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Previous neuroimaging studies have revealed that both
gray matter (GM) and white matter (WM) are altered in
several morphological aspects in schizophrenia patients.
Although several studies reported associations between
GM and WM alterations in restricted regions, the exis-
tence of a global association between GM and WM
pathologies is unknown. Considering the wide distribution
of GM morphological changes and the profound genetic
background of WM abnormalities, it would be natural
to postulate a global association between pathologies of
GM and WM in schizophrenia. In this investigation, we
studied 35 schizophrenia patients and 35 healthy control
subjects using T1-weighted magnetic resonance imaging
and diffusion tensor imaging (DTI) and investigated the
association between GM thickness and WM fractional
anisotropy (FA) as a proxy of pathology in each tissue.
To investigate cortical thickness, surface-based analy-
sis was used. The mean cortical thickness for the whole
brain was computed for each hemisphere, and group com-
parisons were performed. For DTI data, mean FA for the
whole brain was calculated, and group comparisons were
performed. Subsequently, the correlation between mean
cortical thickness and mean FA was investigated. Results
showed that the mean cortical thickness was signifi-
cantly thinner, and the mean FA was significantly lower
in schizophrenia patients. Only in the patient group the
mean cortical thickness and mean FA showed significant
positive correlations in both hemispheres. This correla-
tion remained significant even after controlling for demo-
graphic and clinical variables. Thus, our results indicate
that the GM and WM pathologies of schizophrenia are
intertwined at the global level.
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Introduction

Schizophrenia is a neurodevelopmental disorder with
widespread brain alterations. Over the past decades,
magnetic resonance imaging (MRI) studies have
revealed volume reductions in multiple brain regions in
schizophrenia. Voxel-based morphometry is one of the
most frequently applied techniques used to explore the
whole brain without specific presumptions about search
areas, and volume reductions of widely distributed
cortical/subcortical gray matter (GM) regions in
schizophrenia, including the prefrontal and temporal
cortices, have been reported.! On the other hand, cortical
volume is affected by cortical thickness and surface area,
both of which can be altered independently in human
brains.* Cortical thickness is supposed to better reflect
cytoarchitectural alterations than cortical volumes,® such
as the disorganization or low density of neuronal and
glial cells, and alterations of synaptic spines and passing
axons in schizophrenia.>’ Recently, the surface-based
approach®’ has been increasingly utilized to analyze the
cortical thickness in the whole brain, and it can be used
to directly measure cortical thickness separately from
cortical surface area. It has revealed reduced cortical
thickness in various regions including prefrontal and
temporal areas in schizophrenia.!®!!

Although GM pathology was initially the focus of
many brain imaging studies, white matter (WM) abnor-
mality in schizophrenia is increasingly being investigated
using neuroimaging techniques, especially diffusion ten-
sor imaging (DTTI),!? which provides information about
WM tracts and their organization based on water diffu-
sion. Fractional anisotropy (FA) is the most often used
DTI index of WM integrity, and reduced FA in schizo-
phrenia has been frequently reported in various regions,
including the uncinate fasciculus (UF), cingulum bundle,
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superior longitudinal fasciculus (SLF), corpus callosum
(CQO), and cerebellar peduncles.'>'® As a result, the term
“disconnection hypothesis,”" which originally denoted
the functional disconnection at the synaptic level, is often
used to stress the relevance of WM pathology.

As mentioned above, the findings of altered GM and
WM in schizophrenia patients are increasingly prevalent.
However, whether and how GM and WM pathologies are
interrelated in the neurodevelopmental process have yet
to be investigated. Meanwhile, several candidate genetic
susceptibility factors for schizophrenia have recently
garnered attention, and some of the mutations in such
susceptibility genes are thought to affect the formation
and regression of synapses in the cortex, which can lead
to pathological GM loss. Furthermore, these genes also
affect the proliferation and differentiation of oligoden-
drocytes in the WM, as well as their capacity for myelin-
ation, which can lead to abnormal WM integrity.??!
Based on these findings, it is tempting to hypothesize that
structural abnormalities of GM and WM at the macro-
scopic level are intertwined in the pathological process of
schizophrenia. In attempts to answer this question, some
studies have reported associations between regional GM
and WM pathologies.”>> However, to date, no study has
examined whether there is such an association between
GM and WM pathologies at the global level. Considering
the wide distribution of GM morphological abnormali-
ties and WM integrity changes, and the putative genetic
background of GM and WM abnormalities, it would be
natural to postulate a global association between pathol-
ogies of GM and WM in schizophrenia.

In this study, we tried to elucidate the global association
between GM cortical thickness and WM integrity altera-
tions in schizophrenia, using a surface-based approach
and DTI. We hypothesized that there would be a positive
correlation between cortical thinning and WM integrity
reduction in schizophrenia patients at the global level.

Methods

Participants

Thirty-five schizophrenia patients diagnosed with the
patient edition of the Structured Clinical Interview for
DSM-1IV Axis I Disorders (SCID) were recruited. None
of the patients had comorbid psychiatric disorders. The
Positive and Negative Syndrome Scale (PANSS)* was
used to assess the severity of clinical symptom with 5 sub-
scales; negative, positive, activation, depressive, and cogni-
tive factors.”” Thirty-five healthy controls, matched with
the patient group in terms of age, gender, and education
level were recruited. The controls had no history of psy-
chiatric illness, as screened with the nonpatient edition of
the SCID, and it was confirmed that their first-degree rela-
tives had no history of psychotic disorders. Exclusion cri-
teria for all individuals included a history of head trauma,
neurological illness, serious medical or surgical illness, and
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substance abuse. All participants were physically healthy
when they undertook the scanning. After receiving a com-
plete description of the study, all participants gave written
informed consent. The study design was approved by the
Committee on Medical Ethics of Kyoto University.

MRI Data Acquisition

All participants underwent MR scans on a 3-Tesla whole-
body scanner equipped with a receiver-only 8-channel
phased-array head coil with a 40-mT/m gradient (Trio,
Siemens). The scanning parameters of the T1-weighted
3-dimensional magnetization-prepared rapid gradient-
echo (3D-MPRAGE) sequences were as follows: echo
time (TE) = 4.38 ms; repetition time (TR) = 2000 ms; inver-
sion time = 990 ms; field of view (FOV) = 225X 240 mm;
240 % 256 matrix; resolution = 0.9375x0.9375x 1.0 mm?;
and 208 total axial sections without intersection gaps.

The scanning parameters for DTI data were as fol-
lows: TE = 96ms, TR = 10 500ms, 96%x96 matrix,
FOV = 192x192mm, 70 continuous axial slices of
2.0mm thickness, 81 noncollinear axis motion probing
gradient, b = 1500 s/mm?. The b = 0 images were scanned
preceding every 9 diffusion weighted images, thus consist-
ing of 90 volumes in total.

Data Processing and Statistical Analysis

Cortical Thickness Analysis. For cortical thickness
analysis in the whole brain, a surface-based approach was
applied using FreeSurfer tools®* (version 4.5.0, http://
surfer.nmr.mgh.harvard.edu). The 3D-MPRAGE images
were used to calculate the thickness of the cerebral cortex
throughout the cortical mantle. Briefly, the processing
stream included a Talairach transform of each of the
subject’s native brain, removal of nonbrain tissue,
and segmentation of GM/WM tissue. The GM/WM
boundary was tessellated to generate multiple vertices
across the whole brain. The cortical surface of each
hemisphere was inflated to an average spherical surface to
locate the pial surface and the GM/WM boundary. The
entire cortex of each subject was visually inspected, and
any topological defects were corrected manually, blind to
subject identities. Cortical thickness was computed as the
shortest distance between the pial surface and the GM/
WM boundary at each vertex across the cortical mantle.
Global mean cortical thickness for each subject was
computed by averaging cortical thickness of each vertex,
right and left hemispheres separately. The global mean
cortical thicknesses were compared between groups, using
two-tailed ¢ tests on SPSS version 19.0 (SPSS, Chicago).
The correlations of the global mean cortical thicknesses
with demographic and clinical data were also assessed
using Pearson’s correlation coefficient in SPSS. The
statistical significance threshold was set at P < .05. For
regional cortical thickness analysis, the thickness value at
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each vertex for each subject was mapped to the surface of
an average brain template (http://surfer.nmr.mgh.harvard.
edu/fswiki/FsAverage), and the cortical map of each
subject was smoothed with a Gaussian kernel of 10mm
full width at half maximum. Subsequently, the group
comparison between healthy controls and schizophrenia
patients was performed. The general linear model was
implemented at each vertex in the whole brain to identify
brain regions where schizophrenia patients showed
significant differences in cortical thickness compared with
healthy controls, using FreeSurfer’s mri_glmfit. The effects
of age and gender were regressed out in these models. The
analyses were performed for the right and left hemispheres
separately. The cluster forming threshold and clusterwise
significance threshold (for multiple comparison) were set
at P < .05 by Monte Carlo simulation.

DTI Processing

All DTI data processing and statistical analysis were per-
formed using the programs in FMRIB Software Library
(FSL) ver. 4.1.4.%° All source data were corrected for eddy
currents and head motion by registering all data to the
first » = 0 image with affine transformation. The FA maps
were calculated using the FMRIB’s Diffusion Toolbox
(FDT) program. The tract-based spatial statistics ver. 1.2,
which is part of the FSL program, was utilized to calcu-
late average FA value for whole brain. First, all subjects’
FA data were normalized into a common space using
the nonlinear registration tool FNIRT. Normalized FA
images were averaged to create a mean FA image, which
was then thinned to create a “skeleton,” taking only the
centers of WM tracts common to all subjects. Voxel val-
ues of each subject’s FA map were projected onto the
skeleton by searching the local maxima along the per-
pendicular direction from the skeleton. Skeleton mean
FA for each subject was calculated using the fsistats pro-
gram. Group comparison of this skeleton mean FA and
its correlation with demographic and clinical data were
performed using a two-tailed ¢ test and Pearson’s correla-
tion coefficients, respectively, in SPSS. The statistical sig-
nificance level was set at P < .05.

Voxelwise permutation-based nonparametric infer-
ence’! was performed on skeletonized FA data, using FSL
Randomize ver. 2.5. A group comparison was performed
using an ANCOVA design, with age and gender as nui-
sance covariates. Both “healthy controls-schizophrenia™
and “schizophrenia-healthy controls” contrasts were
tested, with 10 000 permutations. Multiple comparisons
were corrected using threshold-free cluster enhance-
ment,* and the significance level was set at P < .01.

Correlational Analyses of Cortical Thickness and
Skeleton Mean FA

Subsequently, we investigated the correlations between
global mean cortical thickness and skeleton mean FA, for
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both patients and controls on SPSS. Furthermore, in case
the correlation between global mean cortical thickness
and skeleton mean FA was significant, partial correlation
coefficient was calculated. The demographic and clini-
cal variables revealed to be correlated with global mean
cortical thickness or skeleton mean FA were used as con-
trolling factors.

Results

Demographic and Clinical Data

The demographic and clinical data are shown in table 1.
The schizophrenia group consisted of mainly chronic
patients with relatively mild symptoms. All of the schizo-
phrenia patients were prescribed antipsychotics. Among
our patients, 4 received typical antipsychotic medication,
22 received atypical antipsychotics, and 9 received both
types of medication.

Group Comparison of Cortical Thickness

The global mean cortical thicknesses of both hemispheres
were significantly thinner in schizophrenia patients than
in healthy controls (table 2).

In the vertexwise analysis, the schizophrenia group
exhibited reduced cortical thickness compared with the
healthy group in several regions, including the bilateral
superior to middle frontal gyri, bilateral insula, right
precuneus region, and bilateral inferior temporal areas
(figure 1). On the contrary, the healthy group had no cor-
tical regions thinner than the schizophrenia group.

To check if the group difference found in global mean
cortical thicknesses was caused by thinning in some
specific region, we additionally calculated regional mean
cortical thickness for each of the 5 cortical regions,
namely, the frontal, parietal, temporal, and occipital lobes

Table 1. Demographic Data

Hc (SD) Scz (SD) P-Value
Number 35 35 —
Age 37.51 (11.68) 36.63 (10.31) .74
Gender (M/F) 18/17 23/12 230
Education (year) 14.48 (2.20) 13.66(2.23) .12¢
PANSS negative factor — 16.09 (5.85) —
Positive factor — 16.23 (5.54) —
Activation factor — 7.43(2.05) —
Depressive factor — 8.31(2.81) —
Cognitive factor — 5.51(1.62) —
Medication (mg/day, — 10.96 (8.45) —

haloperidol equivalent)*

Duration of Illness (year) — 13.99 (10.52) —

Note: He, Healthy controls; Scz, Schizophrenia patients.
“Two-tailed 7 test.

ba,s2

‘Haloperidol equivalents were calculated according to the practice
guidelines for the treatment of schizophrenia patients.’* >
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Table 2. Comparisons of Global Mean Cortical Thickness and
Skeleton Mean FA Between He and Scz (Two-Tailed ¢ Test)

Hc Scz P-Value
Global mean cortical thickness
of GM in hemisphere (mm)
Left (SD) 2.549 (0.105) 2.478 (0.115) .008*
Right (SD) 2.553(0.099) 2.475(0.123) .005*
Skeleton mean FA in WM
0.419 (0.149) 0.408 (0.196) .010*

Note: FA, fractional anisotropy; GM, gray matter; WM, white matter.
*Significant (P < .05).

lateral

medial

Fig. 1. Statistical maps on FreeSurfer analysis of group
comparison of gray matter cortical thickness between normal
control and schizophrenia subjects (Monte Carlo simulation,
P < .05). Maps are shown for right and left hemispheres in
lateral and medical views, and significant reduction regions in
schizophrenia are shown in blue color.

and cingulate cortex, according to Desikan et al.3 All
regions, except for the left occipital lobe, were significantly
thinner in schizophrenia patients than in healthy controls
(P < .05; see online supplementary table 1).

Group Comparison of FA

Skeleton mean FA was significantly lower in schizophre-
nia than in healthy controls (table 2). In the voxelwise
analysis, there was a cluster of significant FA decreases in
schizophrenia patients, which included widespread WM
areas such as the CC, bilateral UF, corticospinal tracts,
left SLF, and superior frontooccipital fasciculus (figure 2).

Correlation Between Global Mean Cortical Thickness
and Skeleton Mean FA

In the schizophrenia group, the global mean cortical
thickness of each hemisphere was significantly and
positively correlated with the skeleton mean FA (table 3;
figure 3). The global mean cortical thickness also showed
significant correlation with age (left hemisphere » = —0.513,
P = .002; right hemisphere » = —0.512, P = .002), and
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Fig. 2. Tract-based spatial statistics group comparison of white
matter fractional anisotropy (FA) between normal control and
schizophrenia subjects (threshold-free cluster enhancement;

P < .01). A cluster of significant FA reduction in schizophrenia
subjects is shown using the tbss_fill implemented in FSL (red-
yellow) on the mean FA map and FA skeleton (green color). Axial
slices are from Z = —10 to 40 in Montreal Neurological Institute
(MNI) coordinate. Left-right orientation is according to the
radiological convention.

skeleton mean FA was significantly correlated with age
(r =-0.566, P < .001), education (r = 0.532, P =.001), and
duration of illness (r = —0.501, P = .002). None of the 5
subscales of PANSS were significantly correlated with the
global mean cortical thickness or the skeleton mean FA.
No other correlation with demographic or clinical variables
was found for global mean cortical thickness or skeleton
mean FA.

The partial correlation between global mean cortical
thickness and skeleton mean FA remained significant
after controlling for age, education, and duration of ill-
ness (table 4).

By contrast, in the healthy group, there was no cor-
relation between the global mean cortical thickness
and skeleton mean FA. The global mean cortical thick-
ness showed significant correlation with age (left hemi-
sphere » = —0.631, P <.001; right hemisphere » = —0.620,
P < .001). The skeleton mean FA was not significantly
correlated with any demographic items.

Discussion

In this study we showed for the first time that global cor-
tical thinning is positively correlated with global WM
integrity reduction in schizophrenia. This finding sup-
ports the idea that GM and WM pathologies in schizo-
phrenia are intertwined at the global level. It should be
noted that a similar correlation was not found in normal
populations, which suggests that this association is not a
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Table 3. Correlational Analysis for Skeleton Mean FA With Global Mean Cortical Thickness in Hc and Scz

Hc Scz
Pearson’s Correlation Pearson’s Correlation
Coefficient P-Value Coefficient P-Value

Global mean cortical thickness in left hemisphere 0.199 25 0.587 <.001*

Global mean cortical thickness in right hemisphere 0.127 47 0.580 <.001%*

*Significant (P < .05).

—a— Hi
mean FA - sz mean FA
045 T T T 1 T T 045 T T T . T T
. - - s ol

04 -

0.5 1 1 1 1 1 1
22 23 24 25 26 23 28 29

left global mean cortical thickness (mm)

035 1 . 1 1 1 1 1
22 23 24 25 26 27 28 29

right global mean cortical thickness (mm)

Fig. 3. Scatter plot of the mean FA and global mean cortical thicknesses in healthy controls (Hc: red) and schizophrenia patients (Scz:
blue) for each hemisphere. Left panel: left hemisphere. He: r = 0.199, P = .25, Scz: r = 0.587, P < .001. Right panel: right hemisphere. Hc:

r=0.127, P = .47, Scz: r = 0.580, P < .001.

Table 4. Partial Correlational Analysis in the Correlation Between Global Mean Cortical Thickness and Skeleton Mean FA in

Schizophrenia Group

+ Age and + Age, Education and
Correlation With Mean FA No Items + Age Education Duration of Illness
Global mean cortical thickness in left hemisphere (P-value) 0.587 (<.001)*  0.420 (.014)*  0.403 (.020)*  0.400 (.023)*
Global mean cortical thickness in right hemisphere (P-value)  0.580 (<.001)*  0.410 (.016)*  0.374 (.032)*  0.368 (.038)*

*Significant (P < .05).

general occurrence in the human brain, such as in aging,
but reflects a disease-specific pathological process.

As this is a macroscopic brain-imaging study, detailed
discussion on the microstructural basis of these associa-
tions is difficult. However, recent neuropathological find-
ings in schizophrenia, when considered in relation to our
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results, may bridge between 2 different levels. Global corti-
cal thinning detected at a macroscopic level in our study
may reflect the reduction of layer-specific neuropil density
of pyramidal neurons,* such as decreased density of den-
dritic spines on pyramidal neurons of cortical deep layer
IIT revealed in the frontal regions of schizophrenia.’>* On
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Fig. 4. Schematic view of the hypothetical cascade inducing the pathology associated with schizophrenia, including the global
association between cortical thinning and white matter integrity reduction. Note: DISC1, disrupted-in-schizophrenia 1; NMDA,

N-methyl-D-aspartate.

the other hand, reduced WM integrity at a macroscopic
level may reflect reductions in the size and number of oligo-
dendrocytes and disrupted myelination in schizophrenia.’’

A principal mechanism controlling the formation and
regression of synapses, which constitute the neuropil,
is associated with the schizophrenia susceptibility gene
products, such as disrupted-in-schizophrenia 1 (DISC1)
and neuregulin (NRG)/ErbB, the latter of which modu-
lates N-methyl-D-aspartate receptors (activation of which
is involved in synapse formation and regression).?* On the
other hand, loss of ErbB4 signaling leads to a decrease
in the length of oligodendrocyte processes and thinner
myelin sheaths.® The intracellular ErbB family signaling
cascade is triggered by NRGI, which is modulated by
DISCI, and the alteration of these affects myelin synthe-
sis, differentiation, and proliferation of oligodendrocytes.
Importantly, disruption of normal myelination of axons
has been shown to induce regression or failure of synapses
in animal experiments.’** Thus, several schizophrenia
susceptibility genes are involved in neurodevelopment,
bridging between synapse formation/regression and oli-
godendrocyte function and myelination.* Our results, at
the macroscopic level, can be considered to support the
existence of such coupled mechanisms between GM and
WM. A schematic representation is shown in figure 4.

Several previous studies have investigated the
associations between GM and WM abnormalities in
schizophrenia patients. Some of these!>?>?4 focused
on the regional GM and WM networks using structural
MRI and DTI, while another*® combined functional
MRI and DTI data. However, none of these studies
have researched the pathological association between
global GM and WM. Our study is the first to indicate the
existence of the coupled mechanism between GM and
WM mentioned above at the global level. In fact, both
DISC1 and NRGT1 are widely expressed in the animal**
and human brains,*** supporting our view.

We found an association between global cortical thick-
ness and global WM integrity only for schizophrenia,
suggesting that this association is a reflection of a dis-
ease-specific pathological process. However, if several
candidate genes are commonly involved in the neurode-
velopmental process of GM and WM, it is feasible that
such a GM-WM association would also be found in a

healthy population, albeit to a lesser extent. In fact, the
low-pitched slopes for healthy controls in figure 3 give
such an impression. On the other hand, the pathology of
schizophrenia has traditionally been supposed to be some
abnormal process that cannot be attributed to the varia-
tion in the normal sample. A study with a large sample
size may be able to provide an answer to this question.

We did not find association between symptom sever-
ity and any imaging indices in this study. One possible
interpretation of this is that the global association found
in this study is not a “state” marker, but rather a “trait”
marker of schizophrenia. On the other hand, schizo-
phrenia patients show impairments in a broad range of
cognitive functions such as general intelligence, working
memory, and executive function. The global association
found in this study may not underlie specific cognitive
function impairments but may be the neural basis of the
cognitive impairments in schizophrenia patients in gen-
eral. We did not perform cognitive tasks in this study
therefore we should be cautious about such speculation.

The global cortical thickness reduction in schizophre-
nia shown in this study is consistent with our previous
study.!® The vertexwise analysis showed that such corti-
cal thinning was most prominent in the prefrontal and
temporal regions, again consistent with previous stud-
ies.!®114%:3 The supplementary analysis of regional mean
cortical thickness showed a diffuse pattern of reduction
in cortical thickness in accordance with the results of a
previous study,”' suggesting that the thinning of global
cortical thickness was not due to an effect in some spe-
cific region but rather an effect that was global in nature.
An extensive investigation of region-specific GM-WM
association might be interesting in the future when the
neurodevelopmental hypothesis proposed in this article
turns out to be plausible.

Regarding WM analysis, FA was found to be reduced
at the global level, consistent with an earlier study.>
Voxelwise analysis revealed that such an FA reduction
was profound in widely distributed areas, including the
CC, bilateral UF, bilateral corticospinal tracts, left SLF,
and left superior frontooccipital fasciculus, largely com-
patible with previous studies. '+ 63

There are several limitations in this study. First, most
of the schizophrenia participants had relatively mild
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symptoms and may not be representative of the general
population of this disease. Second, all of the patients
were taking antipsychotic medications. Although we
confirmed that there was no significant correlation of
medication level with either global cortical thickness
or skeleton mean FA, we cannot exclude completely an
effect of medication on brain morphology. Third, this
study was a cross-sectional study, and not a longitudinal
or cohort study. Therefore, it is unknown how these
GM and WM changes occur during the development
of schizophrenia pathology. Longitudinal studies,
especially including high-risk populations, are needed in
the future.

Despite of these limitations, our study is noteworthy
because it reveals the global association of GM and WM
pathologies in schizophrenia. Future studies will need
to investigate the neurobiological mechanisms underly-
ing such coupled abnormalities to better understand the
pathophysiology of this disease.

Supplementary Material

Supplementary material is available at
schizophreniabulletin.oxfordjournals.org.
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