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Abstract

Although diffusion tensor imaging (DTI) studies have reported fractional anisotropy (FA)

abnormalities in multiple white matter (WM) regions in schizophrenia, relationship between

abnormal FA and negative symptoms has not been fully explored. DTI data were acquired from

twenty-four patients with chronic schizophrenia and twenty-five healthy controls. Regional brain

abnormalities were evaluated by conducting FA comparisons in the cerebral and each lobar WMs

between groups. Focal abnormalities were also evaluated with a voxel-wise tract specific method.

Associations between structural WM changes and negative symptoms were assessed using the

Scale for the Assessment of Negative Symptoms (SANS). The patient group showed decreased

FA in the cerebrum, especially in the frontal lobe, compared with controls. A voxel-wise analysis

showed FA decreases in almost all WM tracts in schizophrenia. Correlation analyses demonstrated

negative relationships between FA in the cerebrum, particularly in the left hemisphere, and SANS

global and global rating scores (Anhedonia-Asociality, Attention, and Affective-Flattening), and

also associations between FA of left frontal lobe and SANS global score, Anhedonia-Asociality,

and Attention. This study demonstrates that patients with chronic schizophrenia evince widespread

cerebral FA abnormalities and that these abnormalities, especially in the left hemisphere, are

associated with negative symptoms.

*Author to whom correspondence should be addressed, Correspondence: Marek Kubicki, MD, PhD, Psychiatry Neuroimaging
Laboratory, Department of Psychiatry, Brigham and Women's Hospital, Harvard Medical School, 1249 Boylston Street, Boston,
Massachusetts 02215, TEL: 617-525-6234, FAX: 617-525-6150, kubicki@bwh.harvard.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of interest
All authors declare that they have no competing financial interests.

NIH Public Access
Author Manuscript
Psychiatry Res. Author manuscript; available in PMC 2015 April 30.

Published in final edited form as:
Psychiatry Res. 2014 April 30; 222(0): 52–59. doi:10.1016/j.pscychresns.2014.02.007.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Keywords

Schizophrenia; DTI; TBSS; FA; negative symptom; frontal lobe

1. Introduction

Symptoms of schizophrenia are thought to arise from inadequate communication between

brain regions, particularly the frontal and temporal lobes. Recent postmortem and genetic

studies in schizophrenia provide evidence demonstrating myelin abnormalities that might

affect this communication (Hakak et al., 2001; Katsel et al., 2005). These findings support

the hypothesis that deficits in structural brain connectivity are evident in schizophrenia and,

importantly, that they may constitute a trait maker of pathology.

Previous diffusion tensor imaging (DTI) studies have observed both local and widespread

fractional anisotropy (FA) reductions in white matter (WM) regions in schizophrenia

compared with healthy control subjects (HC) (for review, see Kubicki et al., 2007), and

these abnormalities have been attributed to disruptions in connectivity. Although WM

abnormalities have been frequently reported in the schizophrenia literature, their clinical

significance remains less studied.

It is thought that negative symptoms become more pronounced in the chronic stage of illness

(Tandon et al., 2009). Negative symptoms include flattened affect, social withdrawal, and

attentional deficits, and the severity of negative symptoms is associated with impairment in

various cognitive functions such as memory, learning, and executive function (Bilder et al.,

2000; Sanfilipo et al., 2002). Negative symptoms are also strongly associated with social

dysfunction (Tsai et al., 2010) and poor long-term outcome (Javitt, 2001). It is therefore

important to elucidate the pathology of negative symptoms in chronic schizophrenia.

Negative symptoms are hypothesized to be the result of structural brain deficits (Crow,

1980). Considering the presumed associations between negative symptoms and various

cognitive dysfunctions, we speculate that negative symptoms may be associated with

abnormalities in multiple brain regions in chronic schizophrenia. Indeed, previous

neuroimaging studies have reported associations between negative symptoms and abnormal

gray and white matter volumes in several brain regions, such as the prefrontal cortex (Ho et

al., 2003; Wible et al., 2001), thalamus (Yoshihara et al., 2008), precentral cortex, and

inferior parietal gyrus (Premkumar et al., 2009), in schizophrenia. These findings led us to

investigate WM connectivity abnormalities in various brain regions and their associations

with negative symptoms in chronic schizophrenia.

With respect to DTI studies, only a small number of studies have identified associations

between negative symptom severity and FA abnormalities in patients with schizophrenia.

Such studies, however, focused on either localized WM regions (Wolkin et al., 2003) or

specific tracts (Mitelman et al., 2007; Kubicki et al., 2008; Whitford et al., 2010). We

believe that it is important to identify which WM regions are most associated with negative

symptoms at each anatomical level (i.e., whole brain WM, regional WM, a specific tract), in

order to understand further the pathology of negative symptoms in schizophrenia. To the
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best of our knowledge, there are no studies that have investigated structure-symptom

relationships at each of these anatomical levels simultaneously, as is proposed here.

Previous DTI studies of schizophrenia have also reported associations between positive

symptoms and localized WM or tracts (Fujiwara et al., 2007; Skelly et al., 2008; Whitford et

al., 2010; Whitford et al., 2012; Lee et al., 2013). These findings are, however, inconsistent.

For example, some previous studies have shown positive associations between positive

symptoms and structural deficits in the regional WM, while others have detected negative

relationships between them. Therefore, it is also important to explore associations between

positive symptoms and WM at each anatomical level to better understand the neurobiology

of positive symptoms in schizophrenia.

Based on the aforementioned postmortem, structural, DTI, and cognitive findings, the goal

of the current study was to detect abnormalities in WM integrity and their association with

negative symptoms in chronic schizophrenia. The Tract-Based Spatial Statistics (TBSS)

(Smith et al., 2006) approach was used in this study. In addition to a standard voxel-based

approach, TBSS, when combined with WM atlases, also allows for region of interest (ROI)

analysis, where WM of either the entire hemisphere, entire lobe, or an individual fiber

bundle can be analyzed (Karlsgodt et al., 2009).

In the current study, we first evaluated FA abnormalities in cerebral and lobar WM in

patients with chronic schizophrenia compared with healthy controls (HC). Second, a voxel-

wise comparison was conducted to evaluate FA abnormalities along all WM tracts. Finally,

relationships were evaluated between WM abnormalities in cerebrum, each lobe, and each

tract and clinical symptoms, particularly negative symptoms, in schizophrenia.

2. Methods

2.1. Subjects

Participants comprised 24 patients with chronic schizophrenia and 25 HC. Participants’

recruitment and detailed study criteria were described in our previous report (Choi et al.,

2011). Groups were matched in age, handedness, and parental socioeconomic status or

premorbid IQ derived from the Wide Range Achievement Test-3 reading scores (Wilkinson,

1993). The mean global scores of the Scales for the Assessment of Negative Symptoms

(SANS) and Positive Symptoms (SAPS) (Andreasen, 1983, 1984) were 11.9±7.0/9.3±4.1.

Demographic and clinical data are presented in Table1. Of all patients included in this study,

two received only typical antipsychotics, 17 patients received only atypical antipsychotics,

two received both typical and atypical antipsychotics, and three patients received no

antipsychotics at the time of the scan. This study was approved by the local IRB at both the

VA and Brigham and Women's Hospital. Written informed consent was obtained from all

subjects before study participation.

2.2. MRI protocol

All subjects were scanned on a 3T GE Echospeed system, using an echo planar imaging

(EPI) DTI sequence. A double echo sequence with an eight-channel coil was used to reduce

eddy-current and EPI (echoplanar imaging) spatial related distortions. Fifty-one noncolinear
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diffusion directions (B=900) and nine baseline scans (B=0) were acquired with the

following scan parameters: repetition time 17000 ms, echo time 78 ms, field of view 24cm,

144×144 encoding steps, and 1.7 mm slice thickness. Eighty-five axial slices spanning the

entire brain were collected for each subject.

2.3. Image processing

After reconstruction, diffusion-weighted images were transferred to a LINUX workstation,

on which FA and trace maps of the diffusion tensor were calculated.

In this study, TBSS 1.2 (Smith et al., 2006; Smith et al., 2007) was used. FA images were

first reoriented using rigid body transformation. Next, the reoriented images were

transformed into FMRIB58_FA standard space using a non-linear registration of FMRIB’s

Nonlinear Image Registration Tool. A mean FA image was then created by averaging all the

registered FA images, and a group skeleton, which represents the center of all tracts

common to the entire group, was generated from these images. Finally, all of the registered

FA images were projected onto this group skeleton, and a 4D file of all skeletonized images

from each subject was created. The FA threshold was set at 0.2 to confine the analysis to the

WM.

For whole brain FA skeleton analyses, each individual FA skeleton was created by splitting

the 4D file of all FA skeletonized images into individual 3D FA skeleton images. The same

skeletons were used for the trace analysis.

2.4. Statistical analysis

2.4.1. Whole brain, cerebral, and lobar FA skeleton analyses—The FA skeleton

was manually separated into lobar segments and, then, mean FAs of whole brain, its

components (cerebrum, cerebellum, and brain stem), and each lobe (right and left frontal,

temporal, parieto-occipital lobes, and subcortical region) were calculated using 3D–Slicer

(v2.8, http://www.slicer.org). To determine group differences in mean FA of the global or

lobar FA skeleton, we conducted statistical analyses as follows. First, two-sample t-tests

were applied with cutoff p values set at 0.05 (for whole brain comparison) and 0.017 (0.05/3

components, for each component’s comparison). Second, a repeated measures analysis of

variance (ANOVA) was employed to determine group differences in mean FA of each

cerebral hemisphere. Finally, we conducted a two-sample t-test to determine group

differences in mean FA of each lobe. In this analysis, the significance level was set at

p<0.006 (0.05/8 lobes) and the trend level was set at p<0.05. The same analyses were

conducted for group comparisons of trace.

2.4.2. Voxel-wise analysis—A whole brain voxel-wise group comparison was conducted

to investigate FA abnormalities in WM tracts between schizophrenia patients and HC. A

permutation-based inference tool for nonparametric statistics (Nichols and Holmes, 2002)

was used and a two-sample t-test was conducted for all voxel-wise group comparisons using

a threshold-free cluster enhancement method (Smith and Nichols, 2009). The number of

permutations was set at 5000, and the significance level was set at Family-Wise Error

(FWE) corrected p<0.05. The same analysis was conducted for group comparison of trace.
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2.4.3. Significant white matter tract identification—Local group differences within

individual WM tracts were identified using Mori’s WM atlas (Mori, 2005), which was

previously registered to FMRIB58_FA standard space, and mean FAs of each region were

calculated using 3D–Slicer.

2.4.4. Correlation analysis—To investigate the relationship between clinical symptoms

and mean FAs of cerebrum and lobes in the chronic schizophrenia, we conducted

Spearman’s correlation analyses as follows. First, the relationships between the mean FAs of

cerebrum and SANS/SAPS global scores were evaluated. Second, correlation analysis was

conducted between the FAs of individual hemispheres of the cerebrum and the global

scores, as well as global rating scores, to evaluate the effect of hemisphere. Finally, the

relationships between the mean FAs of each lobe and global rating scores were evaluated.

The significance thresholds were set at p<0.01 for these analyses to correct for multiple

comparisons.

In the case of observing significant relationships in the above analyses, exploratory

correlational analyses with a cutoff of p<0.05 were conducted between FAs of WM tracts,

for which the voxel-wise analysis showed significant FA reductions, and the global rating

scores in the schizophrenia group.

Furthermore, correlational analyses were conducted between antipsychotic medication

dosages and clinical scores and mean FAs of the cerebral, lobar, and WM tracts with a

significance threshold of p<0.01 to evaluate medication effects on symptoms and FAs.

3. Results

3.1. Whole brain, cerebral, and lobar FA skeleton analyses

Results are summarized in Table2. The patient group showed significantly lower mean FAs

of the whole brain, especially of the cerebrum but not of the cerebellum and brain stem,

compared with the HC. A repeated measures analysis of variance (ANOVA) showed smaller

mean FAs for both left and right hemispheres of the cerebrum in the schizophrenia patients

compared with the HC.

At the lobar level, the patient group had significantly lower mean FAs of bilateral frontal

lobes compared with the HC. The mean FAs of bilateral temporal and parieto-occipital lobes

showed trend reductions, and FAs of subcortical regions showed no reduction in the

schizophrenia patients compared with the HC. No group differences were found in mean

trace of cerebral and lobar skeletons.

3.2. Voxel-wise analysis

The whole brain voxel-wise analysis showed significant FA reductions in almost all the WM

tracts in the cerebrum, but no differences in WM tracts in the cerebellum and brain stem in

the schizophrenia patients compared with HC (FWE-corrected p<0.05, Table 3 and Fig. 1).

There were neither increases in FA nor trace changes in WM tracts in the schizophrenia

patients compared with HC.
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3.3. Correlational analysis

Although the mean FA of the cerebrum showed no statistically significant association with

the SAPS global score (rho=0.43, p=0.85), it showed a significant negative association with

the SANS global score (results are summarized in Table 4 and Fig. 2). Mean FAs of the left

hemisphere cerebrum and frontal lobe evinced significant negative associations with SANS

global and some global rating scores, while mean FA of the right hemisphere cerebrum or

frontal lobe showed no such associations. FAs of every lobe showed no significant

association with SAPS scores.

According to the results of left hemisphere dominant associations with negative symptoms

in the above analyses, exploratory correlation analyses were conducted between FAs of local

WM tracts in the left hemisphere and in commissural fibers and Affective Flattening,

Anhedonia-Asociality, and Attention subscores. Results showed that the left internal capsule

(IC) was negatively correlated with Affective Flattening, Anhedonia-Asociality, and

Attention. The left superior fronto-occipital fasciculus (SFOF) was negatively correlated

with Affective Flattening, and the anterior part of the corpus callosum was negatively

correlated with Anhedonia-Asociality.

Antipsychotic medication dosage was not significantly correlated with mean FAs of the

skeletons in cerebrum, frontal lobe or WM tracts, SANS or SAPS scores.

4. Discussion

This study evaluated associations between negative symptoms and WM abnormalities at

each anatomical level of the brain (i.e., cerebral WM, local WM tract). Negative symptoms

are closely related to social dysfunction in patients with chronic schizophrenia. Therefore, a

first step in improving the quality of life for chronic patients is to understand the pathology

of negative symptoms. Although negative symptoms are hypothesized to be the result of

structural brain deficits, the relationships between WM abnormalities and negative

symptoms in schizophrenia are still poorly understood.

To understand the neuropathology underlying negative symptoms, we evaluated structural

WM abnormalities in patients with chronic schizophrenia. The whole brain, cerebral, and

lobar analyses demonstrated that the patient group showed FA reduction of the whole brain,

which was more pronounced in the cerebrum, compared with HC. In the lobar analysis, the

patient group showed significantly smaller FAs for bilateral frontal lobes, and trend level FA

reductions of the bilateral temporal and parieto-occipital lobes compared with HC. These

findings are consistent with previous reports showing FA reductions in bilateral prefrontal,

temporal, parietal, and occipital WM regions (Lim et al., 1999; Minami et al., 2003).

The voxel-wise analysis demonstrated significant FA reductions in almost all the WM tracts

in the patient group compared with HC. The affected WM tracts included the cingulum,

anterior commissure, uncinate fasciculus, corpus callosum, thalamo-frontal pathway, arcuate

fasciculus, SFOF and IC. Those results were consistent with our previous DTI studies,

which have demonstrated WM abnormalities in chronic schizophrenia using other

technologies (such as ROI and tractography) (Kubicki et al., 2002; Kubicki et al., 2003;
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Kubicki et al., 2005; Kubicki et al., 2008; Rosenberger et al., 2008; Fitzsimmons et al.,

2009; Oh et al., 2009; Whitford et al., 2010; Choi et al., 2011).

Results of the FA comparison analyses in this study suggest that widespread neuronal

connectivity abnormalities are present in chronic schizophrenia. This notion is also

consistent with the postmortem studies reporting myelin abnormalities affecting multiple

WM regions (Hakak et al., 2001; Hof et al., 2003; Katsel et al., 2005). When comparing our

results in chronic patients with previous results in studies of first episode schizophrenia from

our laboratory using the same methodology (Lee et al., 2013), patients with first episode

schizophrenia showed widespread FA reductions in the cortical WM regions, but not in the

right occipital regions, while chronic patients with schizophrenia showed FA reductions in

all the cortical WM regions. In addition, FA reductions in the brain stem were found only in

patients with first episode schizophrenia.

Following WM analysis, correlational analyses were conducted to uncover associations of

these structural deficits with clinical symptoms in chronic schizophrenia. Previous structural

and DTI studies have reported associations between negative symptoms and WM

abnormalities in the frontal lobe and in other regions in schizophrenia (Wible et al., 2001;

Wolkin et al., 2003; Kubicki et al., 2008; Skelly et al., 2008). Of note, while these previous

studies focused only on a single level of WM anatomy, we thought it was important to

evaluate structure-symptom relationships at each level of WM anatomy simultaneously to

reveal the whole picture of negative symptom pathology. We were also interested in testing

whether negative symptoms were associated with WM abnormalities in the left hemisphere

or in both hemispheres because some previous studies demonstrated left lateralized

associations with negative symptoms (Sigmundsson et al., 2001; Wible et al., 2001).

We first confirmed that the medication dosage had no association with SANS scores and

FAs of every region showing significant FA reductions in schizophrenia. The lack of such

an association suggested that SANS scores and FAs were likely not affected by medication.

Next, we found a significant negative relationship between the SANS global score and FA

of the whole cerebrum. In the cerebral hemisphere analysis, FA of the left hemisphere

showed significant negative relationships with SANS global score and Affective Flattening,

Anhedonia-Asociality, and Attention, while FA of the right hemisphere showed no such

relationship. These findings are consistent with previous whole brain voxel-wise analyses

that have shown significant volume reductions in widespread WM regions in the left

hemisphere (e.g., fronto-temporal regions, parietal region, and subcortical regions) in

schizophrenia patients with prominent negative symptoms (Sigmundsson et al., 2001).

In the subsequent analysis, in which cerebral white matter was divided into 10 lobar ROIs (5

in each hemisphere), FA of the left frontal lobe showed strong negative relationships with

the SANS global score and Anhedonia-Asociality and Attention subscores, while the right

frontal lobe showed no such association. The frontal region controls various functions, such

as emotion, motivation, and attention, and dysfunctions of the frontal region have been

thought to cause negative symptoms in schizophrenia (Bachmann et al., 2004). Previous

MRI and DTI studies have reported associations between negative symptoms and WM

volume or FA reductions in frontal regions in schizophrenia (Ho et al., 2003; Wolkin et al.,
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2003; Mitelman et al., 2007; Mitelman et al., 2009). Although these previous studies used

volumes or FAs of left and right combined frontal structures, our current result showed such

relationships only in the left frontal lobe. This finding is consistent with our previous study

showing negative association between WM volume in the left prefrontal cortex and the

SANS global score in chronic schizophrenia (Wible et al., 2001). Our results are also in line

with the result of a functional MRI study with medication-naïve first-episode schizophrenia

showing a significant relationship between the brain dysfunction in the left dorsolateral

prefrontal cortex (DLPFC) and negative symptoms (van Veelen et al., 2010). Moreover,

recent studies of the repetitive transcranial magnetic stimulation for schizophrenia have

reported that stimulation to the left DLPFC improved negative symptoms in patients with

schizophrenia (Prikryl and Kucerova, 2013; Prikryl et al., 2013). These findings suggest that

structural and functional abnormalities in the left frontal lobe, along with tracts connecting

the left frontal lobe, play an important role in negative symptoms in the patients with

schizophrenia.

In the exploratory correlational analysis, negative associations were confirmed between

Affective Flattening and Anhedonia-Asociality and the left anterior limb of IC, left SFOF,

and corpus callosum (anterior part). Recent neuroimaging studies have demonstrated an

association between affective negative symptoms (affective flattening and anhedonia) and

dysfunction in the reward system in schizophrenia (Crespo-Facorro et al., 2001). The reward

system includes the nucleus accumbens, caudate nucleus, amygdala, and prefrontal cortex,

and plays a crucial role in the processing of emotions (Breiter et al., 1997). The anterior limb

of the IC has been reported to be anatomically connected with these brain regions (Gutman

et al., 2009), and the anterior part of the corpus callosum is thought to be functionally

associated with the frontal lobe (Kubicki et al., 2008; Whitford et al., 2010). Moreover, the

SFOF connects the frontal and parietal regions through the superior edge of the anterior limb

of the IC and caudate nucleus (Mori et al., 2007). Damage to these fibers therefore could

result in a dysfunction of the reward system, and this could, in turn, underlie the negative

symptoms observed in schizophrenia. Our findings are supported by previous studies that

have shown significant WM volume reduction in the anterior limb of the IC in schizophrenic

patients with negative symptoms (Sigmundsson et al., 2001), and which demonstrate a

negative association between the anterior corpus callosum area and anhedonia (Woodruff et

al., 1997). The current findings are also supported by our previous DTI studies, which

showed negative associations between the anterior part of corpus callosum and negative

symptoms (Kubicki et al., 2008; Whitford et al., 2010).

We also found negative associations between the left retrolenticular part of the IC and

Anhedonia-Asociality and Attention subscores. The retrolenticular part of the IC is thought

to be a component of the thalamocortical/corticothalamic pathways interconnecting the

thalamus and the parietal and occipital regions (Nagae et al., 2007). These gray matter

regions have been reported to have associations with anhedonia and attention (Crespo-

Facorro et al., 2001; Ojeda et al., 2002).
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4.1. Limitations

Our correlational analysis between FAs of WM tracts and global rating scores on the SANS

was exploratory in nature; a confirmation of these findings will be necessary in future

planned studies. This study should also be followed by hypothesis-driven studies performing

DT tractography in native space. Furthermore, even though medication dosage showed no

association with SANS scores or FAs of every WM region in our study, it does not mean

that medication has no effect on WM. In fact, cumulative effects of medication have been

shown to decrease volume of WM in animals (Konopaske et al., 2008), and thus further

studies are needed to estimate medication effects in schizophrenia.

In conclusion, by evaluating FA abnormalities or structure-symptom relationships at each

level of WM anatomy (cerebrum, lobe, and tract), this study provided evidence that, when

compared with HC, schizophrenia patients showed widespread WM abnormalities in the

cerebrum. Furthermore, the cerebral WM abnormalities, particularly in the left hemisphere,

were associated with negative symptoms observed at the chronic stage of illness.
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Fig. 1.
Images in the axial plane were constructed to show significant differences in fractional

anisotropy (FA) between groups, where reduced regions in schizophrenia can be observed

(orange regions), as well as mean FA skeleton (green lines) and T1-weighted images of the

Montreal Neurological Institute template. The result of voxel-wise Tract-Based Spatial

Statistics showed significant FA reductions in almost all white matter tracts in the cerebrum

in the 24 chronic schizophrenia compared with 25 healthy controls (Family-Wise Error

corrected p < 0.05). 3D images; from left to right: lateral view of right hemisphere, frontal

coronal view, superior axial view, and lateral view of left hemisphere. The FA reduced

regions (orange) and the mean FA skeleton (clear green) were reconstructed in a 3D image

using 3D-Slicer.
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Fig. 2.
Correlation between fractional anisotropy (FA) values of the frontal lobar skeleton and the

Scale for the Assessment of Negative Symptoms (SANS).
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