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Abstract
The corpus callosum (CC) has been implicated in the pathogenesis of schizophrenia, and CC
deficits have been reported in adults with schizophrenia. We explored the developmental
trajectory of the corpus callosum in Childhood-onset schizophrenia (COS) patients, their healthy
siblings and healthy volunteers. We obtained 235 anatomic brain MRI scans from 98 COS
patients, 153 scans from 71 of their healthy siblings, and 253 scans from 100 age and gender
matched healthy volunteers, across ages 9–30 years. The volumes of 5 sub-regions of the CC were
calculated using FreeSurfer, and summed to give the total volume. Longitudinal data were
examined using mixed model regression analysis. There were no significant differences for the
total or sub-regional CC volumes between the three groups. There were also no significant
differences between the groups for developmental trajectory (slope) of the CC. This is the largest
longitudinal study of CC development in schizophrenia and the first COS study of the CC to
include healthy siblings. Overall, CC volume and growth trajectory did not differ between COS
patients, healthy siblings, or healthy volunteers. These results suggest that CC development, at
least at a macroscopic level, may not be a salient feature of schizophrenia.
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1. Introduction
The corpus callosum (CC) is the largest connective structure in the brain, made up of over
190 million axons, which transfer information between the left and right brain integrating
the activities of the two cerebral hemispheres (Giedd et al., 1999b; Paul et al., 2007). The
corpus callosum has been implicated in the pathogenesis of schizophrenia, and patients with
complete or partial CC deficits have shown disorganized speech, difficulty with logic and
social understanding (Paul et al., 2007), psychosis (David, 1994), and schizophrenia (Paul et
al., 2007).

CC involvement in schizophrenia may be mediated by a reduction in communication
between the two hemispheres. CC volume reductions have been associated with decreased
interhemispheric transmission times and reduced interhemispheric communication in recent
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onset psychosis patients (Chaim et al., 2010). A meta-analysis published in 2008 of 28
anatomic MRI studies showed smaller CC mid-sagital area in adults with schizophrenia
compared to healthy volunteers (Arnone et al., 2008). However, most studies have been
cross sectional with relatively smaller sample sizes, and to-date there has been only a single
adult longitudinal study, which showed smaller callosal mid-sagital area at baseline, and a
more pronounced decline in absolute CC size for patients with schizophrenia over 4 years
(Mitelman et al., 2009).

The fibers of the corpus callosum are thought to take the shortest route and roughly maintain
a topographical organization. The genu connects the frontal cortices, the body and truncus
connect the middle cortical areas, and the splenium connects the posterior cortical areas
(Giedd et al., 1999b). This has led to subregional analyses of the CC in schizophrenia, with
inconclusive results. Here too, most studies to-date have been cross sectional, with relatively
smaller sample sizes. Various studies of CC sub-regional area and volume have found
decreases in almost every region, from the anterior (Keshavan et al., 2002; Hulshoff Pol et
al., 2004; Venkatasubramanian et al., 2010), to the body (Hulshoff Pol et al., 2004;
Venkatasubramanian et al., 2010), to the posterior (Keshavan et al., 2002; Bersani et al.,
2010). The only longitudinal study to address this question (Mitleman et al., 2009) found a
smaller CC in all subregions except the posterior body.

The age of the subject may be another important factor in assessing total and sub-regional
CC size. In a study of 50 adult males with schizophrenia and 50 healthy controls, the CC
splenium was smaller in 36–45 year olds, while the CC anterior midbody area was smaller
in 18–25 year olds, after controlling for age of onset and illness duration (Bersani et al.,
2010). Thus it may be important to look at the longitudinal CC development, especially
from early ages through adulthood.

Childhood onset schizophrenia (COS), defined by onset of psychosis before age 13, is
clinically and neurobiologically continuous with later onset schizophrenia (Frazier et al.,
1996; Jacobsen and Rapoport, 1998; Rapoport et al., 2005; Gogtay, 2008), and these patients
have a more severe course with poorer outcomes (Watkins et al., 1988; Asarnow, 1994).
COS shows profound and global loss of cortical gray matter (GM) relative to healthy
controls and adult onset patients (Gogtay, 2008), which appears to spread dynamically in the
parieto-frontal direction (Thompson et al., 2001) eventually merging into an adult pattern by
late adolescence (Greenstein et al., 2006). A single previous study of overall WM growth
abnormalities using tensor-based morphometry of COS patients revealed 2.2% per year
slower overall WM growth, particularly in the right hemisphere (Gogtay et al., 2008).

There are few studies of the CC on either early onset or at risk populations. Our earlier
smaller study in COS, which is the only longitudinal study of the CC in early onset
schizophrenia, found normal total CC area. However, the trajectory of the splenium in COS
decreased nonlinearly from controls by age 22, while the splenium of controls continued to
show a linear age related increase (Keller et al., 2003). High risk studies have also found
decreased total CC volume, a decrease in the mid-posterior region, and the absence of an age
related increase in the splenium (Sismanlar et al., 2010; Francis et al., 2011). Another study
of ultra-high risk (UHR) patients found that total area, length and curvature of the CC did
not differ between UHR patients and controls, but the group of UHR individuals who went
on to develop psychosis had significant regional reductions in the anterior genu of the CC
compared to both UHR subjects that did not progress to psychosis and controls (Walterfang
et al., 2008).

Examining the volume and trajectory of CC in non psychotic COS full siblings could also
help address whether structural abnormalities of the CC are trait markers or disease related.
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To our knowledge, the volume and developmental trajectory of the corpus callosum has
never been studied in healthy siblings of childhood onset schizophrenia patients. In previous
NIMH COS imaging studies, healthy siblings of COS probands were found to initially have
gray matter deficits that normalized by age 17 (Gogtay et al., 2007). A previous study of
healthy relatives of adult schizophrenia patients showed that the relatives had CC volumes
intermediate between the patients and controls in the genu, isthmus and splenium, with a
significant decrease from controls in the posterior genu and isthmus (Knochel et al., 2012).

In the present study we examined the longitudinal development of CC volumes in a large
sample of childhood-onset schizophrenia probands, their unaffected siblings, and matched
healthy comparison subjects, all examined prospectively using anatomic MRI scans to
determine the total and sub-regional CC volumes. To explore group differences in CC
development over time, we applied mixed effect regressions to model CC volume growth
trajectories in COS patients, siblings, and healthy controls from age 9 to 30. We then tested
the hypotheses that the COS and sibling groups would show differences in their
developmental CC growth curves and/or volumes relative to controls. In particular, based on
the results of previous cross-sectional studies of the CC and a previous study showing
delayed overall WM development in COS (Gogtay et al., 2008), we predicted that COS
patients and their siblings would show reduced total CC volume and delayed growth of the
CC. Finally, we also hypothesized that if regional reductions in CC are present, they would
be most pronounced for the splenium, as was seen in the previous study of CC mid-sagital
area in COS patients.

2. Methods
2.1. Subjects

Childhood-onset schizophrenia patients were recruited nationally and were diagnosed after
an inpatient observation usually lasting 2–3 months, which in most cases included a
medication free observation period lasting approximately 1–3 weeks in order to achieve
diagnostic clarity. Patients were diagnosed with DSM-IV criteria for the diagnosis of
schizophrenia with onset of psychosis prior to age 13. Exclusionary criteria were medical or
neurobiological illness, history of head trauma, or premorbid IQ below 70. Subjects were
also excluded for any lifetime history of substance abuse, assessed during clinical interview
at admission and follow-up using the Kiddie Sads Present and Lifetime Version (K-SADS-
PL). All patients along with their full siblings were followed prospectively with anatomic
rescans at 2-year intervals. The study group of 98 COS patients consisted of 41 girls and 57
boys, for whom at least one scan was available, and included a total of 235 scans. Thirty-two
of the COS subjects had only one scan.

Seventy-one healthy full siblings of COS patients for whom at least one scan was available
were included in the study, including 38 females and 33 males. This included a total of 153
scans, with 30 siblings having only a single scan. Siblings were interviewed using structured
psychiatric interviews for axis I and II diagnoses. Siblings were included only if they were
free of any schizophrenia spectrum diagnoses, including schizophrenia, schizoaffective
disorder, or any psychotic illness on axis I or paranoid, schizotypal, schizoid, or avoidant
personality disorders on axis II.

One hundred healthy comparison subjects, including 41 females and 59 males, were selected
from a larger prospective study of normal brain development and were matched for age, sex,
and scan interval to the COS patients and healthy siblings. A total of 253 scans from the
healthy volunteers were used, with 29 control subjects having only a single scan.
Comparison subjects were free of lifetime medical or psychiatric disorders, which was
determined through clinical examination and standardized interview. Psychiatric illness in a
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first degree relative was also exclusionary. Further details have been described previously
(Giedd et al., 1999a).

The research protocol was approved by the National Institute of Mental Health (NIMH)
institutional review board. Written informed consent was obtained from parents and controls
and patients older than 18 years, and written informed assent was obtained from minors.

2.2. Imaging processing and analysis
All scans were obtained using a previously published sequence (Mattai et al., 2011). T1-
weighted images with contiguous 1.5-mm slices in the axial plane were obtained using a
three-dimensional spoiled gradient recalled echo sequence in the steady state. Imaging
parameters were as follows: echo time=5 msec, repetition time=24 msec, flip angle=45°,
acquisition matrix=256×192, number of excitations=1, and field of view=24 cm. Head
placement was standardized as previously described (Castellanos et al., 2001).

The image files in DICOM (Digital Imaging and Communications in Medicine) format were
transferred to a Linux workstation for analysis. Subcortical volumes were measured
automatically with the FreeSurfer (version 5.1) image analysis suite, which is documented
and available online (http://surfer.nmr.mgh.harvard.edu/). Prior to processing, all scans were
visually examined for motion artifacts or other distortions by a trained rater (LC), and only
scans with no visible distortion were included in the sample. The automated procedures for
subcortical volume measurements of different brain structures have been described
previously (Fischl et al., 2002; Fischl et al., 2004). This procedure automatically provides
segments and labels for many brain structures and assigns a neuroanatomical label to each
voxel in magnetic resonance imaging volume on the basis of probabilistic information
estimated automatically from a manually labeled training set. Briefly, this process includes
motion correction and averaging of multiple volumetric T1-weighted images (when more
than one is available), removal of nonbrain tissue using a hybrid watershed/surface
deformation procedure (Segonne et al., 2004), automated Talairach transformation,
segmentation of the subcortical white matter and deep gray matter volumetric structures
(including the hippocampus, amygdala, caudate, putamen, and ventricles) (Fischl et al.,
2002; Fischl et al., 2004), intensity normalization, tessellation of the gray-white matter
boundary, automated topology correction (Fischl et al., 2001; Segonne et al., 2007) and
surface deformation following intensity gradients to optimally place the gray-white matter
and gray matter/CSF borders at the location where the greatest shift in intensity defines the
transition to the other tissue class.

The segmentation uses the following data to disambiguate labels: the prior probability of a
given tissue class at a specific atlas location, the likelihood of the image intensity given the
tissue class, and the probability of the local spatial configuration of labels given the tissue
class. This technique has previously been shown to be comparable in accuracy to manual
labeling (Fischl et al., 2002) and has been demonstrated to show good test-retest reliability
across scanner manufacturers and field strengths (Han et al., 2006).

The corpus callosum was automatically identified and segmented by the FreeSurfer
processing software. Within the FreeSurfer processing pipeline, the default lateral thickness
of the CC was 5mm (a 1mm sagittal slice at midline and 2 1mm slices to either side). This
extended sampling laterally of the CC mitigated against any residual misalignment along the
midline after registration to the template. Once the corpus callosum was identified, a line
was drawn down the center of the structure and it was divided into five segments of equal
length, which were labeled Anterior, Mid-anterior, Central, Mid-posterior, and Posterior
(See Figure 1). Total corpus callosal volume was calculated as the sum of these five segment
volumes for each study participant.
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The FreeSurfer-based CC parcellation, which closely approximates the widely-accepted
schemes of Witelson (1989) and Hofer and Frahm (2006) has been previously used
successfully in a study on normal aging (Salat et al., 2005). We also have further confidence
in this methodology, because we have unpublished data that shows a high correlation (about
r=.95) between FreeSurfer and manual measurements in a group of young normals and OCD
patients.

Three participants, two from the COS group and one healthy sibling, had CC regional
volumes calculated by FreeSurfer, that were identified as outliers and omitted from
statistical analysis due to having erroneously large or small values (more than 4 standard
deviations away from the group mean volume). The scans with volumes that were identified
as outliers (in graphs) were examined for accuracy of registration and segmentation.
Because we ruled out the possibility that the outliers were due to scanning or registration
issues, we did not delete all the measurements for these scans when one region was an
outlier. One of these subjects was omitted from the analysis for 2 (out of 5) of the sub-
regions, and two were omitted from the analysis for 1 (out of 5) of the subregions. These
three subjects were also excluded from the analysis for total CC volume.

2.3. Statistical analysis
Demographic differences between groups were tested using analysis of variance (ANOVA)
for age and chi-square tests of independence for sex and handedness. We initially included
handedness as a covariate in all models. However, it was not a significant effect in any
model (P > 0.14) and as such, we omitted handedness from the final models. To examine
group differences in the developmental trajectories of posterior, mid-posterior, central, mid-
anterior, anterior, and total corpus callosal volume measures, we used mixed-effect
regression models. We applied the false discovery rate (FDR) (Benjamini and Hochberg,
1995) to account for multiple tests, and we set q=0.05, thereby limiting the expected rate of
false positives among all positives to 0.05%. The FDR procedure is reported to control q
when test statistics are positively correlated (for example, multiple endpoints) (Benjamini
and Yekutieli, 2001). The dependent variables were individual corpus callosum volumes;
fixed effects were age (centered at the sample average age of 17.31 years [SD=4.66]), group
(COS, NV, and SIB), group-by-age, intracranial volume, and sex. Random effects included
an intercept per family (to account for within-family dependence) and an intercept for a
person nested within a family (to account for within-person dependence) for subjects with
multiple scans. Polynomial age terms and their respective group interactions were also
included if F tests indicated that they significantly contributed to the explanatory power of
the model. We tested group differences in intercept (at the average age) and trajectory using
F tests. Trajectories are visually represented in graphs of the fitted regression lines for the
middle 80% of the age range.

3. Results
The three study groups were well matched with respect to age and sex. The age range was
from 9.02–30.44 years. See Table 1 for demographic information, and Table 2 for clinical
information about the Childhood-onset Schizophrenia patients, including severity of
symptoms as assessed by ratings on the Scale for the Assessment of Positive Symptoms
(SAPS), Scale for the Assessment of Negative Symptoms (SANS), and the Children’s
Global Assessment Scale (CGAS), taken while the patients were hospitalized on our
inpatient unit and free of medications. We selected these ratings in order to control for
variability in response to medication, number of medications, environmental supports and
stressors.
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The CC volume results are summarized in Table 3 and the pair-wise group comparisons for
volume and developmental trajectory are shown in Table 4. There were no significant
differences for the volume (at the mean age) of the total CC, or any of the CC sub-regions
between any of the groups to survive FDR. There were also no significant differences
between the groups for developmental trajectory (slope) of the total CC or any of the CC sub
regions to survive FDR correction. There were also no significant group differences in
volume unadjusted for ICV that survived FDR correction.

The longitudinal trajectories of the total CC for the three groups are shown in Figure 2.

4. Discussion
COS patients did not differ significantly from controls or their healthy siblings for either the
volume or developmental trajectory of the total corpus callosum or any of its sub-regions,
using anatomic measures. Although the volumes and developmental trajectories for total,
mid posterior, and central CC regions appeared to be qualitatively different than controls,
the results did not survive correction for multiple analyses.

Unexpectedly, and in contradiction to our a priori hypothesis, we found no significant
differences that survived statistical testing for total corpus callosal volume or sub regional
volumes between any of our groups. Although this is in line with one prior study that did not
find any difference in the mid-sagittal area of the corpus callosum between schizophrenic
patients, their relatives and normal controls (Chua et al., 2000), it is not in agreement with
the majority of previous reports with respect to adult patients (Keshavan et al., 2002;
Hulshoff Pol et al., 2004; Arnone et al., 2008; Mitelman et al., 2009; Bersani et al., 2010;
Chaim et al., 2010; Venkatasubramanian et al., 2010; Rao et al., 2011) healthy, high-risk
offspring and first-degree relatives of schizophrenia patients (Sismanlar et al., 2010; Francis
et al., 2011; Knochel et al., 2012) and the previous finding of a significantly different
developmental trajectory of the splenium in COS patients (Keller et al., 2003). Of note,
while Keller et al. (2003) reported a slope difference, they did not find a significant
difference for cross sectional area in their sample, and when they adjusted for multiple
comparisons, the slope difference was no longer significant. A previous study of general
WM growth found COS patients had slower overall WM growth, and significantly slower
growth in the left frontal, right frontal, parietal, and occipital lobes, and anterior cingulate
region bilaterally. However, on careful examination of the brain maps, the COS patients did
not appear to show a deficit or growth rate difference from controls in the CC (Gogtay et al.,
2008), which is confirmed by our current findings.

Consistent with prior longitudinal studies of CC development which show an age related
increase in mid-sagital area of the CC, we also found an age related increase in total CC
volume in each of our three groups during adolescence (Giedd et al., 1999b; Giedd et al.,
2008). In our study, the total CC trended toward a significant difference in trajectory
between COS patients and healthy controls. The COS patients exhibited a steeper increase in
total CC volume at younger ages, which leveled off as they aged, becoming similar to
healthy controls in later adolescence. This may suggest that COS patients have a deficit in
total CC volume at an even younger age, possibly due to a delay in myelination, which then
normalizes by late adolescence. Given the known overall delay in whole brain WM growth
(Gogtay et al., 2008), the trend toward a delay in CC development at younger ages suggests
that further investigation of the CC in younger COS patients may reveal more subtle deficits.

On the other hand, it is possible that COS patients have aberrant white matter connectivity
that is not reflected in gross structural change, and can only be seen with more subtle
modalities such as diffusion tensor imaging (DTI), which shows the organization of fibers in
white matter tracts. DTI studies have shown decreased fractional anisotropy (FA), which can

Johnson et al. Page 6

Psychiatry Res. Author manuscript; available in PMC 2014 January 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



be considered evidence of structural damage and disorganization of tracts (Foong et al.,
2000), in the CC of adult schizophrenia patients (Patel et al., 2011; Wang et al., 2011) and
adolescent-onset schizophrenia patients (Douaud et al., 2007; Davenport et al., 2010), and
lower FA in the CC has been correlated with increased symptom scores (Michael et al.,
2008). Interestingly, a study that looked at CC size using mid-sagital area in addition to DTI,
found no difference in CC size between patients and controls, but significant differences in
FA in the CC (Kubicki et al., 2008). Further study of white matter tracts of COS patients is
warranted, and a COS study utilizing DTI to look at whole-brain WM connectivity is
currently underway.

However, given the profound cortical GM abnormalities in this population, the lack of major
anatomic corpus callosum abnormalities suggests that the CC is not a pathophysiological
locus at least for very early onset schizophrenia. Furthermore, CC volumes of the healthy
siblings were not abnormal, suggesting CC abnormalities, even the subtle ones, are not a
trait marker.

The major strengths of our study include the large sample size, longitudinal design, and
inclusion of matched COS patients, healthy siblings, and controls. However, there are some
important limitations. Due to the large size of our sample, we used fully automated software
to assess the volume of the total and sub-regional corpus callosum, rather than using manual
tracings of the corpus callosum. FreeSurfer based CC parcellation has been previously used
successfully, such as in a study of normal aging (Salat et al., 2005), however it is possible
that the lack of differences between the groups in our study could be due to errors in
registration or parcellation occurring in the automated processing of the scans. Also, our
COS sample represents a more severe form of illness, which may not be generalizable to
later onset schizophrenia, although one would have expected more robust CC abnormalities
with such a severe phenotype. It remains difficult to quantify the effects of antipsychotic
medications, as all of our patients have been exposed to large doses of antipsychotics prior
to enrollment but we do not calculate the lifetime neuroleptic dose of medications for the
patients at each scan. Neuroleptic medications can lead to volume changes in gray and white
matter brain structures (Bartzokis et al., 2007; Okugawa et al., 2007; Navari and Dazzan,
2009) thus medication effect to normalize the CC volume, though unlikely, cannot be ruled
out. However, despite these limitations, this is the largest study of the CC in schizophrenia
and the first longitudinal one to span such a wide age range. Thus the negative findings in
this study, in addition to clarifying some inconsistencies in the literature, also suggest that
the anatomic CC volume may not be an important candidate to focus on in further
exploration of the pathophysiology of schizophrenia.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Subject MRI scan identifying the sub-regions of the corpus callosum.
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Figure 2.
Schizophrenia Probands (COS), Their Healthy Siblings (SIB), and Healthy : Longitudinal
Trajectories of Total CC Volume in Childhood Onset Comparison Subjects (NV)
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Table 2

Clinical Measures of Childhood-Onset Schizophrenia Patients

Mean (years) SD N

Age onset of psychosis 10.03571 1.894 98

Years ill at first scan 4.539898 2.284 98

Mean Score SD N

Scale for the Assessment of Positive Symptoms (SAPS)* 48.60494 21.73 81

Scale for the Assessment of Negative Symptoms (SANS)* 61.06024 28.33 83

Children’s Global Assessment Scale (CGAS)* 24.62651 13.44 83

*
Ratings taken when medication free or closest available to medication free
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