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Reduced fractional anisotropy (FA) has been previously found in diffusion tensor imaging (DTI) studies

of white matter in schizophrenic patients. However, there are no reports in the literature that address

FA alterations in late-onset schizophrenia (LOS). The current study measured FA in whole white matter

and subsequently analyzed its association with psychotic symptoms in LOS. DTI was carried out in 20

patients with LOS and 17 age-, gender- and education-matched healthy subjects. Fractional anisotropy

in different areas of white matter was compared between groups using a voxelwise analysis after inter-

subject registration to standard Montreal Neurological Institute (MNI) space. Psychotic symptoms were

assessed using the Positive and Negative Syndrome Scale (PANSS). Cognitive functions were measured

using the Wisconsin Card Sorting Test (WCST), the Digit Span Test, and the Trail-making Test.

Significant reduction in FA was found in the left parietal lobe and right posterior cingulum in LOS

patients compared with healthy subjects. Significant deficits in cognitive functions were observed in

LOS. No significant correlation was found between FA value and PANSS scores, cognitive test scores, age,

or antipsychotic medication dosages in LOS patients. Our study suggests that abnormalities in white

matter integrity may contribute to the pathophysiology of LOS. However, these microstructural

abnormalities provided no evidence for the emergence of psychotic symptoms in LOS.

& 2012 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Despite the proposal of several different age cutoffs in the
literature to define late-onset schizophrenia, patients who
develop schizophrenia or schizophrenia-like symptoms as older
adults (440 years) are often seen in clinical practice. The percent
of schizophrenic patients whose illness first emerged after the age
of 40 is 23.5%, while the 1-year prevalence rate is 0.6% for ages 45
to 64, and the incidence rate of schizophrenia with first onset
after 44 years of age is 12.6 per 100,000 population per year
(reviewed by Howard et al., 2000). Currently, abnormalities in
white matter are thought to contribute to the pathophysiology of
schizophrenia. However, most reported white matter abnormalities
were identified in early-onset schizophrenia or chronic schizophrenia
(Pantelis et al., 2005; Rajji et al., 2009; Tang et al., 2010). Relatively,
d Ltd. All rights reserved.
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there is much less information regarding white matter abnormalities
in late-onset schizophrenia.

Recent findings derived in neuropathological and neuroima-
ging studies suggest the involvement of cerebral white matter in
the pathophysiology of schizophrenia (Friedman et al., 2008;
Chan et al., 2010; White et al., 2011). Neuroimaging studies on
white matter abnormalities of schizophrenia are mainly focused
on volumetric and diffusion anisotropy changes. Diffusion tensor
imaging (DTI) is a non-invasive magnetic resonance imaging
(MRI)-based technique that provides information about the
molecular diffusion of water within tissues and allows us to
characterize intrinsic features of tissue microstructure and micro-
dynamics (Basser, 1995). Diffusion anisotropy of white matter
derived from DTI is thought to originate from the specific
organization of bundles of myelinated axonal fibers running in
parallel. Among the different indices for quantifying diffusion
anisotropy, fractional anisotropy (FA) is the most widely used
informative parameter to evaluate the integrity of fiber tracts and
myelination of neural axons in white matter (Beaulieu, 2002).
Reduction in FA is thought to be related to disruption of micro-
structure of white matter and fiber tracts.
ctural abnormalities in patients with late-onset schizophrenia
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Studies with DTI have demonstrated significant alterations in
the anisotropy of white matter in schizophrenic patients com-
pared with healthy controls. For example, DTI studies of patients
with first-episode schizophrenia have shown lower FA in the
internal capsule, middle frontal gyrus, and superior temporal
gyrus (Szeszko et al., 2008). Previous studies demonstrated a
significant decrease in FA in the genu of the corpus callosum in
patients with chronic schizophrenia, but not in patients with first-
episode schizophrenia (Kong et al., 2011). In contrast, a significant
decrease in FA was found in the right anterior cingulum of
patients with early-onset schizophrenia (Tang et al., 2010). These
inconsistent findings in FA may reflect heterogeneous patients in
samples, including differences in onset age, duration of illness,
number of acute episodes, medication exposures, and methodo-
logical differences in DTI. For example, first-episode and chronic
schizophrenia samples may include patients with early-onset
and/or late-onset schizophrenia. However, patients with early-
onset and first-episode schizophrenia demonstrated severe cog-
nitive deficits compared with patients with late-onset schizo-
phrenia (Rajji and Mulsant, 2008; Rajji et al., 2009). Although
early-onset and late-onset patients were found to have similar
reductions in the volume of several brain areas, such as medial
temporal regions, anterior superior temporal gyri (Barta et al.,
1997), and mean corpus callosum (Sachdev and Brodaty, 1999),
late-onset schizophrenic patients had larger thalamic volumes
than early-onset patients (Corey-Bloom et al., 1995). These
differences suggested the existence of structural and functional
differences between early-onset and late-onset schizophrenia.
Therefore, it is important to screen FA alterations in whole white
matter only in homogenous schizophrenic patients with late-
onset schizophrenia.

The Positive and Negative Syndrome Scale (PANSS) has been
widely used for typological and dimensional assessment of
schizophrenia. The negative symptoms identified using the PANSS
share many characteristics with cognitive deficits and have been
correlated with their severity in cross-sectional assessments of
schizophrenia (Harvey et al., 2006). Our previous studies demon-
strated that PANSS scores negatively correlated with decreased FA

in the corpus callosum of chronic schizophrenic patients (Kong
et al., 2011) and decreased FA in right anterior cingulum of early-
onset schizophrenic patients (Tang et al., 2010). Significant
negative correlations between clinical symptoms and decreased
FA values were also observed in left uncinate, superior long-
itudinal fascious, and inferior frontal white matter in patients
with schizophrenia (Wolkin et al., 2003; Skelly et al., 2008).
However, the correlations of clinical symptoms, i.e., the PANSS
score, with FA alterations in white matter of patients with late-
onset schizophrenia have not been reported.

In this study we used a voxel-based DTI technique to investi-
gate white matter abnormalities in patients with late-onset
schizophrenia compared with age-, gender-, and education-
matched healthy subjects. Cognitive functions were measured,
and correlations of FA values with PANSS scores, cognitive test
scores, age, medication dosages, and duration of illness were
analyzed.
2. Methods

2.1. Subjects

Twenty late-onset inpatient schizophrenic patients (15 females, 5 males) with

an average age of 46.9 years and average education of 8.4 years were recruited

from December 2007 to November 2008 at the Institute of Mental Health of the

Second Xiangya Hospital, Central South University. All participants met the

following inclusion criteria: (1) fulfilled the DSM-IV-TR criteria for schizophrenia

(Diagnostic and Statistical Manual of Mental Disorders, fourth edition, text
Please cite this article as: Chen, L., et al., White matter microstru
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revision, American Psychiatric Association, 2000); (2) were free of concurrent

psychiatric disorders; (3) had no comorbid Axis I diagnosis; (4) were aged 40 to 60

years; (5) had an age at onset of schizophreniaZ40 years; (6) had no history of

major neurological or physical disorders or substance abuse; (7) were right-

handed; and (8) had a short duration of illness (o10 years). Schizophrenia was

diagnosed by clinical psychiatrists using the Structured Clinical Interview for

DSM-IV-TR, patient version (SCID-I/P). Seventeen healthy subjects matched with

the patients on age (40–58 years), gender (13 females, 4 males), and average

education (8.2 years) were recruited by advertisement as a control group. Control

subjects were confirmed to be (1) free of any known psychiatric condition;

(2) without a history of major physical or neurological illness or substance abuse;

(3) without a family history of psychosis in their first-degree relatives; and

(4) right-handed. The study was approved by the Ethics Committee of Central of

the Second Xiangya Hospital. Signed informed consent forms were obtained from

all patients and healthy controls who participated in the study.

2.2. Positive and negative syndrome scale (PANSS)

Patients with a positive diagnosis of schizophrenia were evaluated with the

PANSS interview and were then assessed on the PANSS scales (Kay et al., 1987).

The assessments were conducted by clinical psychiatrists with intensive training

in PANSS interviewing and rating methods.

2.3. Cognitive testing

A set of cognitive measurements was performed as follows: (1) Executive

function/reasoning and problem solving were tested using the computerized 128-

card version of the Wisconsin Card Sorting Test (WCST); (2) attention and

immediate recall were tested using the Digit Span Subtest from the Wechsler

Adult Intelligence Scale-Revised (WAIS-R) (Gong, 1989); and (3) Visual attention

and task switching were tested using the Trail-making Test (Gaudino et al., 1995).

2.4. Imaging acquisition

Magnetic resonance imaging was performed on a 1.5 T General Electric MRI

scanner. Foam pads were used to limit head motion and reduce scanner noise.

Image sequences were acquired by the use of diffusion-weighted imaging with

single-shot echo planar imaging (EPI) in alignment with the anterior–posterior

commissure plane. The diffusion-sensitizing gradients were applied along 13 non-

collinear directions (b¼1000 s/mm2), together with an acquisition without diffu-

sion weighting (b¼0). Thirty contiguous axial slices were acquired with the

following parameters: repetition time¼12,000 ms; echo time¼107 ms; acquisi-

tion matrix¼128�128; field of view¼24�24 cm; number of excitations¼5;

slice thickness¼4 mm and no gap.

2.5. SPM-VBM analysis

The software DTI studio (version 2.40) was used to calculate diffusion-

weighted images. The resulting FA images were transformed into Montreal

Neurological Institute (MNI) standard space with statistical parametric mapping

5 (SPM5) (Wellcome Department of Cognitive Neurology, London, UK) according

to previously described methods (Focke et al., 2008). Initially, a generic FA

template was built from the control group by normalizing the extracted b0 image

to the SPM5 EPI template and applying this transformation information to the FA

maps and reslicing to 2 mm cubic resolution. Afterwards, the normalized FA maps

were averaged and smoothed with an 8-mm full width at half-maximum (FWHM)

Gaussian kernel to form the FA template (Wang et al., 2008). All native FA maps

(patients and controls) were then normalized to this template and resliced to

2-mm cubic resolution as well. All normalization steps were carried out with SPM

default settings that encompassed affine registration (12 degrees of freedom) and

16 non-linear iterations using a discrete cosine basis function with a frequency

cutoff of 25 (Ashburner and Friston, 1999).

Differences in FA between late-onset schizophrenia (LOS) patients and healthy

subjects were analyzed by two samples t-test on a voxel-by-voxel basis with SPM5

software. Age was set as covariate of no interest. A white matter mask was used to

restrict the search volume for analysis to mitigate multiple comparison correc-

tions. This white matter mask was defined by binarising the SPM5 a priori white

matter template to a binary mask through thresholding of each voxel at 50% white

matter to define white matter regions for analysis (Menzies et al., 2008). Clusters

of 50 voxels or greater that survived a threshold of false discovery rate (FDR)

corrected po0.05 were considered significant. For visualization of the regions

showing significantly different FA values between the two groups, the significant

clusters were superimposed onto SPM5’s spatially normalized template brain.

In order to further investigate the clinical association of significant clusters,

regions of interest (ROIs) were analyzed. MarsBar 0.41 (/http://marsbar.source

forge.net/S) was used to extract ROIs containing all the voxels classified as white

matter from spatially normalized and smoothed FA images. Mean FA values of the
ctural abnormalities in patients with late-onset schizophrenia
012), http://dx.doi.org/10.1016/j.pscychresns.2012.05.009
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Fig. 1. Clusters with reduced FA value in late-onset schizophrenia compared with

L. Chen et al. / Psychiatry Research: Neuroimaging ] (]]]]) ]]]–]]] 3
ROIs were then calculated using log_roi_batch v2.0 (/http://www.aimfeld.ch/S).

A masking threshold for FA values of 0.18 was set up to exclude voxels containing

partial volume of white matter. Finally, the averaged FA values of individual

clusters were calculated for each subject. A two-sample t-test (SPSS 13.0, Chicago)

was used to compare these FA values of the clusters between healthy subjects and

patients. We used po0.05 as a statistical threshold. Correlation between FA values

and clinical factors including duration of illness, chlorpromazine-equivalent

medication dose, cognitive test scores and PANSS scores of significant clusters in

LOS patients were analyzed using partial correlation analysis controlled for age

(two-tailed po0.05).

2.6. TBSS analysis

Voxelwise statistical analysis of the FA data was carried out using TBSS (Tract-

Based Spatial Statistics) (Smith et al., 2006) with part of FSL (Smith et al., 2004).

First, FA images were created by fitting a tensor model to the raw diffusion data

using FDT, and then brain-extracted using BET (Smith, 2002). All subjects’ FA data

were then aligned into a common space using the nonlinear registration tool

FNIRT (Klein et al., 2009), which uses a b-spline representation of the registration

warp field (Rueckert et al., 1999). Second, the mean FA image was created and

thinned to create a mean FA skeleton, which represents the centers of all tracts

common to the group. Each subject’s aligned FA data were then projected onto this

skeleton, and the resulting data were entered into voxelwise cross-subject

statistics. The testing was performed by the FSL randomizing program, which

uses 5000 random permutations (Nichols and Holmes, 2002). Age was entered

into the analysis as a covariate to ensure that any observed difference of FA

between groups was independent of age-related changes. A statistical threshold of

t42, po0.05, corrected for multiple comparisons with Threshold-Free Cluster

Enhancement (TFCE), was used for this analysis (Smith and Nichols, 2009).

healthy controls. The position of sagittal and coronal MRI sections display

significant differences between the LOS group and the control group. (A) Results

from the SPM-VBM method. Black arrows indicate the significant area. (B) Results

from the TBSS method.

Table 2
Clusters with reduced FA values in late-onset schizophrenia patients vs. healthy

subjects (FDR corrected po0.05).

Cluster size Peak Z value MNI coordinate Location

x y z

119 4.21 �38 �14 28 Left parietal lobe

91 3.97 14 �42 28 Right post cingulum

Coordinates are given for the maximally significant voxel in each area, where x

defines the lateral. placement from the midline (left¼negative), y defines the

anteroposterior displacement. relative to the anterior commissure (poster-

ior¼negative), and z defines the vertical position. relative to the anteroposterior

commissural line (down¼negative).
3. Results

Table 1 presents the demographic and clinical data for the two groups. We

included 20 patients with LOS (15 females, 5 males) with a mean age of 46.975.0

years and an average education of 8.473.3 years. All patients were diagnosed

with the paranoid subtype of schizophrenia according to DSM-IV-TR. In the 17

healthy controls (13 females, 4 males), the mean age was 46.975.0 years and the

average education was 8.272.9 years. All recruited patients had a short duration

of illness (mean: 2.972.6 years; range: 0.25–9 years) at entry into the study. All

patients received typical or atypical antipsychotic medications and the mean

chlorpromazine-equivalent dosage was 244.4 mg/day (S.D. 99.7 mg/day; range:

62.5–363.6 mg/day) at the time of scanning (perphenazine [n¼3], sulpiride [n¼2],

risperidone [n¼9], clozapine [n¼2], or quetiapine [n¼4]). Patients and control

subjects were statistically similar in terms of gender composition, age, handed-

ness, and educational level (Table 1).

Voxelwise analysis of white matter anisotropy showed a significant reduction in FA

in left parietal lobe and right posterior cingulum in patients with LOS compared with

healthy subjects (Fig. 1A, Table 2). TBSS analysis only showed a significant reduction in

FA in the left parietal lobe (Fig. 1B). In contrast, no region showed a significant increase

in FA in patients. ROI analyses confirmed a significant reduction in FA in the left parietal
Table 1
Clinical characteristics.

Patients with late-onset schizophrenia Healthy subjects p value

Male/female 5/15 4/13 –

Age (years) 46.975.0 47.476.0 0.328

(range: 40–58) (range: 40–58)

Education (years) 8.473.3 8.272.9 0.689

(range:1–14) (range:3–12)

Length of illness (years) 2.972.6 – –

(range:0.25–9)

PANSS total score 61.8712.5 – –

(range: 40–85)

PANSS positive 22.077.1 – –

(range: 12–34)

PANSS negative 12.273.9 – –

(range: 7–20)

Risperidone 9 – –

Quetiapine 4 – –

Clozapine 2 – –

Perphenazine 2 – –

Sulpiride 3 – –

Chlorpromazine-equivalent dosage (mg/day) 244.4799.7 – –

(range: 62.5–363.6)

Please cite this article as: Chen, L., et al., White matter microstructural abnormalities in patients with late-onset schizophrenia
identified by a voxel-based.... Psychiatry Research: Neuroimaging (2012), http://dx.doi.org/10.1016/j.pscychresns.2012.05.009

http://www.aimfeld.ch/
dx.doi.org/10.1016/j.pscychresns.2012.05.009
dx.doi.org/10.1016/j.pscychresns.2012.05.009
dx.doi.org/10.1016/j.pscychresns.2012.05.009


Fig. 2. Regional FA value of each subject in healthy and late-onset schizophrenia groups. (A) Scatterplot of FA values in the left parietal lobe. (B) Scatterplot of FA values in

right poster cingulum.

Table 3
Cognition tests.

Tests Patients with late-onset

schizophrenia

Healthy

subjects

p

value

WCST
Categories

completed

4.2571.25 5.2970.92 0.007

Total WCST

number

123.35710.65 117.24714.68 0.152

False response 77.85719.64 61.94719.51 0.019

Perseverative

errors

59.2722.78 42.94719.39 0.027

WAIS-R-Digit
span

Forward 6.9571.5 871.41 0.036

Backward 3.671.43 5.0671.56 0.005

Total scores 10.5572.5 13.0671.85 0.002

Trial-marking
test

Form A 72.05734.5 58.82721.22 0.178

Form B 203.20799.85 145.18765.95 0.048
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lobe and the right poster cingulum in patients with LOS compared with healthy

subjects (Fig. 2). A narrow range of PANSS scores was seen in the LOS patients, showing

no significant difference from healthy controls. Even without correction for multiple

comparisons (i.e., Bonferroni correction), there were no significant correlations

between decreased FA and PANSS positive subscale scores, PANSS negative subscale

scores, PANSS total scores, cognitive test scores, age, antipsychotic medication dosages,

and duration of psychosis (ps40.05). Also, when age was set as a controlling factor in

the correlation analysis, no differences were found between decreased FA of the

significant clusters and clinical variables.

As shown in Table 3, the late-onset schizophrenic patients completed

significantly fewer categories and showed significantly more incorrect responses

and perseverative errors on the WSCT compared with healthy subjects (po0.01,

po0.05, po0.05, respectively). In the WAIS-R Digit Span Subtest, patients

remembered significantly fewer numbers in both the forward and backward

phases compared with healthy subjects (po0.05, po0.01, respectively). In the

Trial-Making Test, patients required a significantly longer time to finish form B

compared with healthy subjects (po0.05). These outcomes suggest cognitive

deficits in executive function/reasoning, problem solving, task switching, atten-

tion, and immediate recall in LOS patients.
4. Discussion

In this study we first evaluated whole white matter integrity in
patients with LOS using DTI. A significant reduction in fractional
anisotropy (FA) was observed in the left parietal lobe and the right
poster cingulum by voxel-based morphometry (VBM). In contrast,
a significant reduction in FA was only observed in the left parietal
lobe with the tract-based spatial statistics (TBSS) approach. VBM
has some limitations in registration, smoothing, and sensitivity
when it is used to analyze diffusion abnormality (Afzali et al.,
Please cite this article as: Chen, L., et al., White matter microstru
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2011). Conversely, TBSS yields more sensitive and objective out-
comes than VBM. Therefore, the combination of TBSS and VBM
provided more reliable information. Contrary to reports in
patients with early-onset and chronic schizophrenia, no correla-
tion was found between FA and PANSS scores in LOS patients.
Reduced FA may indicate impaired myelination, altered fiber
organization, or aberrant axon morphology in white matter and
fiber tracts. Therefore, the present study suggested that disrup-
tion of white matter integrity may be involved in the pathophy-
siology of LOS, but provided no evidence for its involvement in
the etiology of LOS.

Deficits in cognitive functions and impairments in executive
functions, learning, and verbal ability were previously observed in
late-onset schizophrenia (Goldman-Rakic, 1994). Consistent with
earlier findings, our study demonstrated that patients with LOS
had significant deficits in cognitive functions (Table 3). In contrast
to the findings in chronic schizophrenia (Kong et al., 2011) and
early-onset schizophrenia (Tang et al., 2010), no significantly
higher levels of positive and negative symptoms were observed
in LOS patients (Table 1). A previous study demonstrated that
patients with early-onset schizophrenia have greater cognitive
deficits and more negative symptoms compared with LOS
patients (Wetherell and Jeste, 2004). Therefore, differences in
cognition and symptoms may suggest functional differences of
the brain between early-onset and late-onset patients.

Most studies indicate that learning and memory are based on
the integrity of temporal and frontal lobe areas. Structural
abnormalities of fronto–temporal connectivity may constitute a
basis for the impairment of cognitive functions, such as selective
attention, language processing, and working memory. These
findings suggest that structural abnormalities in fronto–
temporal connectivity, temporal and frontal lobe areas may
contribute to the cognitive impairment in LOS patients. However,
previous studies demonstrated conflicting findings concerning
the relationship between structural abnormalities and psychotic
symptoms. For example, prefrontal white matter anisotropy was
revealed to correlate with negative symptoms, impulsiveness, and
aggressiveness in schizophrenia (Hoptman et al., 2002; Wolkin
et al., 2003). In contrast, other studies revealed no relationship
between DTI indices and psychiatric symptoms (Rowland et al.,
2009). In this study, reduced FA in the left frontal and bilateral
temporal regions exhibited no correlation with PANSS positive or
negative symptom scores or with cognitive deficits in LOS. This
may indicate that the relationship between white matter altera-
tions and PANSS symptoms is more complicated than a linear
pattern. But it may also suggest that (1) white matter abnormality
is not the etiology of LOS or that DTI alterations are not specific
indicators of LOS; and (2) the heterogeneity of patients may be a
factor contributing to the conflicting findings.
ctural abnormalities in patients with late-onset schizophrenia
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Aging has been found to be related to white matter integrity in
both healthy populations (Bennett et al., 2010) and schizophrenic
patients (Pfefferbaum et al., 2000). Rosenberger et al. (2008)
found an age-associated FA reduction in frontal–temporal con-
nectivity in schizophrenia. Some studies even reported inverse
correlations between anisotropy measurements and duration of
illness (Shin et al., 2006). Our findings of decreased FA in white
matter in lLOS patients (age 40–60) are also inconsistent with
previous findings in very-late-onset schizophrenia (after age of
60) (Jones et al., 2005). This appears to reflect the aging differ-
ence. However, no differences were found between FA values of
the significant clusters and clinical variables in this study regard-
less of whether age was set as a controlling factor in the
correlation analysis. Also, antipsychotic medication can affect
white matter integrity. For example, Minami et al. (2003)
reported a positive correlation of left frontal FA with antipsychotic
medication dose. Kuroki et al. (2006) reported an inverse correla-
tion between anisotropy measurements and antipsychotic dose.
Interestingly, in this study no significant correlation was found
between reduced FA values and antipsychotic medication dosages
in LOS patients. These negative results might reflect the advan-
tage of homogenous patients in our study. The relatively narrow
onset age range from 40 to 60 years has the advantage of
minimizing the effects of onset age and diagnostic heterogeneity,
while comparison with age-matched controls also minimized the
effect of aging. However, the result of no correlations might also
be bias due to a relatively small sample size.

In chronic schizophrenia, most of the consistent findings in the
reduction of FA were identified in the frontal lobe (Schlösser et al.,
2007; Seok et al., 2007), corpus callosum (Caan et al., 2006), and
the cingulate. In addition, multiple white matter tracts that
provide for intralobar and interlobar transfer of neural signals
have shown lower FA in patients with chronic schizophrenia.
Especially, evaluation of fronto–temporal connections
(Rosenberger et al., 2008), such as the uncinate fasciculus (Caan
et al., 2006), cingulum bundle (Nestor et al., 2007), arcuate
fasciculus, and fornix (Takei et al., 2008), exhibited more consis-
tent findings in chronic schizophrenia. Patients with first-episode
and early-onset schizophrenia share many commonalities, which
include being early in the course of their illness, being relatively
young, and not having been through long-term treatment with
medication, and they tend to display a similar amount of hetero-
geneity. Indeed, decreases in FA in first-episode and early-onset
schizophrenia have been found in many regions, including the
anterior cingulate (Hao et al., 2006), frontal lobe (Szeszko et al.,
2008), parietal lobe (Hao et al., 2006), cerebellar peduncle
(Kyriakopoulos et al., 2008), hippocampus (White et al., 2007),
and perihippocampal gyrus (Hao et al., 2006). In our study LOS
patients showed significant reductions in FA in white matter
integrity in the frontal and bilateral temporal regions, findings
that are consistent with findings in earlier onset schizophrenia
(Kubicki et al., 2007). This suggests that frontal and temporal
white matter seems to bethe most commonly affected areas in
various types of patients with schizophrenia including chronic
patients, first-episode patients, early-onset patients, and late-
onset patients, but are not the the specific areas most affected
in LOS. We propose that the white matter tracts connecting
frontal and temporal area might be unrelated to age, duration of
illness, medication exposure, or the presence of psychotic symp-
toms of LOS.

We acknowledge that our study has the following limitations:
(1) The sample size, although comparable with most DTI studies
to date, was relatively small. Therefore, it cannot be completely
ruled out that the lack of correlation between decreased FA and
clinical symptoms in LOS might be spurious. However, a narrow
range of PANSS scores was seen in this study. This may reflect the
Please cite this article as: Chen, L., et al., White matter microstru
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homogeneity of LOS patients and suggests a good representation
of the current samples in LOS patients. (2) DTI abnormalities in
white matter have been previously reported in first-episode,
early-onset, and chronic schizophrenia. Although FA data from
these studies could be used as reference for our FA changes, no
doubt, it will provide more promising information if early- and
late-onset as well as chronic schizophrenia are studied in parallel.
The voxel-averaged values of DTI could be affected by multiple
factors, such as possible contamination of gray matter and the
variability of location, shape, and size of fiber tracts. (3) All
patients with diagnosis of late-onset schizophrenia in our study
received antipsychotic medication that could have affected white
matter integrity (Peters et al., 2010). However, no correlation
between reduced FA and antipsychotic medication dosage was
observed. Therefore, we excluded a relevant confounding effect of
medication on our results. However, the yearly dose is a more
important factor than the daily dose adopted in this study.
Generally, an accurate dose could only be obtained from a well-
controlled trial because many outpatients are non-compliant, to
varying degrees, in taking medication. Additional studies using
drug-naı̈ve patients in a first episode of schizophrenia would be
desirable. (4) The limitation of FA has been increasingly recog-
nized by researchers as they have turned to other indices such as
axial and radial diffusivities to elucidate the nature of white
matter abnormalities in schizophrenia (Chan et al., 2010). (5) A
slice thickness of 4 mm and only 13 directions obtained is also a
limitation of the study. (6) Finally, this study only analyzed FA

parameters without parallel analyses of volumetric changes.
Despite these limitations, the current study found significantly
reduced FA in white matter in patients with late-onset schizo-
phrenia. Although comparable FA reductions have been identified
in first-episode, early-onset, and chronic schizophrenia, the late-
onset subgroup is relatively rare, and previous no study has
examined changes in FA of late-onset schizophrenia. Thus, our
study provides information that fills a gap in our knowledge of FA

effects across the whole range of schizophrenia.
In conclusion, abnormal white matter integrity in the frontal

and temporal area was found in late-onset schizophrenia. It
remains uncertain whether specific regions of white matter might
emerge as particularly important for the pathophysiology of late-
onset schizophrenia. Forthcoming studies with larger, drug-naı̈ve,
and more homogeneous patient groups may realize the true
potential of diffusion tensor imaging.
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