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Abstract
Mean diffusivity (MD), the rotationally invariant magnitude of water diffusion that is greater in CSF
and smaller in organized brain tissue, has been suggested to reflect schizophrenia-associated cortical
atrophy. Regional changes, associations with CSF, and the effects of genetic predisposition towards
schizophrenia, however, remain uncertain. Six-direction DTI and high-resolution structural images
were obtained from 26 schizophrenia patients, 36 unaffected first-degree patient relatives, 20 control
subjects and 32 control relatives (N = 114). Registration procedures aligned DTI data across imaging
modalities. MD was averaged within lobar regions and the cingulate and superior temporal gyri. CSF
volume and MD were highly correlated. Significant bilateral temporal, and superior temporal MD
increases were observed in schizophrenia compared to unrelated control probands. First-degree
relatives of schizophrenia probands showed larger MD measures compared to controls within
bilateral superior temporal regions with CSF volume correction. Superior temporal lobe brain tissue
deficits and proximal CSF enlargements are widely documented in schizophrenia. Larger MD indices
in patients and their relatives may thus reflect similar pathophysiological mechanisms. However,
persistence of regional MD effects after controlling for CSF volume, suggests that MD is a sensitive
biological marker of disease and genetic liability, characterizing at least partially distinct aspects of
brain structural integrity.
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1. Introduction
A substantial amount of imaging evidence supports that schizophrenia affects multiple brain
systems. When brain abnormalities similar to those detected in schizophrenia patients are also
observed in unaffected biological relatives of patients, differences in structural and/or
functional anatomy may indicate markers of schizophrenia-related genetic susceptibility.
However, the identification of imaging endophenotypes that show robust disease effects and
that indicate a genetic vulnerability towards the disorder has proved challenging. Advanced
analysis strategies exploiting different imaging modalities may increase the likelihood of
detecting subtle brain changes that serve as biological markers for schizophrenia and
schizophrenia-related genetic predisposition, as well as elucidate the pathophysiological
mechanisms underlying the disease.

Cerebrospinal fluid (CSF) enlargements are amongst the most replicated structural brain
abnormalities observed in chronic schizophrenia (Shenton et al., 2001; Narr et al., 2006). CSF
increases are also reported in healthy biological relatives of schizophrenia patients (Seidman
et al., 1997; Cannon et al., 1998; Sharma et al., 1998; Staal et al., 2000; Styner et al., 2005),
suggesting schizophrenia-related genetic factors contribute to increases in brain CSF
compartments, although this hypothesis is not always supported (Cannon et al., 1998; van
Haren et al., 2004). During normal brain maturation and aging, brain tissue loss is accompanied
by increases in CSF. In schizophrenia, CSF enlargements are similarly associated with brain
tissue reductions (Suddath et al., 1989; Gaser et al., 2004). However, although reduced brain
tissue volumes, particularly of gray matter, appear characteristic of the disorder, effect sizes
are small and regional findings lack consistency (Ward et al., 1996; Shenton et al., 2001). That
is, while changes in gray matter properties (volume, density and/or laminar thickness) in medial
and superior lateral temporal regions are most replicated, gray matter changes in frontal,
parietal and occipital sensory, motor and/or association cortices are in less agreement across
studies (Shenton et al., 2001; Kuperberg et al., 2003; Honea et al., 2005; Narr et al., 2005a;
Narr et al., 2005b). Variations of CSF, which complement modest global and/or regional
changes in gray or white matter, may thus provide a more reliable biomarker for the disease
(Narr et al., 2003).

Recently, diffusion tensor imaging (DTI) methods have been employed to isolate
schizophrenia-related changes in brain structure not measurable with other imaging modalities.
With DTI, the magnetic resonance (MR) signal is made sensitive to the random diffusion of
water molecules. When using at least six non-collinear gradient directions, the diffusion tensor
in each image voxel can be calculated to estimate the magnitude and the principal directions
of diffusion (Basser et al., 1994). Since water diffusion is more likely to be anisotropic in
ordered white matter and less anisotropic within gray matter, CSF, or where fibers are
disorganized, rotationally invariant scalar measures derived from the diffusion tensor can be
used as a metric of white matter integrity. Mean diffusivity (MD), the trace of the diffusion
tensor divided by three (or the directionally averaged apparent diffusion coefficient (ADC)),
is another measure that may be extracted from DTI data or from any set of diffusion-weighted
images with three or more directions to characterize brain structure. Unlike diffusion
anisotropy measures, which are higher in coherent white matter, MD is greater in CSF where
water diffusion is less restricted by cellular fibers and structure (Basser and Pierpaoli 1996).

To date, most schizophrenia DTI studies have focused on estimating changes in white matter
integrity using fractional anisotropy (FA) indices (Kubicki et al., 2007). Although fewer
investigations have examined MD as a means to characterize changes in brain morphology,
and in spite of small sample sizes, prior evidence suggests MD increases occur within the
cerebral tissue of schizophrenia subjects. For example, five recent studies using whole-brain
voxel-based methods report MD increases in some overlapping brain regions (Ardekani et al.,
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2005; DeLisi et al., 2006; Rose et al., 2006; Shin et al., 2006; White et al., 2007). Specifically,
Ardekani et al. (2005) reported larger MD in the insular, temporal (lateral and medial) and
occipital regions in schizophrenia (n = 15) compared to healthy subjects (n = 15). This result
was similar to the findings of Shin et al. (2006), who showed increased MD in temporo-frontal
regions in patients (n = 19) compared to controls (n = 21). Similarly, MD increases in temporal
(parahippocampal and superior temporal) regions were identified by Rose and colleagues
(2006), although clusters of significance distributed in medial frontal, parietal and subcortical
regions were further observed in patients (n = 12) with respect to controls (n = 12). The only
published study assessing MD in individuals at high-risk for schizophrenia (n = 15), in addition
to schizophrenia patients (n = 15) and controls (n = 25), identified clusters of greater MD in
left frontal, parahippocampal and occipital regions in both high-risk and schizophrenia subjects
compared to controls (DeLisi et al., 2006). Finally, MD increases in posterior hippocampal
regions have been implicated in child and adolescent onset schizophrenia (n = 15), when
compared to demographically similar healthy subjects (n = 15) (White et al., 2007).

Although prior evidence suggests that schizophrenia-related MD increases occur in frontal and
lateral and medial temporal regions most consistently, considerable variations in the spatial
location of findings exist at the voxel-level. Inter-subject variation in brain structure, the lower
resolution of DTI data and accompanying registration errors may all influence the ability to
map the precise location of MD effects at the voxel level. Examining MD changes in larger
search regions, however, may circumvent some of these issues and benefit from increases in
statistical power. Thus, in this study we applied a regions-of-interest (ROI) approach to
investigate local MD changes in schizophrenia. Using spatially aligned high-resolution T1 MR
imaging data, MD was measured in lobar regions as well as the cingulate and superior temporal
gyrus; cortical regions that are amongst those most implicated in the disorder (Shenton et al.,
2001; Narr et al., 2005b). Since CSF enlargements are widely observed in schizophrenia and
may reflect the same neuropathological processes assessed by MD, we further aimed to
establish the relationships between these measures, and examined MD changes before and after
removing the variance associated with CSF volume from the data. Relationships between MD
and gray matter and white matter volume were additionally assessed. Finally, since some
evidence suggests that CSF enlargements and possibly MD changes indicate a genetic
predisposition for the disorder (DeLisi et al., 2006), we newly investigated the presence of
disease as well as potential genetic-liability effects by studying schizophrenia patients,
unaffected first-degree relatives of patients, healthy control subjects and control first-degree
relatives (N = 114).

2. Methods
2.1 Subjects

Subjects included 26 adult-onset schizophrenia patients, 36 unaffected first-degree relatives of
patients, 20 healthy control subjects and 32 control first-degree relatives recruited from 59
nuclear families. Table 1 provides the demographic and clinical details of subjects. Exclusion
criteria for all subjects included neurological disorders (e.g., temporal lobe epilepsy) and
mental retardation and any evidence of drug abuse or alcoholism within at least six months
prior to assessment. Patients were additionally excluded if there was any evidence that a past
history of substance abuse triggered the psychotic episode, interfered with diagnosis or was a
factor in the course of illness. Control subjects were excluded if they had any past history of
alcohol abuse. Schizophrenia diagnosis was confirmed by consensus as determined by DSM-
IV criteria using the Structured Clinical Interview for DSM-IV (SCID) (First et al., 1994) and
by informant information. Clinical symptoms were assessed using the expanded 24-item Brief
Psychiatric Rating Scale (BPRS; Ventura et al., 2000). Family members of schizophrenia
patients were included if they were a first-degree biological relative of a patient with
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schizophrenia and met the inclusion criteria for all subjects. Community control probands were
recruited with demographic profiles similar to those of the schizophrenia probands. Control
subjects and first-degree relatives of controls were screened by clinical interview using the
SCID-NP to exclude schizophrenia and schizoaffective disorder and potential schizophrenia
spectrum disorders (schizotypal, paranoid, avoidant, and schizoid personality disorders).

Patients with schizophrenia were recruited through admissions and referrals from the UCLA
Aftercare Research Program and local public and private psychiatric hospitals and clinics in
the Los Angeles area. Patients were currently receiving standard antipsychotic medication
treatments (risperidone: n = 9, olanzapine: n = 4, ziprasidone: n = 2, aripiprazole: n = 7, haldol:
n = 1, clozapine: n = 1, quetiapine: n = 1, fluphenazine: n = 1). Community control subjects
were recruited using lists provided by a survey research company and telephone contact. The
UCLA Institutional Review Board (IRB) approved all research procedures and informed
written consent was obtained from all subjects.

2.2 Image Acquisition and Preprocessing
Whole brain DTI data was obtained on a Siemens 1.5T Sonata system where diffusion was
measured in six non-collinear directions including four averages (3×3×3 mm3, b-values 0,
1000; 50 axial brain slices oriented along the AC-PC line). High-resolution T1-weighted
structural MR data, collected on the same 1.5T Siemens scanner, included a 3D MP-RAGE
sequence also with four averages (NEX) (FOV: 256; 1×1×1 mm3; TR = 1900 ms; TE = 4.38;
Flip Angle: 15°).

Extra-cortical tissue was removed from the high-resolution structural MR data using BET
(Smith 2002) where small errors in automated processing were manually corrected on a slice-
by-slice basis. Image volumes were then corrected for RF inhomogeneities (Sled and Pike
1998), and for head tilt and orientation using a three-translation and three-rotation rigid-body
transformation (without scaling) (Woods et al., 1998a; Woods et al., 1998b). Frontal, temporal,
parietal and occipital as well as superior temporal and cingulate gyrus ROIs were defined using
established anatomic protocols (Marquardt et al., 2005; Taylor et al., 2005) and sulcal/gyral
landmarks for which intra- and inter-rater reliability has been previously established (Narr et
al., 2005a; Narr et al., 2005b) [Figure 1]. Scalp-edited structural data was classified on a voxel-
wise basis into the categories of gray matter, white matter and CSF using a partial volume
method (Shattuck et al., 2001). Volumes of each tissue compartment (gray matter, white matter
and CSF) and CSF volume estimates from each ROI were obtained for all subjects.

Siemens hardware coupled with pulse sequence design was used to ensure very low eddy
current distortions in the data. Specifically, our diffusion preparation used a dual bipolar
diffusion gradient and a double spin echo, thus achieving a high robustness against eddy
currents. For DTI data processing, affine six-parameter registrations were used to align DTI
images within subjects to reduce any residual eddy current effects, which were not apparent
based on visual inspection, and to correct for subject motion across data acquisition. That is,
each diffusion-weighted image was registered to the b0 image of each average, and the b0
images from each average were registered to the first b0 image obtained from each subject
(Woods et al., 1998a; Woods et al., 1998b). Twelve parameter affine registrations were then
used to align the DTI images from each subject to a template b0 image obtained from averaging
the b0 images from a single healthy control subject. Software developed locally reconstructed
the diffusion tensor at each voxel, providing measures of the three principal diffusion constants
(eigenvalues) and diffusion directions (eigenvectors) (Basser et al., 1994). MD was estimated
for each voxel according to the formula given in (Basser and Pierpaoli 1996). In order to obtain
average measures of MD within each ROI, twelve parameter affine registrations were used to
align the high-resolution T1-weighted volumes and structural ROIs to native DTI space
(Woods et al., 1998a; Woods et al., 1998b). ROIs derived from the T1 volumes were thus
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aligned to the diffusion images of each subject. MD measures were then obtained within frontal,
temporal, parietal, occipital, superior temporal and cingulate gyrus ROIs for each subject
[Figure 1].

2.3 Statistical Analysis
Pearson's correlation analyses were performed to examine the relationships between whole
brain MD and whole brain CSF, gray and white matter volumes across all subjects.
Relationships between regional CSF volumes, obtained from the tissue segmented structural
MR data, and regional MD indices were additionally examined.

To address our hypothesis that regional MD increases occur in schizophrenia, as well as to a
lesser extent in biological relatives of patients, with respect to comparison subjects, we
employed two analysis strategies. To identify regional schizophrenia effects, we compared
schizophrenia probands to unrelated control probands thereby also circumventing the need to
model the covariances between related subjects. To establish the presence of schizophrenia-
related genetic liability effects, we examined MD changes in family members of schizophrenia
patients compared to healthy controls and their relatives, taking into account the relatedness
of individuals.

Schizophrenia effects were assessed using disease status (schizophrenia probands versus
unrelated control probands) as a fixed factor and MD measures obtained from each ROI, not
shown to deviate from normality, as dependent variables. Sex and age were used as covariates,
and all statistical tests were performed both with and without controlling for regional CSF
volumes. Additional correction for total brain volume was not employed given that MD,
representing the overall magnitude of diffusion, is not expected to change as a function of brain
size. Since six separate regions were examined, and examination of regional measures in each
hemisphere was not considered to constitute an independent hypothesis, a Bonferroni-corrected
two-tailed alpha level of P < 0.008 was adopted as the new threshold of significance.

To examine schizophrenia genetic-liability effects, mixed-model ANOVAs, comparing
relatives of patients with control probands and relatives, were performed for each ROI
including family membership as a random factor. Statistical analyses again controlled for sex
and age, and results were examined both with and without covarying for CSF volume. Since
first-degree family members of schizophrenia patients share only half their genes on average
with patient probands, the magnitude of genetic-liability effects are expected to be of lesser
magnitude than those effects observed in schizophrenia. Thus, Bonferroni correction was
considered too conservative. Instead, for the examination of genetic liability effects, an
uncorrected two-tailed alpha level of P < 0.05 was adopted as the threshold of significance.
Since healthy control probands were included in the examinations of schizophrenia and genetic
liability effects as a means to maximize statistical power, post-hoc analyses comparing only
patient and control relatives were additionally performed to provide complete independence
of these two analyses.

Finally, for descriptive purposes, the analyses described above were applied to determine
whether regional CSF volume changes with and without controlling for the variance in overall
CSF volume occur within the same regions showing schizophrenia and schizophrenia-related
genetic liability effects for MD. In addition, for regions showing both significant disease and
genetic liability effects of MD, we performed post-hoc analyses of regional gray matter volume
changes.
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3. Results
MD and CSF measures obtained from the entire brain (Pearson's r = .80, df = 113, P < 0.0001)
and for each region of interest (r: .39-.82, df = 113, P < 0.0001) were highly correlated. Whole
brain MD and gray matter volumes also showed significant relationships (r = -.44, df = 113,
P < 0.0001), though to a lesser degree. Relationships between MD and white matter volumes
were not significant (r = -.01, df = 113, P > 0.10). The relationships of whole brain MD with
each brain tissue compartment are plotted in Figure 2.

Schizophrenia probands exhibited significantly larger MD indices within the left, F(1, 45) =
8.02, P < 0.007, and right temporal lobe, F(1,45) = 11.73, P < 0.001, and within the left, F
(1,45) = 12.31, P < 0.001, and right, F(1,45) = 19.32, P < 0.0001, superior temporal gyrus,
compared to unrelated control probands. Effects in the same regions were pronounced after
covarying for CSF volume, (F(1,44) = 14. 89; F(1,44) = 22.39; F(1,44) = 25.17; F(1,44) =
28.58, all P < 0.0001, for left and right temporal, and superior temporal gyrus regions
respectively).

First-degree relatives from families with a schizophrenia proband showed increased MD with
respect to control subjects and relatives in the left and right superior temporal gyrus after
covarying for CSF volume, F(1,84) = 7.05 and F(1,84) = 5.90 respectively, both P < 0.01.
These effects were at trend level significance without covarying for CSF (P < 0.10). Genetic
liability findings were similar when control relatives and patient relatives were compared
without including control probands in the analysis. That is, patient relatives showed larger MD
indices in the left (F(1,64) = 4.14, P < 0.05) and marginally in the right (F(1,64) = 3.86, P <
0.054) superior temporal gyrus with CSF volume correction compared to control relatives.
Significant schizophrenia and genetic liability effects for MD were absent for the other ROIs
examined. Figure 3 shows the 95% confidence intervals of the means for sex and age-regressed
superior temporal gyrus MD within control probands and relatives, relatives of schizophrenia
patients and schizophrenia probands with and without CSF volume correction.

For examination of regional CSF volumes, schizophrenia probands showed greater CSF within
superior temporal gyrus regions bilaterally (left: (F(1,44) = 12.59; right: F(1,44) = 4.70, P <
0.03) after correction for overall CSF volume, and within left superior temporal gyrus regions
F(1,45) = 5.53, P < 0.02 without correction. Significant schizophrenia liability effects were
observed for the left superior temporal gyrus after covarying for global CSF volume, F(1,83)
= 6.70, P < 0.01. Means and standard deviations for sex and age-adjusted MD and CSF volume
measures are provided in Table 2 within groups defined by disease status and family
membership.

Finally, post-hoc analyses of gray matter volumes within the superior temporal gyrus showed
significant schizophrenia effects for the right hemisphere, F(1, 44) = 4.22, P < 0.04 after
correction for overall gray matter volume (age and sex-adjusted mean ± SD for schizophrenia
probands: 18.44 ± 1.72 cm3 and control probands: 18.76 ± 2.19 cm3), but not in the left
hemisphere, P>0.05 (mean ± SD for schizophrenia probands: 19.95 ± 2.10 cm3 and control
probands: 19.91 ± 2.30 cm3). Relatives of patients with schizophrenia failed to exhibit
significant differences in superior temporal gyrus gray matter volumes compared to healthy
subjects, P > 0.10. Figure 4 shows the means and 95% confidence intervals for sex and age-
regressed superior temporal gyrus CSF and gray matter volumes within control probands and
relatives, relatives of schizophrenia patients and schizophrenia probands.

4. Discussion
Our data shows that MD increases within superior temporal regions serve as a biological marker
for schizophrenia and schizophrenia-related genetic liability. Although it is possible that the
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superior temporal MD increases observed in schizophrenia patients and first-degree relatives
of patients may result from harmful environmental effects shared by schizophrenia probands
and their relatives, the inclusion of both parents and siblings for analyses renders this hypothesis
less likely. However, the examination of twin cohorts or siblings raised apart, or the assessment
of genetic liability as a quantitative measure in multiply affected families (McDonald et al.,
2004), may be necessary to empirically confirm the role of genetic versus shared-
environmental influences on increased MD. Our findings also demonstrate that MD and CSF,
and to a lesser degree MD and gray matter volume, are highly correlated. These relationships
suggest that diffusion and brain tissue measures obtained from different imaging modalities
may reflect the same underlying neuropathology in schizophrenia. However, disease and
schizophrenia liability effects of MD remain after removing the variance associated with
changes in CSF volume, where MD effects were present in some regions even in the absence
of significant regional CSF changes. Thus, MD appears to characterize some distinct aspects
of brain structural integrity in schizophrenia.

Although MD increases within the temporal lobe, particularly the superior temporal gyrus,
may serve as a unique biomarker of disease processes in schizophrenia, MD may also act to
isolate changes in brain structure that are measurable, but less sensitive when surveyed with
other imaging modalities. In support of this hypothesis, changes in MD have been observed in
patients with head trauma even in the absence of observable abnormalities in conventional MR
data (Rugg-Gunn et al., 2001; Chappell et al., 2006; Salmond et al., 2006). MD thus appears
to serve as a marker for disturbances in tissue microstructure that stem from neuronal swelling
or shrinkage, changes in the extracellular space, and/or loss of axons and dendritic fibers.
Reports of neuronal atrophy, changes in neuronal density and reduced neuropil have been
documented in many schizophrenia postmortem studies (Selemon and Goldman-Rakic 1999;
Broadbelt et al., 2002; Black et al., 2004; Glantz et al., 2006). Changes in the cellular or
interstitial fluid compartments and reductions of neuropil may similarly account for the MD
changes, and perhaps to a lesser extent for changes in signal intensities segmenting as CSF or
gray matter measured from T1-weighted imaging data, in schizophrenia.

The significant MD increases in schizophrenia may also reflect sulcal and subarachnoid CSF
enlargements, separate from or in conjunction with, abnormalities in tissue microstructure.
Notably, larger CSF to brain tissue ratios and increased sulcal CSF are widely reported in
schizophrenia (Shenton et al., 2001). While fewer studies have investigated the regional
specificity of extra-cortical CSF changes, prominent increases in subarachnoid and sulcal CSF
surrounding perisylvian cortices, including the superior temporal gyrus bilaterally, have been
documented in independent schizophrenia samples when CSF changes were examined at very
high spatial resolution (Narr et al., 2003; Narr et al., 2006). These observations are compatible
with our findings of larger superior temporal CSF volumes shown by schizophrenia patients
and biological relatives of patients. Other ROI studies similarly document CSF increases in
temporal regions in schizophrenia patients (Zipursky et al., 1994; Cannon et al., 1998; Sullivan
et al., 1998; Hietala et al., 2003), and in healthy siblings of patients (Cannon et al., 1998),
although CSF increases other brain regions are also reported (Andreasen et al., 1994; Woods
et al., 1996; Cannon et al., 1998).

Gray matter reductions along with proximal increases of CSF manifest during normative brain
maturation and aging (Courchesne et al., 2000). Some investigators have suggested that MD,
which we have shown is positively associated with CSF and negatively associated with gray
matter, may act as a surrogate marker for detecting cortical atrophy in schizophrenia (Ardekani
et al., 2003; Ardekani et al., 2005; DeLisi et al., 2006). Although cortical gray matter
abnormalities have been reported across several sensory, motor and association regions in
schizophrenia, temporal lobe deficits, especially of superior temporal regions, are particularly
reproducible in schizophrenia imaging studies (Shenton et al., 2001). In our study, post-hoc
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analyses showed significant reductions of right superior temporal gyrus gray matter volume in
patients compared to controls, although effects were at trend level significance for the left
hemisphere and relatives of schizophrenia probands did not show significant evidence of
superior temporal gray matter changes in either hemisphere. These findings thus support the
conjecture that MD is a more sensitive measure for isolating regional changes in cerebral
structure that signify atrophy and/or disturbances in tissue microstructure.

The majority of prior DTI studies in schizophrenia have focused on examining scalar measures
of diffusion anisotropy, particularly FA. Although FA changes (mostly reductions) have been
reported in distributed brain regions (Kubicki et al., 2007), inconsistencies in results, perhaps
attributable to different methodological approaches applied in small cohorts, are frequent.
Although future studies are necessary to better understand how MD relates to diffusion
anisotropy measures that act as a marker for white matter integrity, our data show that MD and
white matter volume measures are poorly correlated. Our findings of increased MD within
temporal/superior temporal regions in schizophrenia patients are compatible with findings
from prior studies using voxel-wise methods of analysis (Ardekani et al., 2003; DeLisi et al.,
2006; Rose et al., 2006; Shin et al., 2006; White et al., 2007). Although MD increases have
been documented in several different brain regions with only some overlap across studies, all
investigations reported increased MD in temporal (medial and/or lateral) lobe regions in
schizophrenia. Only one prior investigation has examined MD in family members at risk for
developing schizophrenia (DeLisi et al., 2006). Results showed increased MD in left
parahippocampal and lingual gyrus regions (temporo-occipital lobe juncture) and within small
clusters in the left frontal lobe in both patients and high-risk subjects, compared to controls.
Notably, when ventricular size was measured in the same subjects, only schizophrenia patients
were shown to differ from controls. Though subject relatedness was not addressed and voxel-
based methods were employed in this prior investigation, these results lend support to the
hypothesis that MD may be a more sensitive measure than CSF volume assessments for the
early prediction of schizophrenia and/or genetic liability.

There are some limitations to this investigation that may also account for discrepancies
observed in regional MD results across studies. Firstly, the relatively low spatial resolution of
our DTI data may allow less precise measurement of MD within ROIs. Confounds relating to
the use of larger voxel sizes, however, are arguably more severe when comparisons are made
at the voxel level. Notwithstanding, very localized changes of MD discernable in voxel-based
studies may remain undetected when using larger ROIs. Since our study focused on examining
cortical ROIs, we were not able to detect MD changes that may be specific to the thalamus or
hippocampus, regions that are widely implicated in structural and functional neuropathology
of schizophrenia (Andreasen et al., 1999; Narr et al., 2002; Narr et al., 2004; McDonald et al.,
2005; Rose et al., 2006). However, since these smaller subcortical regions are defined primarily
by gray matter, diffusion imaging data with greater spatial and angular resolution may be
necessary to detect changes within these structures. Partial volume effects due to CSF
(Alexander et al., 2001) or other tissue types may also contribute to discrepant regional MD
findings in schizophrenia. Although we controlled for CSF volumes, it is possible that CSF
changes still act to influence MD measurements. Future studies may address this issue by using
FLAIR-DTI sequence to suppress effects of CSF directly. Although our study groups were
large relative to prior DTI investigations, subjects were not optimally matched for sex.
However, differences in subject demographics were addressed statistically. Furthermore,
although we combined control probands and relatives to maximize statistical power when
assessing genetic liability effects for MD, post-hoc analyses comparing patient and control
relatives exclusively were shown to reveal similar results. Previous research has shown that
type and duration of medication treatments influence brain structure in schizophrenia, e.g.,
(Lieberman et al., 2005). Notably, our observation of regional MD changes in biological
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relatives of patients similar to those observed in patients suggests that MD effects are not
attributable to medication effects or complicating factors relating to the illness specifically.

Our findings, examined within the context of prior schizophrenia studies exploiting different
imaging modalities, support that MD reflects both unique aspects of structural brain integrity
in schizophrenia, but is also related to structural changes detected in CSF (and to a lesser extent
with gray matter) through a common biological mechanism. Changes in MR signal, however,
appear to manifest as more robust MD differences. These findings may thus also indicate that
MD is a more sensitive marker of brain tissue deficits than signal intensity variations measured
in T1-weighted imaging data. Our results support that MD increases within superior temporal
cortices, regions that are widely implicated in the disorder, serve as a biomarker for
schizophrenia and schizophrenia-related genetic predisposition.
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Figure 1.
Regions of interest (ROIs), including the frontal, temporal, parietal and occipital lobe and the
cingulate and superior temporal gyrus, were defined in T1-weighted structural MR imaging
data (left). A twelve-parameter affine registration method aligned the ROIs to corresponding
DTI b0 volumes. The ROIs are shown superimposed on MD images from one subject (right).
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Figure 2.
The relationship between MD and each tissue compartment (CSF, white matter and gray
matter) for the entire brain are shown across all groups (N = 114).
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Figure 3.
Means and 95% confidence intervals for left and right superior temporal gyrus MD within
control probands and relatives (n = 52), patient relatives (n = 36) and schizophrenia probands
(n = 26). Results are shown after adjusting the data for sex and age (top) and for sex, age and
CSF volume (bottom).
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Figure 4.
Means and 95% confidence intervals for left and right superior temporal gyrus CSF (top) and
gray matter (bottom) within control probands and relatives (n = 52), patient relatives (n = 36)
and schizophrenia probands (n = 26). Results are shown after adjusting the data for sex, age
and whole brain CSF (top) and sex, age and whole brain gray matter (bottom).
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Table 1
Demographic Information

Schizophrenia Family Members Control Family Members

Probands
(n = 26)

Relatives
(n = 36)

Probands
(n = 20)

Relatives
(n = 32)

Relationship (parents/siblings) -- 25/11 -- 20/12

Sex (M/F) 17/9 16/20 8/12 20/12

Age (mean ± SD) 32.15 ± 9.17 47.14 ± 14.88 290.00 ± 8.55 46.09 ± 16.54

Socioeconomic Index* (mean ± SD) 27.27 ± 9.63 43.09 ± 22.25 40.79 ± 15.76 39.84 ± 20.03

Years of Education (mean ± SD) 13.96 ± 1.86 14.46 ± 3.83 15.30 ± 1.92 14.34 ± 3.39

Age of Onset (mean ± SD) 22.12 ± 4.17 -- -- --

Duration of Illness (mean ± SD) 10.04 ± 7.64 -- -- --

BPRS Thought Disturbance (positive
symptom factor) (mean ± SD)

1.72 ± 0.94

BPRS Anergia (negative symptom factor)
(mean ± SD)

1.52 ± 0.42

Total 24-item BPRS (mean ± SD) 39.06 ± 7.42

*
Socioeconomic status was estimated using the Duncan Total Socioeconomic Index (SEI). These index scores were not applicable for n = 10 schizophrenia

probands (9 unemployed, 1 on disability), n = 2 patient relatives (1 unemployed, 1 high school student), n = 3 control probands (3 unemployed), and n =
6 control relatives (1 unemployed, 4 retired, 1 high school student). BRPS factor scores were computed according to Guy et al., 1976.
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