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Abstract
The cerebral white matter (WM) is critically involved in many bio-behavioral functions impaired
in schizophrenia. However, the specific neural systems underlying symptomatology in
schizophrenia are not well known. By comparing the volume of all brain fiber systems between
chronic patients with DSM-III-R schizophrenia (n = 88) and matched healthy community controls
(n = 40), we found that a set of a priori WM regions of local and distal associative fiber systems
were significantly different in patients with schizophrenia. There were significant positive
correlations between volumes (larger) in anterior callosal, cingulate and temporal deep WM
regions (related to distal connections) with positive symptoms, such as hallucinations, delusions
and bizarre behavior, and significant negative correlation between volumes (smaller) in occipital
and paralimbic superficial WM (related to local connections) and posterior callosal fiber systems
with higher negative symptoms, such as alogia. Furthermore, the temporal sagittal system showed
significant rightward asymmetry between patients and controls. These observations suggest a
pattern of volume WM alterations associated with symptomatology in schizophrenia that may be
related in part to predisposition to schizophrenia.
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Introduction
Numerous neuropathological, neurogenetic and neuroimaging studies suggest a relation
between schizophrenia and white matter (WM) abnormalities (see e.g., (Walterfang et al.,
2006)). WM alterations are important because they directly represent one form of
connectivity in the brain, thought to be abnormal in schizophrenia (Seidman, 1983; Friston
& Frith, 1995; Friston, 1998; Andreasen et al., 1999; Friston, 1999; Friston, 2002, 2005;
Kubicki et al., 2005a; Kubicki et al., 2005b). Given the extensive array of symptoms in
schizophrenia and widespread gray and WM brain alterations, it is likely that multiple
networks underlying these functional systems are impaired (Seidman, 1983; Andreasen et
al., 1999). Furthermore, the volume of total WM has been shown to be smaller in
schizophrenia than controls (see e.g., (Kubicki et al., 2005a; Tanskanen et al., 2009 Oct 21.
[Epub ahead of print]; 2009 Nov 30). To date, several structural studies have shown WM
volumetric differences in schizophrenia (see e.g., (Kubicki et al., 2005a), both smaller and
larger depending on region, in either the whole brain (see e.g., (Andreasen et al., 1994;
Cannon et al., 1998b; Meisenzahl et al., 1999; Sigmundsson et al., 2001; Okugawa et al.,
2002; Bartzokis et al., 2003; Christensen et al., 2004a; Hulshoff Pol et al., 2004; Kubicki et
al., 2005b; Mitelman et al., 2007a)) or particular regions such as frontal and/or prefrontal
lobes (Breier et al., 1992; Cannon et al., 1998a; Paillere-Martinot et al., 2001; Sigmundsson
et al., 2001; Bartzokis et al., 2003; Mitelman et al., 2007a), temporal lobes (Marsh et al.,
1997; Okugawa et al., 2002; Bartzokis et al., 2003) or the WM within the parahippocampal
gyrus (Colter et al., 1987). In addition, specific fiber tracts have been investigated such as
the perforant pathway in the hippocampal formation and cingulum bundle (Benes, 1989),
uncinate fasciculus, inferior longitudinal fasciculus, anterior limb of the internal capsule
(Sigmundsson et al., 2001; Suzuki et al., 2002), occipitofrontal fasciculus (Suzuki et al.,
2002) and corpus callosum (Downhill et al., 2000; Hulshoff Pol et al., 2004; Sun et al.,
2009).

In schizophrenia, studies using DT-MRI (see e.g., (Kubicki et al., 2007)) have also shown a
significant decrease in fractional anisotropy (FA) in frontal and temporal WM, specifically
anterior limbs of the internal and external capsules (Buchsbaum et al., 1998; Suzuki et al.,
2002), corpus callosum (Foong et al., 2000; Argartz et al., 2001), arcuate fascicle (Hubl et
al., 2004), cingulum bundle (Kubicki et al., 2003a; Hubl et al., 2004), WM throughout the
whole brain (“widespread”) (Mitelman et al., 2006) and prefrontal (Lim et al., 1999) and
temporoparietal (Mitelman et al., 2006) region specifically. Importantly, recently WM
alterations have started to be associated with symptoms of schizophrenia (Downhill et al.,
2000; Hubl et al., 2004; Hulshoff Pol et al., 2004; Mitelman et al., 2006; Mitelman et al.,
2007b; Rotarska-Jagiela et al., 2008).

Herein we addressed this issue using T1-weighted MRI of 88 patients with schizophrenia
and 40 controls to study the variation in volume of WM fiber systems within a framework of
a WM morphometric system (Makris et al., 1999; Meyer et al., 1999). This comprehensive
system of quantitative WM analysis subdivides WM regionally by lobes and also radially
into a comprehensive set of fine-grained regions of interest or parcellation units (PUs)
(Makris et al., 1999; Meyer et al., 1999). This allowed the investigation of specific WM
fiber systems from an anatomic volumetric point of view and their affiliation with different
neural systems (Filipek et al., 1994; Caviness et al., 1996a; Caviness et al., 1996b; Caviness
et al., 1999; Makris et al., 1999). Furthermore, the comprehensive and detailed nature of the
approach adopted in this study allowed the identification of altered patterns in WM regions
and, uniquely, volumetric comparisons between local connections located within superficial
WM sectors and distal connections located in deep WM sectors. Volume is an evolutionary
and developmentally regulated property of tissue, which is sensitive to the regularities of
normal histogenetic sequence and normal systems operations (Caviness et al., 1999). Thus
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alterations in WM volume may be important in understanding the illness in tandem with its
association with well-defined symptoms. Furthermore, findings of an alteration in normative
volumetric asymmetry (Geschwind & Behan, 1984; Geschwind & Galaburda, 1985c, 1985b,
1985a) would argue for a potential genetic etiology a fact well studied in vertebrates (e.g.,
(Supp et al., 1997; Hyatt & Yost, 1998; Piedra et al., 1998)). In this study, in addition to
performing morphometric measurements of white matter brain structures, we conducted
clinical evaluations, including negative and positive symptomology. We placed special
emphasis on the associative limbic and paralimbic WM, in particular WM within the
cingulate gyrus, with the expectation that it would be altered volumetrically, given that
limbic prefrontal connections and limbic system abnormalities, which underlie
disconnection of affect and cognition, are central in schizophrenia. Furthermore, we
explored the associations of WM volume alterations with positive and negative symptoms,
such as hallucinations, delusions and bizarre behavior, and negative symptoms such as
alogia.

Materials and Methods
Subjects

Simplex patients—Cases were recruited from three public Boston area psychiatric
hospitals serving primarily psychotic patients (Goldstein et al., 1999). The sample included
subjects reported in previous work (Goldstein et al., 2002; Seidman et al., 2002).
Recruitment criteria consisted of subjects with ages at MRI scanning of 23-68 years, ≥ 8th

grade education, English as first language, and an estimated IQ ≥ 70. Criteria required
absence of: substance abuse for the past six months; history of head injury with documented
cognitive sequelae or loss of consciousness >five minutes; neurologic disease or damage;
medical illnesses significantly impairing neurocognitive function. Cases were DSM-III-R
schizophrenia probands (n=40), based on interview by experienced diagnostic interviewers
and systematic review of medical records. Senior investigators (JMG, LJS) reviewed all
material to determine diagnosis (see previous work listed above for details and excellent
reliability).

Multiplex probands—Were reascertained from the Harvard cohort of the NIMH Genetics
Schizophrenia Initiative. Families with ≥ two persons affected with DSM-III-R
schizophrenia or schizoaffective disorder, depressed type, were identified by systematic
screening in psychiatric hospitals and clinics. Test-retest reliabilities were excellent
(Nurnberger et al., 1994). Procedures for diagnosing multiplex probands were similar to the
simplex probands described above. Re-recruitment of the Harvard cohort (NIMH MH56956,
JMG, P.I.) involved recruitment letters to probands, case managers, guardians, and home
visits for those without phones or listed numbers. Fifty probands were scanned, out of whom
data from two were excluded due to motion artifacts.

Normal comparison subjects—(n = 40) were recruited through advertisements in the
catchment areas and notices posted on hospital bulletin boards from which the patients were
ascertained (Goldstein et al., 2002; Seidman et al., 2002). They were selected to be
comparable to patients on age, sex, ethnicity, parental socioeconomic status (SES), and
handedness and screened for current psychopathology (Vincent et al., 1984) and family
history of psychoses or psychiatric hospitalizations. Potential controls were excluded if they
had current psychopathology or lifetime history of any psychosis, family history of
psychosis or psychiatric hospitalization, or if any MMPI clinical or validity scale, except
Masculinity-Femininity, was above 70.

Makris et al. Page 3

Psychiatry Res. Author manuscript; available in PMC 2011 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Blindness of assessments was maintained among MRI data and psychiatric status and
subjects' sex. Written informed consent was obtained from all subjects after providing a
complete description of the study, and they were compensated for their time and
participation. This study was approved by Harvard Medical School and hospital
(Massachusetts Mental Health Center and Massachusetts General Hospital) Human Studies
committees.

Multiplex and simplex cases and normal comparisons were comparable on gender, middle-
to lower-middle parental SES and right-handedness, thus Table 1 shows the combined
proband characteristics. The probands' education was typically high school completion and
some college. Probands primarily had undifferentiated or paranoid subtypes (see Table 1)
and were clinically stable, living in the community with mild to moderate negative and
positive symptomatology. Patients were a chronically disabled group with average
chlorpromazine-equivalent neuroleptic daily dose not significantly different between family
types. Patients and controls did not differ significantly on parental education, handedness, or
past alcohol use (see Table 1). There were significant differences by education, estimated
IQ, and past drug use, most likely reflecting illness effects.

Neuropsychological and Clinical Measures
The Vocabulary and Block Design subtests of the Wechsler Adult Intelligence Scale-
Revised (Wechsler, 1981) estimated current general intelligence (Brooker & Cyr, 1986); and
the Reading subtest of the Wide Range Achievement Test – Revised (Jastak & Jastak, 1984)
was used as an estimate of intellectual potential (Kremen et al., 1995). The Annett Scale
(Annett, 1970) was used as a measure of handedness. Quantitative symptomatology was
assessed using the Scales for the Assessment of Negative (SANS) and Positive (SAPS)
Symptoms (Andreasen & Olsen, 1982). Positive symptom domains included delusions,
hallucinations, positive formal thought disorder, and bizarre behavior. Negative symptom
domains included flat affect, alogia, anhedonia/associability and avolition/apathy.

MRI Parameters and Segmentation Procedures
T1-weighted MRI scans were acquired at the Athinoula Martinos Biomedical Imaging
Center at Massachusetts General Hospital (MGH) with a 1.5 Tesla General Electric Signa
scanner. Contiguous 3.1 mm coronal (in-plane resolution = 0.9375 mm × 0.9375 mm)
spoiled gradient echo images of the entire brain were obtained using the parameters: TR =
40 msec, TE = 8 msec, flip angle = 50°, field of view = 30 cm, matrix = 256 × 256, and
averages = 1. MR images were analyzed at the MGH Center for Morphometric Analysis
(CMA). Images were positionally normalized to adjust for variation in head position by
imposing a standard 3D coordinate system on MR scans (Filipek et al., 1994; Caviness et al.,
1996b), and resliced into normalized 3.1 mm coronal scans.

Scans were segmented using a semi-automated technique, described in (Rademacher et al.,
1992; Filipek et al., 1994; Caviness et al., 1996b; Goldstein et al., 1999; Seidman et al.,
1999), which yields separate compartments of neocortex, subcortical gray nuclei, white
matter, and ventricular system subdivisions generally corresponding to natural tissue
boundaries distinguished by signal intensities in the T1-weighted images. The neocortex was
subdivided into bilateral parcellation units based on the system in (Caviness et al., 1996b)
and applied in (Goldstein et al., 1999) to schizophrenia (see Figure 1).

White matter parcellation
White matter parcellation follows cortical parcellation and is a procedure that subdivides the
cerebral white matter comprehensively into eighty-one (81) fine grained parcellation units
based on boundaries delineated by prior segmentation and parcellation in addition to six
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anatomical nodal points at the corpus callosum and deep gray matter (see Figure 2) (Makris
et al., 1999;Meyer et al., 1999). Operationally, this technique is semi-automated in that it
consists of a combination of manual and automated routines. Once a set of anatomical
landmarks has been identified and specified manually on the individual brain, the system is
virtually automated (Makris et al., 1999;Meyer et al., 1999). This anatomically-specified
system of analysis allows parcellation of the cerebral white matter into discrete,
volumetrically quantifiable parcellation units (PUs), grouped into a superficial zone and a
deep zone. The superficial zone or superficial white matter, composed of 47 PUs, contains
white matter underlying the entire cerebral cortex except that subjacent to the insula, i.e., U-
fibers and corona radiata. The deep zone instead is composed of 34 PUs and contains the
sagittal strata systems or sagittal systems (29 PUs) and the bridging systems (5 PUs). The
sagittal systems include three major classes of axonal systems: a) major cortico-cortical
ipsilateral long association fiber pathways, b) projection fibers linking cortex, thalamus,
basal ganglia, amygdala, hippocampus, pons, brainstem, and spinal cord, and c) the callosal
commissural system. The bridging systems consist of the internal capsule, basal forebrain
fiber systems such as the ventral amygdalofugal pathway, as well as the fornix, anterior
commissure and dorsal and ventral hippocampal commissures (Makris et al., 1999).
Although most white matter tracts are not discernable in the T1-weighted MR images (with
few exceptions such as the corpus callosum), this parcellation system was originally
conceived and validated for its anatomical accuracy and reliabilty. This was done on the
basis of knowledge of the precise anatomy of fiber tracts using histological material (Makris
et al., 1999) and DT-MRI (Makris et al., 1999) in the human brain and also compared with
and extrapolating from experimental non-human primate material (Makris et al., 1999).
Thus it is a strength of this method that based on T1-weighted MRI data there can be
inferred locations and size of fiber tracts with notable approximation. For instance, as
identified and measured by our method, the paralimbic WM (which includes the cluster of
anterior cingulate white matter (wm) or CGa wm, posterior cingulate wm or CGp wm,
paracingulate wm PAC wm, anterior parahippocampal wm or PHa wm, posterior
parahippocampal wm or PHp wm, subcallosal wm or SC wm, temporal wm or TP wm and
frontoorbital wm or FOC wm) contains a long cortico-cortical association fiber pathway,
namely, the cingulum bundle, the cingulate short and medium range association fibers as
well as the projection fibers by which the cingulate cortex is connected with the thalamus,
the pons, the striatum, the amygdala and the hippocampus. It has, therefore, to be noted that
when we use the term “connections” or “connectivity” throughout the text with respect to
our results, this is only an approximation, given the limitations of our volumetric method.
The corpus callosum was parcellated into seven regions, based on criteria of
interhemispheric cortical connectivity (Witelson, 1989;Makris et al., 1999).

Volumes, measured in cubic centimeters (cc), were calculated for brain regions. This was
done for each slice by multiplying the slice thickness by area measurements (namely, the
number of pixels representing that region by the pixel in-plane resolution) on each slice.
Once the volume of a region was determined on each slice the region appeared, we then
added the volumes of that region in all individual slices to derive the total volume of the
region. Very good inter- and intra-rater reliability of regions has been established in
previous studies e.g. (Herbert et al., 2004).

Statistical Analyses
Given that volumetric findings were similar in simplex and multiplex cases, we combined
the two patient groups. Parental SES and age were not significantly different between the
two proband types, although we still controlled for age to insure comparability with controls.
Twelve brain regions (i.e., as shown in Table 2, namely, frontal, temporal, parietal, occipital
and paralimbic superficial white matter, CC, CG white matter, SS, SI, ST, basal forebrain
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white matter and internal capsule) were tested as components of the superficial white matter,
sagittal and bridging systems. General linear model for correlated data (GLM-CD (Canaan
et al., 1997)) was used to compare cases and controls across these brain regions within the
white matter of the superficial and deep zones, controlled for age, sex, and total cerebral
volume. GLM-CD is a multivariate model that controls for intra-person correlation across
multiple brain regions, thus providing a “protected” test of group effects across multiple
brain regions. The first overall test included the total corpus callosum (CC). In a second
GLM-CD, we investigated group differences across the seven components of the CC, as
suggested by Witelson (Witelson, 1989;Makris et al., 1999), i.e., the rostrum (sector CC1),
genu (sector CC2) anterior body (sector CC3 (premotor, cingulate), CC4 (motor)) posterior
body CC (sectors CC5 (somatosensory) and CC6) and splenium (sector CC7). In a third
GLM-CD, we investigated whether there were laterality differences across the twelve brain
regions defined as asymmetry measures of each brain region. Asymmetry of each of the
brain regions was measured, as in (Geschwind & Galaburda, 1985a), using two times the
difference between left minus right hemisphere volume divided by left plus right volumes.
Handedness was controlled in GLMs of the white matter asymmetries. Finally, correlations
of white matter abnormalities with positive and negative symptomatology were conducted to
begin to investigate functional correlates of patterns of structural abnormalities.
Correlational analyses were exploratory given lack of apriori hypotheses about specific
white matter abnormalities and specific symptoms.

Results
The overall multivariate test for the twelve superficial sagittal and bridging system brain
regions (in Table 2) demonstrated a significant group difference between patients and
healthy controls [F (12, 131) = 2.89; p = .001]. Within the superficial white matter, the
occipital and paralimbic regions showed volumetric reductions in patients compared to
controls (significant and at a trend level, respectively). In contrast, in the sagittal system,
cingulate (SCG) and sagittal temporal (SST) regions were significantly larger in patients
than controls (see Table 2 and Figure 3).

The overall F test for the seven components of the corpus callosum (CC) was significant (F
(7, 131) = 3.18, p = 0.004). As seen in Table 3 in patients compared to healthy controls, the
rostrum (sector CC1) was significantly larger, and the posterior CC (sectors CC5 and CC6)
and splenium (sector CC7) significantly smaller [with smaller genu (CC2) volume at a trend
level (p<.10)] (see Table 3). The overall test of asymmetry differences of the superficial
white matter, sagittal and bridging systems was not significant. In fact, the temporal sagittal
system was the only region that showed a significant reduction in rightward asymmetry in
patients compared to controls (controls: 10.7% rightward (SD 16.7%); patients: 3.7%
rightward (SD 14.2%; t(132) = 2.5, p = 0.012). Group differences regarding the CC
components were bilateral, however, more pronounced on the left. The sagittal temporal
white matter region was the exception to this, which was different only in the left
hemisphere.

In exploratory analyses to investigate the functional correlates of the differential volumetric
increases and reductions in white matter abnormalities in schizophrenia, regions were
correlated with positive and negative symptomatology. Occipital, cingulate and sagittal
temporal regions were positively correlated with positive symptoms, in particular
hallucinations (Table 4). Bizarre behavior correlated significantly with the sagittal temporal
region. Alogia, a negative symptom was significantly negatively correlated with the
cingulate region (Table 4). Correlational analyses of the significant white matter regions
with symptomatology showed that increased white matter volume was significantly
associated with increases in positive symptoms, such as delusions and hallucinations,
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whereas decreased white matter volumes were significantly associated with the negative
symptom, alogia.

Discussion
Results in this study demonstrated a characteristic pattern of WM alterations that correlated
with symptoms in schizophrenia. Specifically, superficial WM underlying the cortex of the
occipital and paralimbic regions was significantly smaller in patients than controls, whereas
WM within the cingulate gyrus and core of the temporal lobe was significantly larger in
patients than controls. The sagittal temporal WM region was larger exclusively in the left
hemisphere, whereas in other regions, the effects were bilateral but more pronounced on the
left. Furthermore, the callosal rostrum was significantly larger, whereas the posterior part of
the body and splenium of the corpus callosum were significantly smaller in patients
compared to healthy controls. Moreover, the temporal sagittal system showed a significant
reduction in rightward asymmetry in patients compared to controls, potentially having
etiologic implications involving the laterality hypothesis of schizophrenia (Crow, 1997a,
1997b). We understand that the voxel size used in this study is larger than what is currently
used in the literature. However, this would not affect the pattern of results given that all
subjects and all regions were subjected to this larger voxel size, and we would argue our
findings may have been attenuated using a larger voxel size with regard to specificity of the
results.

The behavioral implications of these WM abnormalities include a set of significant
associations in patients with schizophrenia of significant positive correlations of WM
volume with positive symptoms, such as hallucinations, delusions and bizarre behavior, and
significant negative correlation between (smaller) WM volume with higher negative
symptoms, such as alogia. Although this profile of abnormalities is complex, these
exploratory initial findings suggest a pattern of limbic-paralimbic and temporal lobe WM
abnormalities that may underlie behavioral impairments in schizophrenia. Furthermore and
importantly, the identification of this complex pattern of structural WM brain volumes was
made possible by the unique ability of the method used herein to quantitatively and
topographically capture WM structures across all hierarchical scales of magnitude.

Previous literature on WM in schizophrenia is not entirely consistent (see e.g., (Kubicki et
al., 2005a; Kubicki et al., 2005b; Kubicki et al., 2007)). This may be due to a wide range of
methodological variation such as sample size, subject characteristics, MRI acquisition
parameters, image analysis techniques, method of anatomic definitions of regions of interest
(ROI), and statistical techniques. Significantly smaller volumes of WM in schizophrenia
have been documented in studies conducted by a number of independent research groups
using different MRI methodologies that principally perform segmentation using anatomic
ROI-based or voxel-based procedures at the lobar or region-specific or whole brain level
((see e.g., (Colter et al., 1987; Breier et al., 1992; Andreasen et al., 1994; Marsh et al., 1997;
Cannon et al., 1998a; Meisenzahl et al., 1999; Paillere-Martinot et al., 2001; Sigmundsson et
al., 2001; Okugawa et al., 2002; Suzuki et al., 2002; Bartzokis et al., 2003; Christensen et
al., 2004b; Hulshoff Pol et al., 2004)). Other studies, however, have shown frontoparietal
WM volumetric increases which were associated with severity of illness with regard to
frontal WM (Lim et al., 1999). Larger inferior frontal WM volume has also been associated
with suicidality and self-aggression in schizophrenia (Rüsch et al., 2008).

The DT-MRI method is powerful in identifying characteristics of specific fiber tracts
(Pierpaoli et al., 1996; Makris et al., 1997; Mori et al., 1999) and in recent years, there has
been extensive work in schizophrenia using DT-MRI as reviewed previously (Kubicki et al.,
2007) and in the Introduction. Importantly, studies have shown that good outcome
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schizophrenia patients show less extensive decrease in WM FA and also increased WM FA
in regional frontal and cingulate WM (Lim et al., 1999). Although DT-MRI investigations
enable us to target specific fiber tracts efficiently, a comprehensive volumetric analysis of
parcels of WM throughout the cerebrum is very difficult with currently available DT-MRI
methodologies. This analysis is particularly arduous for certain categories of fiber systems,
such as the superficial zone of the white matter, which is populated principally by U-fibers,
immediately underneath the cerebral cortex providing local connectivity.

The present study differs from other investigations in that it employs a unique volumetric
method based on T1-weighted MRI that analyzes the brain white matter comprehensively,
rank-orders it hierarchically in progressive scales of magnitude and subdivides it into
neurobiologically meaningful parcels allowing for interpretation of results in the context of
systems organization and development (Kennedy et al., 1998; Caviness et al., 1999; Makris
et al., 1999). As a methodology, it has been validated and served diverse study purposes in
basic and clinical neuroscience (Caviness et al., 1999). Other established methods of
volumetric analysis, such as voxel-based morphometry (VBM) (Ashburner & Friston, 2000)
are currently used extensively and efficiently for volumetric group comparisons. Aside from
versatility, VBM is less costly than the method used in the present study. However, VBM is
not optimal for investigations that aim to study a comprehensive profile of brain volumes
and their covariances across the entire brain nor the course of volumetric changes from
development into adulthood (Caviness et al., 1999). The volumetric method used herein is
suitable for answering these types of questions regarding brain volumes across regions
(Caviness et al., 1999) using appropriate statistical methods of analysis of variability
(Kennedy et al., 1998) that are relevant for the study of psychiatric disorders associated with
abnormal development, such as in schizophrenia. Furthermore, it is currently thought that
studying anatomically organized regions in structural and functional circuits is an important
avenue to identify biomarkers for a disease (Hyman & Nestler, 1993; Breiter et al., 2006)
with diagnostic and treatment implications. Correlation between measures of anatomical and
clinical alterations, i.e., symptoms, is an additional indication of the importance these
observations may have with respect to the manifestation of the disorder.

The trend of volumetric changes in white matter across hierarchical scales and categories
that we observed in patients with schizophrenia presented a profile as follows. Regions in
the sagittal and bridging systems showed significant volumetric increases, whereas
superficial white matter regions (i.e., occipital and paralimbic) were reduced in volume.
Further, within the sagittal system, the cingulate (SCG) and sagittal temporal (SST) regions
were significantly larger in patients than controls (see Table 2). These findings indicate that
alterations of major limbic association fiber systems, such as the cingulum bundle, are
present in schizophrenia predominantly, in the right hemisphere, emphasizing abnormalities
of key neurobiological components for self-regulation and emotional processing.

Moreover, the left temporal WM sagittal system, carrying the principal association fiber
tracts of the superior, middle and inferior temporal gyri and fusiform and parahippocampal
gyri, was abnormal indicating abnormalities in structures supporting basic analytical
processing and fundamental cognitive processes such as language and gnostic behaviors
(Heilman & Valenstein, 1985). In contrast, the superficial WM of the occipital and
paralimbic regions were smaller in patients than controls (see Table 2). These findings
denote deficits in local fiber systems within the occipital lobe and cingulate and
parahippocampal regions indicating additional abnormalities related to visual processing,
self-regulative and affective behaviors.

The cingulum bundle in particular connects the cingulate cortex bidirectionally with the
anterior thalamus and prefrontal, medial and lateral parietal, and mesial temporal regions
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(shown in Figure 3 (Mufson & Pandya, 1984;Makris et al., 2002)), with behavioral
associations, such as memory, attention, learning, pain perception, motivation, emotion and
autonomic function (Yakovlev & Locke, 1961;Devinsky et al., 1995;Mesulam, 2000). Its
structural damage may alter communication of the cingulate cortex with prefrontal and
subcortical limbic centers resulting in failure of key cortical and subcortical properties to
mediate decision-making and control of drives (Cohen et al., 2000;Paus, 2001). Thus this
alteration contributes to altered functioning of the limbic system (Goldstein et al.,
1999;Kubicki et al., 2003b) with disconnection of affect and cognition, a hallmark of
schizophrenia.

Furthermore, the corpus callosum (CC) showed significant differences in most of its seven
component parts between patients and healthy controls. Rostral callosal regions, which
interconnect ventral prefrontal paralimbic cortices (rostrum or sector CC1) and
paracingulate, anterior cingulate, premotor and supplementary motor cortices (anterior
portion of the callosal body or sector CC3) showed volumetric increases. In contrast, the rest
of this commissure connecting the somatic sensory and posterior cingulate cortices, parietal
and temporal heteromodal association cortical areas (posterior sectors CC5 and CC6) and
visual association cortices (splenium or sector CC7) and (at a trend level of significance)
frontopolar and dorsal prefrontal cortical areas (genu or sector CC2) were reduced in
volume.

Our findings showing an overall volumetric decrease of the total corpus callosum reflect the
general pattern reported in the literature which consist primarily of studies that have
investigated callosal area as distinct from CC volume in our study (Woodruff et al., 1995).
With respect to the regional changes in size of the corpus callosum (see e.g., (Walterfang et
al., 2006)), surface measurements have shown reductions in regions of the corpus callosum
associated with prefrontal, motor, superior temporal and inferior parietal cortices (DeQuardo
et al., 1999; Keshavan et al., 2002). Our findings support reductions in volumes of callosal
regions associated with prefrontal, temporal and parietal cortices. Thus, we demonstrated
some consistency in CC findings comparing surface measurements with volumetric
measurements. However, our volumetric findings also revealed CC increases in the rostral
area (connecting ventral prefrontal paralimbc cortices) and anterior CC body (with
connections to paracingulate, anterior cingulate, premotor and supplementary motor
cortices), suggesting that surface and volume measurements may reflect some differences in
their neurobiology. This profile of detailed callosal volumetry indicates that
interhemispheric connectivity between broad regions related to cognitive and limbic-
paralimbic processing is altered in schizophrenia. We suggest that the particular pattern
identified in this study of intrahemispheric white matter abnormalities within the limbic-
paralimbic and temporal cortical regions (i.e., local fibers within the limbic-paralimbic
regions, cingulum and the long connections of the temporal lobe coursing in the temporal
sagittal stratum; see Figure 3) is exacerbated by largely altered interhemispheric callosal
connectivity. This may leave scarce or no available alternative pathways for normal
processing of certain cognitive, affective and self-regulative behaviors in a brain affected by
schizophrenia.

Volumetrically abnormal cerebral WM structures were positively correlated with positive
symptoms (i.e., hallucinations, delusions and bizarre behavior) and negatively correlated
with negative symptoms (i.e., alogia) (Table 4). Although these findings are exploratory and
thus multiple tests performed, the pattern showed that the identical set of WM structures
(i.e., paralimbic superficial WM and association fiber systems of the sagittal systems deep
sector), was associated with positive symptoms when larger in volume and negative
symptoms when smaller in volume. Although these findings need replicating, they indicate
that negatively correlated structural abnormalities of local connections within the limbic-

Makris et al. Page 9

Psychiatry Res. Author manuscript; available in PMC 2011 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



paralimbic system and distal connections between different multimodal limbic and non-
limbic prefrontal and parietal association areas in the cerebrum may contribute to positive
and negative symptoms in schizophrenia. This may lead to a breakdown in coherency of
representations necessary for efficient self-regulation, emotional behavior and directed
action (Spencer et al., 2003;Vierling-Claassen et al., 2008). Further, there was a disruption
in the normal symmetry of the temporal sagittal system. Numerous previous studies have
demonstrated disrupted asymmetry in schizophrenia particularly in the temporal lobe
(Shenton et al., 1992;Crow, 1997a,1997b). Laterality is a process that begins in fetal
development, genetically and hormonally developmentally regulated, and thus may suggest
that our WM results have developmental origins.
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Figure 1. Segmentation and Cortical and White Matter Parcellation
In a-c, the raw image of a coronal section (a) and the Center for Morphometric Analysis
(CMA) general segmentation methodology of the cortical and subcortical structures (b, c) is
shown (Filipek et al., 1994; Makris et al., 1999). The result of the detailed CMA cortical
parcellation is shown in d (Rademacher et al., 1992; Caviness et al., 1996b). In e, the result
of the CMA white matter parcellation technique used in the present study (Makris et al.,
1999; Meyer et al., 1999) is shown.
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Figure 2. Topographic and Volumetric White Matter Parcellation
CMA white matter parcellation follows general segmentation and cortical parcellation and is
a virtually an automated procedure, which requires a manual pre-processing step consisting
on the identification and selection of six anatomical nodal points at the corpus callosum and
deep gray matter (Makris et al., 1999; Meyer et al., 1999). Although minimal in terms of
time required, this manual step is critical to guarantee the anatomic accuracy of the
procedure. This anatomically-specified system of analysis allows parcellation of the cerebral
white matter into a superficial zone or superficial white matter (referred in this figure as
“radiate” zone) and a deep zone, which contains the sagittal strata systems or sagittal
systems and the bridging systems (referred in this figure as “deep and bridging” zone). The
sagittal systems include three major classes of axonal systems: a) the major cortico-cortical
ipsilateral long association fiber pathways, b) the projection fibers linking cortex, thalamus,
basal ganglia, amygdala, hippocampus, pons, brainstem, and spinal cord, and c) the callosal
commissural system. The bridging systems consist of the internal capsule, basal forebrain
fiber systems such as the ventral amygdalofugal pathway, as well as the fornix, the anterior
commissure and the dorsal and ventral hippocampal commissures (Makris et al., 1999). The
parcellation of the radiate zone provides 47 parcellation units of superficial white matter
shown in a color-coded scheme in the plate on the far left side of this figure.
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Figure 3. White Matter Abnormalities in the Cerebrum in Schizophrenia
The salient results of this study are shown in a series of 3-D visualizations in a human
cerebrum. The white matter regions abnormal in schizophrenia are rendered in a color-coded
fashion. The occipital superficial white matter bilaterally is shown in yellow, right
paralimbic white matter (including the cingulum) shown in red, the left deep temporal
sagittal system white matter shown in green, and the majority of the corpus callosum shown
in dark blue. The 3-D reconstructions have been done using an in-house tool called SVV
(surface and volume visualizer).
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Table 1
Demographic characteristics of the sample*

Controls Subjects with Schizophrenia

n = 48 n = 88

Variable Mean ± Std Dev Mean ± Std Dev P-value

Age at MRI 40.4 ± 10.9 44.6 ± 9.7 0.02

Years of Parental Education 12.1 ± 2.3 12.0 ± 2.6 0.74

Years of Subject's Education 14.8 ± 2.3 12.6 ± 2.4 <0.0001

IQ Estimate1 112.6 ± 13.1 96.7 ± 16.2 <0.0001

WRAT-R Reading2 105.1 ± 11.7 98.9 ± 18.0 0.03

Past Drug Use3 0.5 ± 0.8 0.6 ± 1.0 0.32

Past Alcohol Use3 1.0 ± 0.9 1.0 ± 1.3 0.94

Gender (% Male) 56.2% 67.1% 0.21

Ethnicity (% Caucasian) 93.7% 80.7% 0.04

Handedness (% Right) 91.7% 80.5% 0.07

Age at First Hospitalization - 22.9 ± 6.3

Number of Hospitalizations - 7.8 ± 9.4

Diagnosis:

 Undifferentiated - 38 (3%)

 Paranoid - 30 (34%)

 Disorganized - 15 (17%)

 Schizoaffective - 5 (6%)

Antipsychotic cholorpromazine equivalents4 - 681 ± 460
(range: 80-2250)

1
IQ estimate derived from vocabulary and block design age scale scores (Brooker and Cyr, 1986).

2
WRAT-Reading=Wide Range Achievement Test–Revised (Jastak and Jastak, 1984).

3
Substance abuse ratings: 0=never/occasional use; 1=recreational (episodic) use; 2=regular use; 3=abuse (for a period of six months to five years);

4=sustained abuse (for greater than five years).

4
All subjects were clinically stable. CPZ equivalents were calculated using a standard formula for converting the specific typical & atypical

antipsychotic medications.

*
Some of this demographic information was reported in (Goldstein et al., 1999; Goldstein et al., 2002; Seidman et al., 2002; Seidman et al., 2003).
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Table 4

Spearman Correlation Coefficients between Symptomatology and Significant White Matter Regions.
Abbreviations: CG = cingulate white matter; ST = temporal sagittal stratum.

Region Alogia SANS 13 Hallucinations SAPS7 Delusions SAPS20

Occipital superficial white matter -0.330 * 0.290 * 0.176

Paralimbic superficial white matter -0.231 * 0.399 * 0.233 *

Total sagittal system -0.246 * 0.284 * 0.249 *

CG sagittal system -0.245 * 0.234 * 0.160

ST sagittal system -0.006 0.344 * 0.207

*
p < .05
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