivariate analysis of
variance (MANOVA) that included the five regions of the CC as dependent variables,
diagnosis as the grouping variable, with age and sex as covariates. Contrasts for each region
were performed and significance thresholds were adjusted for multiple comparisons using a
Bonferroni correction. Due to our small sample size, we calculated the effect size for each
CC segment found to be statistically significant.

MANOVA results yielded significant group differences for the overall model (Wilk’s
Lambda, F = 2.48, p = 0.043) with no significant age or sex effects. Bonferroni-corrected
individual region contrasts were significant only for region 2 (F=4.62, p=0.036) and region
5 (F=4.83, p=0.032). The effect sizes for CC2 and CC5 were d=0.574 and d=0.588,
respectively, representing a medium effect. (See Fig. 2.)

Significant group differences (Wilk’s Lambda, F=3.23; p=0.013) were identified for the
overall model. Neither age nor sex had a significant effect within the overall model.
Bonferroni-corrected individual region contrasts were significant only for region 2 (F=5.57,
p=0.022) and region 5 (F=4.94, p=0.030). The effect sizes for CC2 and CC5 were d=.666
and d=1.30, respectively, representing a medium to large effect.

4. Discussion

The present study used the Hofer-Frahm parcellation scheme to examine structural
abnormalities in the CC, particularly in middle and posterior regions. With the use of area
and volume as indices of CC morphology, our findings confirmed recent reports of mid
(Bora et al., 2011; Li et al., 2011) and posterior anomalies (Rosenberg et al., 1997; Garibotto
et al., 2010; Park et al., 2010). Specifically, we found significant structural decreases in CC2
and CC5 in OCD patients relative to healthy controls. These regions held significance after
controlling for total CC area, total CC volume, and correcting for multiple comparisons for
both structural measurements. We did not find significant effects of age, sexual dimorphism,
or an interaction of the two in either the area or volume measurements. Unlike previous
reports (MacMaster et al., 1999; Saito et al., 2008; Nakamae et al., 2011), we did not find
significant differences in the anterior body between OCD patient and healthy controls.

Our first finding points to abnormalities in the CC2, a midbody region composed of axons
connecting right and left premaotor cortices (PMC) and supplementary motor areas
(SMA;Hofer and Frahm., 2006). These medio-frontal regions play an important role in the
planning of movement and inhibitory control — behaviors central to cognitive and motor
compulsions (Fitzgerald et al., 2010). Several studies have implicated these CC2-linked
regions in OCD psychopathology and pathophysiology. For example, Yucel et al. (2007)
combined functional MRI and proton magnetic resonance spectroscopy to demonstrate that

Psychiatry Res. Author manuscript; available in PMC 2014 June 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lopez etal.

Page 6

OCD patients exhibited elevated activity in the medio-frontal cortex during behavioral
suppression. This hyperactivation may help explain the difficulties that OCD patients face
when attempting to cease compulsive behaviors. Similar findings were reported in another
study that used structural MRI to examine cortical volume in OCD patients and controls.
Koprivova et al. (2009) found volumetric decreases in the medio-frontal cortex and
dorsocortical areas and suggested these regions to be biomarkers of OCD pathology.

Our study also presents evidence for structural abnormalities in the CC5, the posterior-most
segment of the CC. Previous reports of aberrant splenium structure have linked pathology to
abnormalities in parietal, temporal, and occipital areas of the cortex (Park et al., 2010). In
fact, several studies have found functional and structural abnormalities in these cortical
regions in OCD patients using various imaging techniques including voxel-based MRI (Kim
et al., 2001), functional MRI (Sanematsu et al., 2010), and DTI (Menzies et al., 2008).

Conversely, our results present some differences in the directionality of callosal pathology.
Using structural MRI, Rosenberg et al. (1997) also identified abnormalities along the body
of the CC, including CC2 and CC5. However, they found increased area of all segments of
the CC except CC4, whereas we found decreases in both area and volume in only CC2 and
CC5. Differences in patient and control populations may account for some of these
differences. The study of Rosenberg et al. included scans obtained from a medication free
pediatric population, whereas we examined a medicated adult population. This difference
underscores two influential factors on CC structure: the effects of chronicity of illness and
the influence of medication. Since both variables have been shown to alter CC structure (De
Luca et al., 2011; Kwon et al., 2009), it is likely that discrepancies in findings may not only
be due to different time points within the developmental process of the CC, but also to the
changes that occur in the presence of chronic pathology and/or psychotropic drugs. In a
medicated adult population similar to ours, Park et al. (2010) found increased area in only
CC5. This leads us to suspect that other factors such as differences in segmentation schemes
(i.e. functionally guided vs. geometrically based schemes), data analysis (i.e. controlling vs.
failure to control for total CC size), or other unforeseen confounds may have also brought
forth variability in directionality and regional CC pathology. Interestingly, these
inconsistencies in directionality of CC morphology echo those seen in related disorders such
as Tourette’s Syndrome (Baumgardner et al., 1996; Kerstin et al., 2006).

Our study presents several limitations that must also be considered. First, our small sample
size and wide age range may have hindered our power to identify group differences. To
account for these limitations, we calculated the main effects of statistically significant
regions of the CC and controlled for age. Secondly, medical and behavioral intervention
may have influenced our findings, especially since these factors were not accounted for in
our analyses. Given the many reports of neuroanatomical alterations resulting from
pharmacotherapy (Kwon et al., 2009) and psychotherapeutic interventions (Roffman et al.,
2005), we cannot discount the influences that treatment may have had on brain morphology.
Finally, recent research has suggested that the heterogeneous nature of OCD may be related
to differences in neurobiological expressions. This may also explain the inconsistent reports
of brain morphology and activity in OCD (van den Heuvel et al., 2009;Gilbert et al., 2009).
Our failure to measure and control for these dimensions makes it difficult to disentangle
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callosal pathology as a general biological marker of OCD or a marker specific to a particular
dimension of the disorder.

As the first study to the Hofer-Frahm parcellation scheme on volumetric measurements of
the CC in OCD patients, our findings lend strongest support to (1) abnormal morphology of
the CC, particularly in the mid-anterior region, and (2) anomalous mid-anterior structure as a
likely indicator of premotor cortex and supplementary motor area dysfunction. Future
studies utilizing direct measures of connectivity to ascertain medio-frontal pathology may
help elucidate the link between the CC2 and premotor areas in the pathophysiology of OCD.
The use of functionally guided parcellation schemes, the control of proper covariates (i.e.
medication, comorbidity, total CC size), and the consideration of symptom dimensions may
allow for better discernment of structural anomalies in the CC and its relationship to cortical
pathology. In conclusion, morphological abnormalities in the CC2 support the CC as a
neurobiological marker of OCD.
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Fig. 1.
Parcellation of the corpus callosum based on the Hofer-Frahm tractography scheme: 1. CC1,

2.CC2,3.CC3,4.CC4and 5. CC5.
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Table 1

Summary of studies examining the corpus callosum in obsessive—compulsive disorder.

Page 12

Author Year Sample M edication Design Scheme Findingsin OCD CC region
OCD NV group
M/F M/F

Rosenbergetal. 1997  13/8 13/8 Treatment naive Structural MRl Witelson Increased area Genu (CC1),
Anterior (CC2),
Posterior (CC3),
Splenium (CC5)

MacMaster 1999  13/813/8 Treatment naive Signal intensity ~ Witelson Signal intensity Genu (CC1)

etal. reductions

Saito et al. 2008 7/97/9 13 on medication  DTI Witelson FA reductions Rostrum (CC1)

Garibotto et al. 2010 15/0 16/0 13 on medication  DTI Not specified FA reductions Splenium (CC5)

Ohetal. 2012  13/713/6 5 on medication DTI Brodmann ROI FA reductions Anterior portions of

and tract the CC (CC1)
parameterization

Park et al. 2010 45/24 45/24 16 on medication  Structural MRl Weis Increased area CC1, CC2,CCh

Boraet al. 2011 11/1014/15 10 on medication  DTI Not specified FA reductions Mid-body of the CC
(CC2,3,4)

Lietal. 2011  16/7 16/7 13 on medication  DTI Not specified Increased FA Genu (CC1) and
body of the CC
(CC2)

Nakamae et al. 2011  14/16 15/15 4 weeks drug-free  DTI Not specified FA reductions Anterior body (CC1)

Zarei et al. 2011 14/1215/12 16 on medication  DTI Not specified Increased FA Genu (CC1) and

splenium (CC5)

CC: corpus callosum; DTI: diffusion tensor imaging; FA: fractional anisotropy; MRI: magnetic resonance imaging; ROI: region of interest
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Table 2

Demographic characteristics in obsessive—compulsive patients.

OCD patients (N=21)

Age mean (SD)
Sex (male/female)
Handedness (L/R)
1Q mean (SD)
Medication

- SSRI'N (%)

- Tricyclic N (%)
- MAOI N (%)

- Anxiolytic N (%)
- Other N (%)

- None N (%)

26.9 (9.93)
911

417

108 (14)

13 (62)
3(14)
1(5)

5 (24)
1(5)
4(19)

Page 13

Note: Data are presented as mean (SD). OCD: obsessive-compulsive disorder; SSRI: selective serotonin reuptake inhibitor; MAOI: monoamine

oxidase Inhibitor.
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CC Structure in OCD and healthy controls using manual tracings.

Table 3

OCD patients (N=21) Controls (N=42) F P

CC1 (Genu) 11576 22242 11750 (20502 0.100% 0.753%
578.86 (101.41)°  502.90 (104.20)° 0250° 0.619"

;Ctgri(gf)id' 103.74 (17.66)2 115.05 (21.04%  462% 00362
485.29 (64.83)° 530.93 (96.05° 557° 0.023*P

gocsf‘e%';’ 44.19 (9.08)2 469310152  1.11% 02062
216.10 (40.75)° 22667 (45.98)° 0.779° 0.381°

CC4 (Isthmus) 19.38 (4.51)% 2193 (5992  287% 00952
97.81 (20.58)° 10845 (28.70)°  226°  0.138"

CC5 (Splenium) 134.57 (23.89)2 14862 (23522 4.83%  0032"2
67938 (121.15)° 74898 (11330)° 4.95° 0.030*P

Note: Dataset using age and sex as covariates. Data are presented as mean (S.D.).

aArea.
b,
Volume.

P<0.05.
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