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Abstract: Trait markers of schizophrenia aid the dissection of the heterogeneous phenotypes into dis-
tinct subtypes and facilitate the genetic underpinning of the disease. The microstructural integrity of
the white matter tracts could serve as a trait marker of schizophrenia, and tractography-based analysis
(TBA) is the current method of choice. Manual tractography is time-consuming and limits the analysis
to preselected fiber tracts. Here, we sought to identify a trait marker of schizophrenia from among 74
fiber tracts across the whole brain using a novel automatic TBA method. Thirty-one patients with
schizophrenia, 31 unaffected siblings and 31 healthy controls were recruited to undergo diffusion spec-
trum magnetic resonance imaging at 3T. Generalized fractional anisotropy (GFA), an index reflecting
tract integrity, was computed for each tract and compared among the three groups. Ten tracts were
found to exhibit significant differences between the groups with a linear, stepwise order from controls
to siblings to patients; they included the right arcuate fasciculus, bilateral fornices, bilateral auditory
tracts, left optic radiation, the genu of the corpus callosum, and the corpus callosum to the bilateral
dorsolateral prefrontal cortices, bilateral temporal poles, and bilateral hippocampi. Posthoc between-
group analyses revealed that the GFA of the right arcuate fasciculus was significantly decreased in
both the patients and unaffected siblings compared to the controls. Furthermore, the GFA of the right
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arcuate fasciculus exhibited a trend toward positive symptom scores. In conclusion, the right arcuate
fasciculus may be a candidate trait marker and deserves further study to verify any genetic association.
Hum Brain Mapp 36:1065–1076, 2015. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Schizophrenia is a highly heterogeneous and heritable

psychiatric disorder. Although a number of candidate genes

have been implicated in the illness, the relationships

between genotype and phenotype remain mostly unclear

[Craddock et al., 2006; Turner et al., 2006]. The concept of

endophenotype was proposed to further the understanding

of the genetic basis of psychopathology [Gottesman and

Gould 2003; Gottesman and Shields 1973]. An endopheno-

type is a measurable inherent characteristic that can be

obtained from neuropsychology, neurophysiology, or neu-

roimaging and associated with candidate gene(s) [Bertisch

et al., 2010; Bramon et al., 2008; Shaikh et al., 2011]
To emphasize the causal link between a gene and a dis-

ease formed by an endophenotype, the original criteria
included heritability, association with the disease, stability
over time, independence of clinical state, and cosegrega-
tion within the patients’ families [Gottesman and Gould,
2003; Lenzenweger, 2013]. Later, the more flexible term
“trait marker” was adopted to refer to a stable, heritable
characteristic that indicates vulnerability to the disease but
does not necessarily entail evidence for the casual link
[Beedie et al., 2011; Mathalon et al., 2000; Pflueger et al.,
2007]. The identification of endophenotypes aids the classi-
fication of heterogeneous phenotypes into biologically dis-
tinct subtypes of individuals and facilitates understanding
of the genetic underpinning and early detection of the dis-
ease [Greenwood et al., 2007; Leboyer et al., 1998].

Schizophrenia is a syndrome that is characterized by
complex symptomatic manifestations and cognitive dys-
functions in multiple domains [Dickson et al., 2012; Glahn
et al., 2007; Tamminga and Holcomb, 2005]. These features
have been attributed to the disruption of the underlying
structures of neural networks [Ellison-Wright and Bull-
more, 2009; Kubicki et al., 2007]. Diffusion MRI is a tech-
nique that is capable of detecting the microstructural
integrities of the axonal fibers of the white matter [Basser
et al., 2000; Nucifora et al., 2007] and has revealed disrup-
tions of these networks in vivo [Kanaan et al., 2005].
Numerous diffusion MRI studies have reported abnormal
white matter regions in patients with schizophrenia and
also in first-episode, drug-na€ıve, and high-risk patients
[Lee et al., 2013; Peters et al., 2008; Samartzis et al., 2014].
Evidence suggests that the structural integrity of the white
matter is highly heritable [Skudlarski et al., 2013], which
supports its potential as a trait marker for the study of
genetic vulnerability to schizophrenia.

Because patients with schizophrenia have typically been
ill for an extended period of time, it is unclear whether
their exhibited neurobiological abnormalities are trait
markers [Gouzoulis-Mayfrank et al., 2003] or consequences
of the disease state [Loberg et al., 2004]. One useful para-
digm for identifying biological measures as trait markers is
the evaluation of individuals, such as unaffected siblings of
patients, who are at a higher risk than the general popula-
tion [Allen et al., 2009; Chen et al., 2006; Leboyer et al.,
1998]. Unaffected siblings have genetic backgrounds and
early-life environments that are similar to those of patients
and are subject to a nearly ninefold greater risk of develop-
ing schizophrenia [Sadock and Sadock, 2007]. Although
unaffected siblings of patients do not develop schizophre-
nia, they share 50% of their genes with the patients [Brune-
lin, et al., 2008] and may have similar but less severe
impairments [Karlsgodt, et al., 2007]. Consequently, the esti-
mated values of trait markers in unaffected siblings should
be similar to those of patients and intermediate between
those of controls and patients [Knochel, et al., 2012; Oertel,
et al., 2010]. For instance, Brunelin et al. [2007] and Marcelis
et al. [2004] studied metabolite elevation in response to
stress, and found that siblings showed a response which
was intermediate between patients and controls.

Previous diffusion MRI studies of siblings have analyzed
the tract integrities of selected regions of interest (ROIs) or
the whole white matter on a voxel-by-voxel basis. Decreases
in fractional anisotropy (FA), which is a diffusion tensor
imaging (DTI) index that indicates tract integrity, have been
found in the medial frontal region [Camchong et al., 2009],
hippocampus [Hao et al., 2009], cingulum and angular areas
[Hoptman et al., 2008]. However, recent reviews commented
that voxel-based and ROI analyses have yet to provide con-
sistent findings [Kanaan et al., 2005] and might not be opti-
mal for the study of white matter integrity in patients with
schizophrenia [Melonakos et al., 2011]. The inconsistency of
results also signifies the heterogeneity of the disease [Boos
et al., 2007; Ellison-Wright and Bullmore, 2009].

Knochel et al. [2012] used tract-based spatial statistics, a
new method that performs voxel-based analysis only on
the voxels of the “tract skeleton” [Smith et al., 2006], in a
sibling study. These authors reported that both patients
and siblings exhibited decreases in white matter integrity
in the commissural fibers and association fibers. Because
these studies found localized regions with abnormal white
matter integrities, the abnormal regions lacking tract iden-
tity can only be inferred based on existing atlases [Jones
and Cercignani, 2010]. To preserve the tract identity,
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Kanaan et al. [2005] suggested a tractography-based analy-
sis (TBA) method [Kunimatsu et al., 2012; Wakana et al.,
2004] that analyzes the integrity of a specific tract bundle
based on diffusion tractography [Mori and van Zijl, 2002].
However, because the TBA approach invokes tractogra-
phy, it is operator-dependent and prone to poor reprodu-
cibility when less efficient fiber tracking algorithm is used
[Tensaouti et al., 2011]. Although TBA is considered to be
the current method of choice [Maddah et al., 2008; Melon-
akos et al., 2011], it is time consuming when many fiber
tracts are to be reconstructed and analyzed [Zhang et al.,
2010]. Due to these limitations, prior studies of siblings
have focused only on several selected tracts and either
revealed no abnormalities in the FA [Kubicki et al., 2013]
or equivocal findings [Booset al., 2013].

In this study, we propose an automatic analysis of the
microstructural properties of major tract bundles of the
brain. The proposed tractography-based automatic analysis
(TBAA) method uses two pieces of information; that is, a
high-quality diffusion spectrum imaging (DSI) template
and the coordinates of the cerebral white matter tracts
reconstructed on the DSI template. The rationale of the
method is to establish a transformation map between the
DSI template and the subject’s DSI data such that the tract
coordinates in the template can be transformed to the
native space of the individual’s DSI data. The microstruc-
tural properties of a specific tract bundle can then be
sampled from the subject’s DSI data in a voxel-by-voxel
manner along the tract coordinates.

With this TBAA method, we measured the tract integri-
ties of most of the known major white matter tracts over
the entire brain in patients with schizophrenia, unaffected
siblings and healthy controls. Our goal was to identify the
tracts that may represent trait markers of schizophrenia.
We hypothesized that eligible trait markers would exhibit
abnormalities in both the patients and siblings and that
these abnormalities would exhibit a gradation of differen-
ces from patients to siblings to controls. To relate these dif-
ferences to clinical phenotypes, correlation analyses were
also performed between the trait markers and the clinical
symptoms of schizophrenia.

METHODS

Participants

A total of 93 subjects were recruited; 31 patients diag-
nosed with schizophrenia (17 male, 14 female), 31 siblings
of individuals with schizophrenia (18 males, 13 female) and
31 healthy controls (15 male, 16 female). All patients were
outpatients from the Department of Psychiatry of the
National Taiwan University Hospital. Patients were diag-
nosed after a personal interview by experienced psychia-
trists according to the DSM-IV-TR criteria for
schizophrenia. Patients exhibiting comorbidity with schizo-
affective disorder and bipolar affective disorder were
excluded. Siblings received a diagnostic interview with the

Diagnostic Interview for Genetic Studies (DIGS) [Nurn-
berger et al., 1994] by research assistants who had received
standardized training. The Chinese version of the DIGS and
its reliability has been described previously [Chen et al.,
1998]. Siblings with the following disorders were excluded:
(1) schizophrenia, schizoaffective disorder, other psychotic
disorder, (2) bipolar affective disorder or major depressive
disorder, (3) substance use disorder, (4) mental retardation,
(5) major neurological disorders such as seizure, stroke,
major head injury, and so forth, and (6) significant medical
diseases such as autoimmune disease, major cardiac or
renal disease, and so forth. Patients and siblings were
recruited from a total of 43 families. In the 31 siblings, 19
were related to the patients under investigation and 12
were not. Healthy controls were recruited via internet
advertisement posted throughout the community and
received the same diagnostic procedure as described for
siblings by trained research assistants. They had to fulfill
the same criteria for siblings and two additional criteria: (1)
no significant anxiety disorder, obsessive compulsive disor-
der, or post-traumatic stress disorder and so forth, (2) no
first- or second-degree relatives having psychotic illness.
Participants with the evidence of cerebral pathology such as
leukoaraiosis or brain tumors on T2-weighted images were
excluded. Handedness was measured with the Edinburgh
Handedness Inventory [Oldfield, 1971], and clinical symp-
toms of schizophrenia were assessed using the positive and
negative syndrome scale (PANSS) [Kay et al., 1987]. The
PANSS raters received rating training annually, and the
reliability was acceptable (the intraclass correlations ranged
from 0.66 to 0.89 for the PANSS items). The hospital institu-
tional review board approved this study, and subjects pro-
vided informed consent prior to participation.

MRI Data Acquisition

All images were acquired on a 3T MRI system (Trio, Sie-
mens, Erlangen, Germany) with a 32-channel phased array
head coil. The slice orientations of the axial images were
defined as the orientations parallel to the line between the
anterior and posterior commissures, which was defined on
the sagittal localizer. A fast spin echo sequence was used to
acquire T2-weighted images with 35 contiguous axial slices
that covered the whole brain with the following parameters:
repetition time (TR) 5 5,920 ms; echo time (TE) 5 102 ms,
flip angle5150�, matrix size 5 256 3 256; field of view
(FOV) 5 248 3 248 mm2; and slice thickness 5 3 mm. High-
resolution T1-weighted images were acquired using a three-
dimensional (3D) magnetization-prepared 3D gradient echo
sequence with the following parameters: TR 5 1,560 ms;
TE 5 3.68 ms; flip angle 5 15�; matrix size 5 256 3 192 3

208; FOV 5 256 3 192 3 208 mm3; resulting in isotropic spa-
tial resolution of 1 mm3. To accurately reconstruct the fiber
pathways of the tracts, DSI was used due to its superior
ability to resolve crossing fibers within each voxel [Wedeen,
et al., 2005]. A spin-echo diffusion echo planar imaging
sequence with twice-refocused balanced echo [Reese, et al.,
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2003] was used to acquire 56 contiguous axial DSI images
that covered the whole brain; this sequence used the follow-
ing parameters: TR 5 9,600 ms; TE 5 130 ms; matrix
size 5 80 3 80; FOV 5 200 3 200 mm2; and slice
thickness 5 2.5 mm without gap. Based on a modified opti-
mal q-space sampling scheme [Kuo, et al., 2008], a total of
102 volumes of diffusion-weighted images were acquired
with diffusion-encoding gradient vectors pointing at the
grid points within a half sphere of the q-space; the maxi-
mum diffusion sensitivity (bmax) was 4,000 s/mm2. The
scan time for the DSI acquisition was approximately 16 min.

DSI Data Reconstruction

DSI data were reconstructed based on the Fourier rela-
tionship between the diffusion MR signals and the diffu-
sion probability density function (PDF). After projecting
the diffusion signals to the other half of the sphere in the
q-space and filling the eight corners around the sphere
with zeros, Fourier transform was performed on the diffu-
sion MR signals to obtain a PDF at each voxel [Callaghan,
et al., 1991]. The orientation distribution function (ODF)
was computed by calculating the second moment of the
PDF in 362 radial directions (a sixfold tessellated icosahe-
dron). A decomposition method was used to decompose
the ODF into several constituent Gaussian ODFs [Yeh
et al., 2013]. The decomposed constituent ODFs were used
to indicate the local tract orientation in each voxel. Gener-
alized fractional anisotropy (GFA), which is a DSI index
that is equivalent to FA in DTI [Fritzsche et al., 2010; Gorc-
zewski et al., 2009], was computed for each voxel using
the following formula: (standard deviation of the ODF) /
(root mean square of the ODF) [Tuch, 2004].

Tractography-Based Automatic Analysis

The technical details of TBAA have been described else-
where [Chen et al., 2014]. In brief, the TBAA method
requires two pieces of information: a high quality DSI tem-
plate and a whole-brain white matter tract atlas. First, the
DSI template, termed NTU-DSI-122, was constructed by
coregistering 122 healthy subjects’ DSI datasets to the
Montreal Neurobiology Institute space using a large defor-
mation diffeomorphic metric mapping (LDDMM-DSI)
method [Hsu et al., 2012]. Healthy subjects were recruited
via internet advertisement posted throughout the commu-
nity. The subjects comprised 62 males (age 27.9 6 5.0
years) and 60 females (age 27.4 6 5.6 years). All of the sub-
jects were free of the DSM-IV diagnosis of schizophrenia
and other DSM-IV Axis I diagnoses. None of them had
history of clinically significant head trauma, neurological
diseases, currently taking psychotropic medication or any
first or second-degree relative with a psychotic disorder.
Second, whole-brain white matter tracts were recon-
structed on the DSI template by an expert (W.Y.I. Tseng)
using multiple regions of interest (ROIs) and whole brain

seeding [Chen et al., 2014; Lo et al., 2011]. The whole-brain
white matter tracts were classified into three categories: (a)
association fibers (cortical-cortical connections), (b) projec-
tion fibers (cortical-spinal, cortical-caudate, cortical-puta-
minal, and cortical-thalamic connections), and (c)
commissural fibers (left-right hemispheric connections)
[Fernandez-Miranda et al., 2008; Wakana et al., 2004;
Zhang et al., 2010]. A total of 74 tracts were reconstructed
from the 56 ROIs defined in the automatic anatomical
labeling system (See the Supporting Information Table I).

Figure 1 shows a schematic of the TBAA procedures (See
the Supporting Information Methods for detail), which
included the following steps: (1) a DSI template was built by
coregistering the DSI datasets of 122 healthy subjects via
LDDMM; (2) seventy-four white matter tracts were recon-
structed on the DSI template using deterministic tractogra-
phy; (3) a study-specific template (SST) was created by
coregistering the DSI datasets of the 93 studied subjects via
LDDMM; (4) the SST was coregistered to the DSI template
via LDDMM, and a deformation map of the combined
transformations of steps 1 and 3 was determined; (5) the
sampling coordinates of the 74 tracts were transformed from
the DSI template to the individual DSI datasets with the
deformation map; and (6) the GFA values were sampled in
the native space along the sampling coordinates. In this
study, the mean GFA was calculated for each tract bundle,
which resulted in 74 mean GFA values for each participant.
The mean GFA of the whole-brain white matter tracts was
obtained by averaging the mean GFA values of 74 tracts.

Statistical Analyses

Data normality was verified using the Kolmogorov–Smir-
nov test, and descriptive analysis results were expressed as
the means and the standard deviations. To assess whether
the groups differed on demographic variables, chi-square
tests were conducted for categorical variables. One-way anal-
yses of variance (ANOVAs) were used for continuous varia-
bles when the data exhibited normal distributions; otherwise
Kruskal–Wallis ANOVAs were used. To compare the mean
GFA values of the 74 major white matter tracts among the
three groups, we used analyses of covariance (ANCOVAs)
with Benjamini–Hochberg corrections for multiple compari-
sons, and a false discovery rate (FDR) was set to 0.05 [Benja-
mini, 2010; van Beveren et al., 2012]. In addition, ANCOVA
was performed to compare the mean GFA values of the
whole-brain white matter tracts. Age and gender were used
as covariates to minimize their effects on the study variables.
To determine the differences between the groups, posthoc
Fisher’s least significant difference (LSD) tests were applied
[Belforte et al., 2010]. Additionally, a trend analysis using the
Jonckheere–Terpstra (J–T) test and Kendall’s tau rank correla-
tion was performed to examine whether the data from each
group were significantly ordered [Filbey et al., 2008].

To study the associations between the altered tracts as
determined by the ANCOVAs, partial correlation analyses
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were performed between the patients’ mean GFA values
and the clinical parameters (i.e., positive and negative
symptom scores of the PANSS, duration of illness, and
dose of medication). Gender [Walder et al., 2006] and age
[Zhang et al., 2014] were controlled for in the individual
tracts based on the dependencies reported in the literature.
The significance level for the correlation analyses was
defined as 0.05.

RESULTS

Demographic Features

There were no significant differences in age, gender, educa-
tion, or handedness between the patients, unaffected siblings,
and normal controls (Table I). The patients were clinically sta-
ble, and their mean total PANSS score was below 60. The

Figure 1.

Illustration of the six steps of the TBAA. LDDMM, large deformation diffeomorphic metric map-

ping; DSI, diffusion spectrum imaging; SST, study-specific template; GFA, generalized fractional

anisotropy.
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mean duration of illness was 9.16 years (SD 5 5.30). All of the
patients received antipsychotic medication; the mean chlor-
promazine equivalent dose of the 31 patients was 319 mg/
day (range 79–731 mg/day) [Andreasen et al., 2010].

Integrity of the White Matter Tracts

Repeated measures ANCOVA with the mean GFA values
of the 74 white matter tracts as within subject variables,

group (patients, siblings and controls) as between subject
variables, and age and gender as covariates revealed a sig-
nificant effect of group for the mean GFA values (P< 0.001;
partial Eta-squared 5 0.388). ANCOVAs of the mean GFA
values of the 74 white matter tracts over the entire brain
revealed 10 tracts that were significantly different among
the three study groups after Benjamini–Hochberg correc-
tions for multiple comparisons (FDR 5 0.05) (Fig. 2, Sup-
porting Information Tables II and III).

TABLE I. Demographic and clinical characteristics of study groups

Schizophrenia patients
(N 5 31)

Unaffected siblings
(N 5 31)

Healthy
controls (N 5 31) X2-value P-value

Age (years),
mean 6 SD

33.90 6 8.09 33.29 6 9.80 31.26 6 9.14 1.905 0.386a

Gender, male (%) 17 (54.8%) 18 (58.1%) 15 (48.3%) 0.611 0.739b

Education (years),
mean 6 SD

14.06 6 2.06 15.25 6 1.91 15.41 6 2.45 5.922 0.052a

Right-handed (%) 31 (100%) 30 (96.8%) 31 (100%) 2.022 0.313b

Duration of illness 9.16 6 5.30
Total antipsychotic

dose, mean CPZ
equivalent
(mg) 6 SD

319.71 6 156.76

Statistical comparison of the demographics across groups by a Kruskal-Wallis ANOVA.
b

Chi-square test.
Abbreviations: CPZ, chlorpromazine.

Figure 2.

Three-dimensional fiber tracking of the 10 tracts. (a) Right arcu-

ate fasciculus: ROIs, R STG and R IFG oper. (b) Left fornix:

ROIs, L MB and L HP. (c) Right fornix: ROIs, R MB and R HP.

(d) Left auditory tract: ROIs, L Th, and L AC. (e) Right auditory

tract: ROIs, R Th, and R AC. (f) Left optic radiation: ROIs, L Th,

and L SOG. (g) The genu of the corpus callosum: ROIs, R OFG,

and L OFG. (h) The corpus callosum to the bilateral DLPFC:

ROIs, R DLPFC, and L DLPFC. (i) The corpus callosum to the

bilateral temporal poles: ROIs, R TP, and L TP. (j) The corpus

callosum to the bilateral hippocampi: ROIs, R HP, and L HP.

ROIs, regions of interest; R, right; L, left; STG, superior tempo-

ral gyrus; IFG oper, the opercular portion of the inferior frontal

gyrus; MB, mammillary body; Th, thalamus; AC: auditory cortex;

HP, hippocampus; SOG, superior occipital gyrus; CC, corpus cal-

losum; OFG, orbital frontal gyrus; DLPFC, dorsal lateral prefron-

tal gyrus; TP, temporal pole.
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Among the association fibers, the tracts with significant
differences included the right arcuate fasciculus
(P 5 0.043), left fornix (P 5 0.003), and right fornix
(P 5 0.003). Among the projection fibers, the left auditory
tract (P 5 0.021), right auditory tract (P 5 0.021), left optic
radiation (P 5 0.043) was found to be significantly differ-
ent. Among the commissural fibers, the significant tracts
included the genu of the corpus callosum (P 5 0.021), the
corpus callosum to the bilateral dorsolateral prefrontal cor-
tices (DLPFC) (P 5 0.018), the corpus callosum to the bilat-
eral temporal poles (P 5 0.018), and the corpus callosum to
the bilateral hippocampi (P 5 0.027). In addition, the mean
GFA values of the whole-brain white matter tracts were
significantly different (P 5 0.044) among the three study
groups. To determine whether whole-brain white matter
tracts affected the results of the tract-specific differences,
the mean GFA values of the whole-brain white matter
tracts were used as an additional covariate. The 10 tracts
remained significant after covarying the mean GFA of the
whole-brain white matter tracts (Table II).

The tracts showing significant differences were analyzed
to determine whether they were trait markers or state
markers. The J–T tests revealed significant (P< 0.05) linear,
stepwise orders from healthy controls to unaffected sib-
lings to patients in all ten of the tracts. To identify the
directions of these tendencies, Kendall’s tau rank correla-

tions were applied to analyze the white matter tracts that
were significantly ordered. The results indicated that the
white matter tracts exhibited significant positive correla-
tions such that patients< siblings< controls.

Results of Posthoc Analyses (See Table II)

To further discriminate the differences among the three
study groups, we performed posthoc between-group
analyses of each pair of groups. Compared to the healthy
controls, we found significant decreases in the mean GFA
values of the 10 tracts in the patients (P� 0.05). In the
right arcuate fasciculus, the controls had significantly
higher mean GFA values than did the siblings (P 5 0.035)
and patients (P 5 0.001), whereas the difference between
the patients and siblings was not significant (P 5 0.108).
In the other nine tracts, there were no significant differen-
ces between the siblings and controls. Comparisons
between the patients and siblings revealed that the
patient group exhibited significant decreases in the mean
GFA values of the bilateral fornices (P< 0.001), left optic
radiation (P 5 0.047), the corpus callosum to the bilateral
DLPFC (P 5 0.014), bilateral temporal poles (P 5 0.003),
and bilateral hippocampi (P 5 0.005) and a borderline sig-
nificant difference in the genu of the corpus callosum
(P 5 0.055).

TABLE II. Comparisons of the mean GFA values of the white matter tracts of the three groups (patients, siblings,

and controls)

Fiber tract

Schizophrenic
patients Unaffected siblings Healthy controls ANCOVA

Posthoc LSD

Patients versus
controls

Siblings versus
controls

Patients versus
siblings

GFA value
Mean 6 SD

GFA value
Mean 6 SD

GFA value
Mean 6 SD P-value P-value P-value P-value

Whole-brain
white matter
tracts

0.285 6 0.008 0.287 6 0.010 0.290 6 0.005 0.044a 0.018a 0.232 0.233

Rt. AF 0.262 6 0.017 0.269 6 0.017 0.278 6 0.012 b0.043a 0.001a c0.035a 0.108
Lt. FX 0.140 6 0.026 0.170 6 0.020 0.177 6 0.015 b0.003a <0.001a 0.205 <0.001a

Rt. FX 0.185 6 0.025 0.211 6 0.019 0.214 6 0.015 b0.003a <0.001a 0.593 <0.001a

Lt. AT 0.196 6 0.011 0.200 6 0.010 0.204 6 0.010 b0.021a 0.005a 0.129 0.171
Rt. AT 0.199 6 0.013 0.204 6 0.014 0.209 6 0.007 b0.021a 0.002a 0.100 0.136
Lt. OR 0.308 6 0.015 0.316 6 0.015 0.324 6 0.015 b0.043a <0.001a 0.057 0.047a

Genu of CC 0.294 6 0.021 0.305 6 0.022 0.314 6 0.021 b0.021a 0.001a 0.136 0.055
CC to DLPFC 0.321 6 0.018 0.332 6 0.018 0.336 6 0.015 b0.018a 0.001a 0.318 0.014a

CC to TP 0.186 6 0.022 0.199 6 0.015 0.205 6 0.013 b0.018a <0.001a 0.198 0.003a

CC to HP 0.176 6 0.032 0.195 6 0.018 0.201 6 0.022 b0.027a <0.001a 0.371 0.005a

aStatistically significant.
bA significant difference among three study groups was detected by ANCOVA test while controlling for age and sex and survived Ben-
jamini–Hochberg correction for multiple comparisons (FDR 5 0.05).
cA significant difference between siblings and controls was detected by posthoc LSD test.
Abbreviations: Rt., right; Lt., left; AF, arcuate fasciculus; FX, fornix; AT, auditory tract; OR, optic radiation; CC, corpus callosum; DLPFC,
dorsolateral prefrontal cortex; TP, temporal pole; HP, hippocampus; LSD, least significant difference.
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Correlations with Clinical Parameters in the

Patients

Table III summarizes the results of the partial correlation
analyses of the GFA values and the positive and negative
symptom PANSS scores. The results were uncorrected for
multiple comparisons. The right arcuate fasciculus exhib-
ited a significant negative correlation with the severity of
the positive symptoms (r 5 20.410; P 5 0.030). The left and
right fornices, left auditory tract, corpus callosum to the
bilateral temporal poles and the bilateral hippocampi
exhibited significant negative correlations with the severity
of the negative symptoms (left fornix, r 5 20.405;
P 5 0.033; right fornix, r 5 20.450; P 5 0.016; left auditory
tract, r 5 20.449; P 5 0.017; corpus callosum to bilateral
temporal poles, r 5 20.465, P 5 0.013; corpus callosum to
bilateral to bilateral hippocampi, r 5 20.542, P 5 0.004).
The left optic radiation, the genu of the corpus callosum
and the corpus callosum to the bilateral DLPFC exhibited
no significant correlations with the severities of either pos-
itive or negative symptoms. In addition, the correlations
with duration of illness were significant in the genu of the
corpus callosum (r 5 20.404, P 5 0.027), the corpus cal-
losum to the bilateral DLPFC (r 5 20.425, P 5 0.019) and
the bilateral hippocampi (r 5 20.388, P 5 0.034) but failed
to reach statistical significance in the other seven tracts.
For the correlations with medication dosage, significances
were only observed in the left optic radiation (r 5 20.386,
P 5 0.035) and genu of the corpus callosum (r 5 20.413,
P 5 0.023). All of the correlations did not survive after the
correction for multiple comparisons.

DISCUSSION

To the best of our knowledge, this is the first study to
discover trait/state markers of schizophrenia via TBA of
the major white matter tracts over the whole brain. We
compared the tract integrities across three study groups
using ANCOVAs and found 10 tracts with significant dif-
ferences. These 10 tracts exhibited a significantly linear,
stepwise order from healthy controls to unaffected siblings
to patients. Further analyses demonstrated that the GFA of
the right arcuate fasciculus was significantly reduced in
patients and siblings compared to the controls, and the
GFA exhibited a trend toward a correlation with the sever-
ity of the positive symptom scores. Our results suggest
that the right arcuate fasciculus may be a candidate trait
marker of schizophrenia.

Based on the hypothesis that the siblings should possess
tract alterations that are similar to those of patients, we
identified 10 tracts that exhibited gradations of alterations
that distinguished the patients from the controls with the
siblings located in between. The 10 tracts found in this
study are consistent with those identified in previous stud-
ies in patients with schizophrenia that have reported
decreased diffusion nisotropy in the frontal and temporal
white matter [Lee et al., 2013; Leitman et al., 2007; Phillips
et al., 2009; Shergill et al., 2007] and alterations in the optic
radiation [Butler et al., 2006]. After identifying these 10
tracts, we performed posthoc analyses of the between-
group differences. We found that the right arcuate fascicu-
lus exhibited significantly decreased microstructural integ-
rity in both the patients and the unaffected siblings
compared to the controls (Table II). In contrast, the other
nine tracts exhibited significantly decreased integrities
only in patients and not in the siblings. These results indi-
cate that the right arcuate fasciculus is statistically quali-
fied to be a trait marker.

Impairments of the right arcuate fasciculus have been
repeatedly reported in schizophrenia [Catani et al., 2011;
de Weijer et al., 2013] and are associated with the severity
of positive symptoms [de Weijer et al., 2011]. Similarly, we
found a trend toward a correlation between positive symp-
tom scores and the right arcuate fasciculus in the patients
(Table III). Given the qualifications of the right arcuate fas-
ciculus as a candidate trait marker, impairments to this
structure might exist early in the course of the disease,
and such impairments might be predictive of positive
symptoms.

In addition to the right arcuate fasciculus, the other nine
tracts also exhibited significant trends across the three
groups. However, these nine tracts failed to pass the statis-
tical tests in the posthoc between-group analyses. Com-
pared to the controls, white matter integrity was
significantly decreased only in the patients and not in the
siblings. Furthermore, comparisons between the patients
and siblings revealed that most of the tracts exhibited sig-
nificant differences with the exception of the bilateral audi-
tory tracts and the genu of the corpus callosum. These

TABLE III. Relationships between the mean GFA values

of the white matter tracts and the PANSS positive and

negative symptom scores of the schizophrenia patients

Fiber tract PANSS symptoms r P-value

Rt. AF Positive symptoms 20.410 a0.030a

Lt. FX Negative symptoms 20.405 b0.033a

Rt. FX Negative symptoms 20.450 b0.016a

Lt. AT Negative symptoms 20.449 b0.017a

Rt. AT — — NS
Lt. OR — — NS
Genu of CC — — NS
CC to DLPFC — — NS
CC to TP Negative symptoms 20.465 b0.013a

CC to HP Negative symptoms 20.542 b0.004a

Statistically significant (uncorrected for multiple comparisons).
The partial correlation analyses between the patients’ mean GFA
values and the PANSS symptom scores were performed while
controlling for a sex. b age.
aStatistically significant (uncorrected for multiple comparisons).
Abbreviations: PANSS, Positive and Negative Symptom Scale; Rt.,
right; Lt., left; AF, arcuate fasciculus; FX, fornix; AT, auditory
tract; OR, optic radiation; CC, corpus callosum; DLPFC, dorsolat-
eral prefrontal cortex; TP, temporal pole; HP, hippocampus; NS,
nonsignificant.
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results imply that the integrities of these nine tracts might
be less affected by the inheritance than by disease course.

Among these nine tracts, the integrities of the left and
right fornices, the left auditory tract, the corpus callosum
to the bilateral temporal poles and the bilateral hippo-
campi exhibited a trend toward negative correlations with
negative symptom scores. Decreased integrities of the
genu of the corpus callosum, corpus callosum to the bilat-
eral DLPFC and the bilateral hippocampi were associated
with a trend toward longer duration of illness. The integri-
ties of the left optic radiation and the genu of the corpus
callosum were associated with a trend toward dose of
mediation. These findings are consistent with previous
studies reporting that alteration of these structures were
associated with the severity of the negative symptom in
patients with schizophrenia [Anderson et al., 2002; Inno-
centi et al., 2003; Kunimatsu et al., 2012], duration of ill-
ness [Downhill et al., 2000] and dose of medication
[Goghari et al., 2013; Reis Marques et al., 2014]. In contrast
to the right arcuate fasciculus, these tracts are associated
with a trend toward negative symptoms or influenced by
antipsychotic treatment during their illness. This indicates
that these tracts may form a set of biologically distinct
markers that behave differently from the right arcuate
fasciculus.

The TBAA method was developed in-house, and its
accuracy has been validated [Chen et al., 2014]. Compari-
son with manual tractography in five selected fiber tracts
(i.e., the arcuate fasciculus, cingulum bundle, corticospinal
tract, the genu and splenium of the corpus callosum)
revealed that TBAA outperforms manual tractography in
geometric similarity of the regions traversed by the tracts
and in functional variability of the GFA values sampled
along the tracts. The advantages TBAA in automation and
objectivity allowed us to investigate the majority of the
major white matter tracts in a brain-wise manner over a
large group of subjects. In this study, the mean GFA val-
ues of the individual tract bundles were measured and
compared across three groups. However, some abnormal-
ities may have been local and thus the mean GFA meas-
ures may have been unable to localize the lesions or to
detect differences. To search for local abnormalities, one
could resort to GFA profiles in TBAA to scrutinize the
fine-grained information from each tract. This approach
would require a more stringent statistic approach to cor-
rect for multiple comparisons.

There are limitations to our study. First, this is a cross-
sectional study of patients being in the chronic stage
(duration of illness: 9.16 6 5.30 years). The trait maker
found in our study requires further testing to fulfill criteria
for a trait marker. For example, a longitudinal study of
first-episode patients is warranted to verify that the right
arcuate fasciculus is impaired in the early stage and that
this impairment is stable over the course of disease. Sec-
ond, we included some unaffected siblings who were
unrelated to patients of current study. The altered white

matter integrities of both the patient and sibling groups
may not be solely attributed to genetic risk. Although
some studies [Ceaser et al., 2008; Groom et al., 2008; Sim-
monite et al., 2012] that have searched for trait markers
have included unrelated siblings among the subjects, for a
study designed to search for endophenotypes recruitment
of the unaffected sibling related to the patients under
investigation would provide better control over the influ-
ence of family factors. Third, the statistical issues associ-
ated with multiple comparisons also need to be addressed.
The results of partial correlations with clinical parameters
did not survive correction for multiple analyses. Although
we used them to elucidate the clinical relevance of the 10
tracts, the results should be interpreted with the support
of previous reports. Finally, the sample size of this study
was moderate; thus, the differences between the siblings
and controls remained statistically insignificant for some
tracts; for example, the genu of the corpus callosum and
bilateral auditory tracts. A larger cohort may increase the
statistical power and reveal additional trait markers.

CONCLUSION

The right arcuate fasciculus was significantly impaired
in both the unaffected siblings and the patients with schiz-
ophrenia in a predicted, graded pattern. Therefore, the
right arcuate fasciculus is a candidate trait marker and
may be potentially valuable for establishing the links
between genetic liabilities and specific clinical phenotypes.
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