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Abstract
Patients with schizophrenia do not usually achieve remission state even after adequate antipsy-

chotics treatment. Previous studies found significant difference in white matter integrity between

patients with good outcomes and those with poor outcomes, but difference is still unclear at indi-

vidual tract level. This study aimed to use a systematic approach to identify the tracts that were

associated with remission state in patients with schizophrenia. We evaluated 91 patients with

schizophrenia (remitted, 50; nonremitted, 41) and 50 healthy controls through diffusion spectrum

imaging. White matter tract integrity was assessed through an automatic tract-specific analysis

method to determine the mean generalized fractional anisotropy (GFA) values of the 76 white mat-

ter tract bundles in each participant. Analysis of covariance among the 3 groups revealed 12 tracts

that were significantly different in GFA values. Post-hoc analysis showed that compared with the

healthy controls, the nonremission group had reduced integrity in all 12 tracts, whereas the remis-

sion group had reduced integrity in only 4 tracts. Comparison between the remission and

nonremission groups revealed 4 tracts with significant difference (i.e., the right fornix, bilateral

uncinate fasciculi, and callosal fibers connecting the temporal poles) even after adjusting age, sex,

education year, illness duration, and medication dose. Furthermore, all the 4 tracts were correlated

with negative symptoms scores of the positive and negative syndrome scale. In conclusion, our

study identified the tracts that were associated with remission state of schizophrenia. These tracts

might be a potential prognostic marker for the symptomatic remission in patients with

schizophrenia.
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1 | INTRODUCTION

Antipsychotic drugs have become the standard treatment for schizophre-

nia, but the treatment outcomes vary. Under medication, some patients

achieve symptomatic remission (45%–47%) and others continue to expe-

rience some or most symptoms (Lambert et al., 2006; San, Ciudad,

Alvarez, Bobes, & Gilaberte, 2007). To date, treatment effectiveness in

different patients remains unclear (Lieberman et al., 1996). Different

treatment outcomes may be attributed to the genetic and molecular het-

erogeneity of patients (Kaur et al., 2014; Mirnics, Middleton, Marquez,

Lewis, & Levitt, 2000), which may have signatures in the brain structures

and functions (Egan et al., 2001). Therefore, a brain correlate that is char-

acteristic of the treatment outcomes is desirable to avoid unnecessary

treatment of nonremission, to ensure an adequate trial for patients

who are likely to benefit from taking antipsychotics, and to improve the

long-term treatment outcomes (Correll, Malhotra, Kaushik, McMeniman,

& Kane, 2003).Jing-Ying Huang and Chih-Min Liu contributed equally to this work.
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Volumetric structural magnetic resonance imaging (MRI) studies

have revealed alterations in the gray matter of the brains in patients

with schizophrenia. Many studies assessing the brain structure and its

relationship with treatment outcomes have reported that smaller vol-

umes of gray matter are associated with subsequently poor clinical or

functional outcomes (Dazzan, 2014). For example, a longitudinal study

by Jaaskelainen et al. (2014) reported that individuals with a higher

gray matter density in the frontal and limbic regions have more favor-

able clinical and functional outcomes. In addition, Van Haren et al.

(2007) reported significantly reduced gray matter volumes in the

frontal and temporal cortices of the individuals with poor outcomes.

Bodnar, Harvey, Malla, Joober, and Lepage (2010) examined the para-

hippocampal gyrus in patients with first-episode psychosis and

observed that the parahippocampal volume is significantly smaller in

non-remitted patients than in remitted patients with schizophrenia.

The findings of the aforementioned studies suggest that the treatment

outcomes might be associated with the structural alterations in the

gray matter of specific brain regions, and these alterations might occur

early in the course of schizophrenia.

As schizophrenia is characterized by alterations of structure and

function in specific gray matter brain regions, schizophrenia has been

considered as a dysconnectivity syndrome, a disorder arising from

abnormal neuronal connectivity, which leads to associated symptoms

and cognitive impairments (Stephan, Friston, & Frith, 2009). White mat-

ter comprises numerous neuronal axons and forms structural connec-

tions between brain regions, so alteration in white matter integrity has

been a key focus of schizophrenia research (Chiappelli et al., 2015;

Kubicki, McCarley, & Shenton, 2005; Oh et al., 2009). The fractional

anisotropy (FA) value, an index derived from diffusion tensor imaging

(DTI), is considered to indicate the composite properties of the underly-

ing white matter microstructure, including the axonal density, axonal

diameter, and myelination (Basser, Mattiello, & LeBihan, 1994; Beau-

lieu, 2002; Johansen-Berg, 2013). Reduced FA in white matter of the

frontal and temporal lobes has been frequently reported in previous

DTI studies for schizophrenia (Pettersson-Yeo, Allen, Benetti, McGuire,

& Mechelli, 2011). Recent studies using advanced analysis techniques

have reported reduced FA values not only in the frontal and temporal

regions but also in the parietal and occipital cortices (Fujino et al.,

2014; Roalf et al., 2013; Walther et al., 2011). Apparent FA reduction

has also been observed in patients with first-episode schizophrenia

(Hao et al., 2006) and probands’ siblings (Camchong, Lim, Sponheim, &

Macdonald, 2009). Furthermore, diffusion MRI findings have suggested

that alterations in white matter tract integrity may serve as endophe-

notypic or trait markers for schizophrenia (Skudlarski et al., 2013).

Although diffusion MRI has provided crucial insights regarding the

alterations in white matter tract integrity in patients with schizophrenia,

only four studies have reported their associations with treatment out-

comes (Luck et al., 2011; Mitelman et al., 2006, 2007; Reis Marques

et al., 2014; Table 1). As shown in Table 1, these four studies differ in

patient populations, follow-up periods, and analytic approaches. The

two studies by Mitelman et al. were performed on patients with

chronic schizophrenia with follow-up periods of at least 5 years,

whereas the other two studies were conducted on patients with first

episode psychosis with follow-up periods of 3 and 6 months, respec-

tively. Three studies used a region-of-interest (ROI) approach to inves-

tigate white matter FA values in 40 Brodmann’s areas (Mitelman et al.,

2006), 5-by-5-pixel boxes with the coordinates extracted from the lit-

erature (Mitelman et al., 2007), and pixels specific to 3 pairs of associa-

tion fibers (Luck et al., 2011). One study resorted to a whole-brain

approach using an FA skeleton-based technique (i.e., tract-based spatial

statistics, TBSS) (Reis Marques et al., 2014). Despite different popula-

tions and approaches employed by the limited number of studies as

mentioned above, these studies repeatedly reported significantly

altered white matter regions containing associative fibers connecting

the frontal, temporal, and occipital lobes and commissural fibers. It

seems to imply that there are distinct white matter tracts with altered

integrity in patients with poor treatment outcome as compared to

those with good outcome. To date, however, no studies have been

conducted to systematically investigate white matter tracts over the

whole brain to clarify the findings.

Therefore, this study conducted a tract-based automatic analysis

(TBAA) over the whole brain (Chen et al., 2015) to determine the tracts

of which white matter tract integrity differs between the remission and

nonremission groups. The TBAA method can analyze microstructural

TABLE 1 Previous DTI studies comparing white matter microstructural integrity between good and poor outcomes following antipsychotics
treatment

Citations Mitelman et al. (2006) Mitelman et al. (2007)
Luck et al.
(2011) Reis Marques et al. (2014)

Approaches ROI ROI TSA TBSS

Brain regions WB, Brodmann’s areas 5 3 5-pixel boxes at pre-
selected stereotactic
coordinates

UF, SLF, fornix WB, FA Skeleton

Patients Chronic schizophrenia Chronic schizophrenia FEP FEP

Follow-up periods At least 5 years At least 5 years 6 months 12 weeks

Reduced FA in poor outcome
compared with good
outcome at baseline

left lateral prefrontal, left
temporal-occipital junction,
right cingulate white matter

posterior CC, fronto-occipital
fasciculus, left optic radiation,
fronto-temporal white matter

UF, SLF UF, fornix, CC, internal
capsule, external capsule,
and corona radiata

Note. Abbreviations: CC5 corpus callosum; DTI5 diffusion tensor imaging; FA5 fractional anisotropy; FEP5 first-episode psychosis; ROI5 region of
interest; SLF5 superior longitudinal fasciculus; TBSS5 tract-based spatial statistics; TSA5 tract-specific analysis; UF5uncinate fasciculus; WB5whole
brain.
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integrity of the 76 white matter tracts automatically and provide a

standardized output for between-groups comparisons. Using TBAA, we

observed that some white matter tracts were altered in the siblings

with less generalized fractional anisotropy (GFA) reduction than in the

probands (Wu et al., 2015b), suggesting that alterations in white matter

tract integrity may indicate a genetic predisposition to schizophrenia.

Furthermore, the severity of white matter tract alterations in the

patients with first-episode schizophrenia remained similar to those in

the patients with chronic schizophrenia (Wu et al., 2015a). Our findings

suggest that alterations in white matter tract integrity might be inher-

ent to the disease, and these inherent alterations might be reflected in

the severity of tract impairment between remission and nonremission

groups.

Based on this discussion, this study investigated white matter tract

integrity in 3 groups, namely, patients in remission, those in nonremis-

sion, and healthy controls. We aimed to demonstrate that the remission

and nonremission groups had considerably distinct white matter tracts

with altered tract integrity compared with the healthy controls.

We hypothesized that (1) as compared with the control group, the

remission and nonremission groups would exhibit distinct sets of tracts

that had significant reduction in white matter tract integrity; and

(2) compared with the remission group, the nonremission group would

show a specific set of tracts with significant reduction in white matter

tract integrity, even after adjustment for major clinical variables.

2 | METHODS

2.1 | Participants

Patients with schizophrenia were consecutively recruited from the

outpatient clinic of Department of Psychiatry at National Taiwan

University Hospital consecutively from 2010 to 2015. Patients

received a diagnosis of schizophrenia in accordance with the Diagnos-

tic and Statistical Manual of Mental Disorders-IV criteria, as determined

through comprehensive chart review and personal interviews con-

ducted by experienced psychiatrists. Patients with schizoaffective or

bipolar disorder, or had a history of substance use disorder, intellectual

disability, and major systemic and neurological diseases were excluded.

All patients had duration of illness of at least 2 years. They were fol-

lowed up regularly for at least 6 months to ensure that they were

symptomatically stable during this period. Psychiatrists (C.M.L., T.J.H.,

H.G.H., Y.T.L., M.H.H., C.C.L., and Y.L.C., each with more than 10 years

of experience) assessed the patients using the Positive and Negative

Syndrome Scale (PANSS) at the initial recruitment and at the 6-month

follow up. The intraclass correlation (ICC) of the 30 items of PANSS

ranged from 0.4 to 0.86, of which 9 items’ ICCs were above 0.7 (satis-

factory level), and 21 items’ ranged from 0.4 to 0.7 (acceptable level).

The means of coefficient of agreement (COA) of positive, negative, and

general psychopathology subscales were 0.77, 0.76, and 0.78, respec-

tively. Because several confounding factors may influence the remis-

sion of schizophrenia patients, such as poor drug compliance,

postacute exacerbation illness, and unreliable course clarification using

retrospective chart review, we took a prospective design to ensure that

these patients were not in postacute exacerbation illness and had regu-

lar medication compliance during the 6-month follow-up period.

Patients who had acute exacerbation, irregular medication compliance,

or dropped out of the study were excluded from the study. Healthy

controls were recruited from hospital and university staff and commu-

nity people through publicly posting posters and internet advertising.

Healthy controls were screened by trained research assistants using

the Mandarin version of Diagnostic Interview for Genetic Studies

(DIGS) (Chen, Hsiao, Hsiao, & Hwu, 1998; Nurnberger et al., 1994).

Controls were excluded if they had any of the following diagnoses:

(1) schizophrenia, schizoaffective disorder, bipolar affective disorder, or

major depressive disorder and other psychotic disorders; (2) substance

use and addictive disorder; (3) mental retardation; (4) major systemic

and neurological disorders, such as systemic lupus erythematosus,

seizure, stroke, and major head injury; and (5) significant neurotic

disorders, such as generalized anxiety disorder, obsessive compulsive

disorder, and posttraumatic stress disorder. In addition, controls whose

first-degree relatives had psychotic disorders were excluded. All

participants were assessed for handedness by using the Edinburgh

Handedness Inventory (Oldfield, 1971). This study was approved

by the Institutional Review Board of the hospital, and the participants

provided informed consent prior to recruitment in the study.

In this study, participants were categorized into 3 groups, namely,

healthy control, remission, and nonremission groups. Patients were

categorized into the remission and nonremission groups according to

the Remission in Schizophrenia Working Group (RSWG) criteria, includ-

ing both severity and duration criteria, on the basis of PANSS scores

(Andreasen et al., 2005). The RSWG published consensus criteria to

define remission of psychotic symptoms in patients with schizophrenia

(Andreasen et al., 2005). The criteria for remission are to measure both

a symptom criterion for severity of symptoms and a time criterion for

duration of sustained mild symptoms or lack of symptoms. The RSWG

remission criteria have been widely used in clinical settings, and have

been shown to have good correlations between symptomatic remission

and functional outcome (Dunayevich, Sethuraman, Enerson, Taylor, &

Lin, 2006; Emsley et al., 2007). Remission was defined as a score of �3

on each of the 8 specific items of the PANSS (i.e., P1, P2, P3, N1, N4,

N6, G5, and G9) at the initial recruitment and 6-month follow-up, and

nonremission was defined as a score of >3 on any 1 of the 8 items at

either of the two assessment time points (Andreasen et al., 2005). All

antipsychotic doses were converted to chlorpromazine equivalents

(Andreasen, Pressler, Nopoulos, Miller, & Ho, 2010; Woods, 2003).

2.2 | Image acquisition

All images were acquired on a 3 T MRI system (Trio, Siemens, Erlangen,

Germany) with a 32-channel phased-array head coil. T1-weighted

images were obtained using a three-dimensional magnetization-pre-

pared rapid gradient-echo (3D MPRAGE) sequence with the following

parameters: repetition time (TR)52,000 ms, echo time (TE)53 ms, flip

angle598, acquisition matrix size5256 3 192 3 208, field of view

(FOV)5256 3 192 3 208 mm3, and spatial resolution51 3 1 3

1 mm3. To acquire a better angular resolution of the diffusion signal,

HUANG ET AL. | 2009



diffusion MRI data were obtained through diffusion spectrum imaging

(DSI) (Wedeen, Hagmann, Tseng, Reese, & Weisskoff, 2005). DSI was

performed using a pulsed-gradient twice-refocused spin-echo echo-pla-

nar imaging sequence (EPI) with the following parameters: TR59,600

ms, TE5130 ms, FOV5200 3 200 mm2, matrix size580 3 80, slice

number556, and slice thickness52.5 mm (Reese, Heid, Weisskoff, &

Wedeen, 2003). A total of 102 image volumes, comprising 101

diffusion-weighted images and one baseline (B0) image, were acquired.

These images corresponded to 102 grid points filled in the half sphere

of diffusion-encoding space. The maximum diffusion sensitivity (b max)

was 4,000 s mm22 (Kuo, Chen, Wedeen, & Tseng, 2008). Altogether,

the acquired DSI data sets comprised 5,712 image slices. The total scan

time for the 3D MPRAGE and DSI acquisition was �20 min.

2.3 | Image quality assurance and DSI data

reconstruction

During relatively long scanning time of DSI, head motion may occur,

which induces signal dropout in the DSI images. Our assessment

showed that the diffusion anisotropy values derived from DSI, referred

to as GFA values, would deviate from the accurate value if the number

of images with signal dropout increased. Specifically, the DSI data with

more than 90 image slices of signal dropout would cause an error of

�6% in the GFA estimation. Therefore, a DSI data set with more than

90 image slices of signal dropout was discarded (Chen et al., 2015).

For each voxel of the DSI data set, the 102 diffusion MR signals of

a half-sphere were projected to fill the other half of the sphere based

on the fact that the data in diffusion-encoding space are symmetric

around the origin. 3D Fourier transform was performed to obtain the

average propagator at each voxel (Callaghan, Coy, MacGowan, Packer,

& Zelaya, 1991). The orientation distribution function (ODF) was com-

puted by calculating the second moment of the average propagator in

362 radial directions (Wedeen et al., 2008). To indicate the local tract

orientation in each voxel, a decomposition method was used to decom-

pose the ODF into several constituent Gaussian ODFs (Yeh, Verstynen,

Wang, Fernandez-Miranda, & Tseng, 2013). The GFA value at each

voxel was computed using the following formula: (standard deviation

of the ODF)/(root mean square of the ODF) (Tuch, 2004).

2.4 | Tract-based automatic analysis (TBAA)

We conducted TBAA to assess the integrity of 76 major white matter

tracts in the brain (Chen et al., 2015). The TBAA method uses 3 pieces

of information, a DSI template, a tract atlas, and a nonlinear transfor-

mation registering individual diffusion data sets to the template (Hsu,

Hsu, & Tseng, 2012). The DSI template, named NTU-DSI-122 (Hsu, Lo,

Chen, Wedeen, & Isaac Tseng, 2015), was constructed by registering

122 DSI data sets of healthy adults in the Montreal Neurological Insti-

tute (MNI) space (Hsu et al., 2012). The tract atlas contains 76 major

white matter tract bundles segmented in the template through deter-

ministic tractography. TBAA was performed as described previously

(Chen et al., 2015). (1) A study-specific template (SST) was created

through two-step registration of the DSI data sets of all the study

participants by performing nonlinear transformations of the T1WI and

DSI (Hsu et al., 2012). (2) The SST was registered to the DSI template

following the same two-step registration method. (3) A deformation

map was created by combining the transformations obtained from

steps 2 and 3. (4) The sampling coordinates of the 76 white matter

tract bundles were transformed from the DSI template to the individual

DSI data sets by using the deformation map obtained at step 3. (5) The

GFA values were sampled along the sampling coordinates in the native

space to obtain the GFA profiles of each tract bundle. (6) The mean

GFA values were calculated for each tract bundle to obtain 76 mean

GFA values for each participant (Chen et al., 2015).

2.5 | Statistical analysis

To verify whether the demographic variables satisfy the assumptions

of the parametric statistical tests, data normality was examined using

the Kolmogorov–Smirnov test, and the results were expressed as the

means and standard deviations. To assess the between-groups differ-

ences in the demographic variables, the chi-squared test was con-

ducted for categorical variables, and one-way analysis of variance was

performed for continuous variables exhibiting a normal distribution. To

compare the mean GFA values of the 76 white matter tract bundles

between the remission, non-remission, and healthy control groups, we

used one-way analysis of covariance (ANCOVA) with age (Zhang et al.,

2013), sex (Walder et al., 2006), and education year as the covariates

to minimize their effects on the study variables. Bonferroni method

was performed for multiple comparisons (McDonald, 2009). As the sig-

nificant differences in some tracts between the two diseased groups

may be caused by the differences in duration of illness and medication

dose between the two groups, ANCOVA was conducted again to com-

pare the ANCOVA-positive tracts between the two diseased groups by

including duration of illness and medication dose as covariates in addi-

tion to age, sex, and education year. Bonferroni method was performed

to correct for multiple comparisons. Before ANCOVA, we evaluated

the collinearity between the clinical variables. We estimated variance

inflation factor (VIF) for each clinical variables in 91 patients using the

collinearity diagnostics in SPSS. To reassure that the ANCOVA results

still remained, we performed a sensitivity analysis by excluding patients

with comorbid disorders. We performed ANCOVA again on this group

of subjects with the same procedures as described above. Partial corre-

lation analysis was performed to investigate the associations between

the GFA values of the tracts with significant differences between

remitted and nonremitted patients and the PANSS positive and nega-

tive scores, controlling the duration of illness and medication dose. Sta-

tistical comparisons were conducted using SPSS version 20.0 (SPSS

Inc., Chicago, IL).

3 | RESULTS

3.1 | Demographic variables

One hundred and nine patients received MRI scanning and first PANSS

assessment initially. Thirteen patients were excluded because their
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images failed to pass image quality control (please see Section 2.3). The

remaining 96 patients received a 6-month follow-up. Five patients were

excluded because they dropped out of the study or had acute exacerba-

tion of psychosis. There were 91 patients (50 remitted patients and 41

nonremitted patients) entering the final analysis. Fifty-six control sub-

jects were recruited, and 6 were excluded because of poor image qual-

ity. There were 50 controls in the final analysis (Fig. 1). Subsequently,

50, 41, and 50 participants were categorized in the remission, nonremis-

sion, and healthy control groups, respectively (Table 2). Among the 3

groups, age, sex, and handedness showed no significant differences;

however, years of education differed significantly among the 3 groups.

The scores of PANSS positive symptom subscale, negative symptom

subscale, general psychopathology subscale, duration of illness, daily

antipsychotics dose, and the use of second generation antipsychotics or

the combined differed significantly between the remission and nonre-

mission groups. There were 5, 42, and 3 patients in the remission group

receiving first-generation, second-generation, and combined antipsy-

chotics, respectively, and 3, 22 and 16 patients in the nonremission

group receiving the abovementioned antipsychotic drugs, respectively.

There were 3 patients comorbid with depressive disorder, 1 patient

with obsessive compulsive disorder in the remission group, and 2

patients with depressive disorder and 2 patients with obsessive compul-

sive disorder in the nonremission group.

3.2 | White matter tract integrity

ANCOVA was performed using the mean GFA values of the 76 white

matter tracts as the within-subjects variables and the study groups as the

between-subjects variables. We observed that 12 tracts varied signifi-

cantly among the 3 groups after Bonferroni correction for multiple com-

parisons. Table 3 lists the tracts with significant difference among the 3

groups. In the association fibers, the tracts included the right arcuate fas-

ciculus, bilateral fornices, bilateral uncinate fasciculi, and right perpendicu-

lar fasciculus, and those in the commissure fibers included the callosal

fibers (CFs) connecting the temporal poles, hippocampi, amygdalae, dor-

solateral prefrontal cortices, and orbitofrontal gyri (genu), and those in the

projection fibers included the left thalamic radiation of optic radiation

(p< .001). In these 12 tracts, a stepwise decrement in the GFA values

FIGURE 1 Diagram of recruitment process

TABLE 2 Demographics and clinical characteristics of the study group

Remission (n-50) Nonremission (n-4I) Control (n5 50) p value

Age (year) mean6 SD 32.306 8.03 35.176 9.96 33.168.74 .796a

Sex, male (%) 19(38%) 22(54%) 22(44%) .325b

Education (year), mean6 SD 14.686 2.01 13.446 0.37 15.7262.59 .001a*

Right-handed (%) 49(98%) 41(100%) 50(100%) .400b

Duration of illness (year), mean6 SD 8.186 6.79 11.666 7.52 — .023c*

Daily antipsychotic dose, mean CPZ
equivalent (mg)6 SD

240.716 150.24 418.796 216.38 — <.001’c

PANSS positive score, mean6 SD at baseline 10.086 0.65 16.346 5.34 — <.001c*

at 6-month follow-up 10.026 2.8 15.936 4.49 — <.001”c

PANSS negative score, mean6 SD at baseline 11.566 4.02 20.886 7.22 — <.001c*

at 6-month follow-up 11.886 4.06 20.566 6.56 — <.001c*

PANSS general score, mean6 SD at baseline 21.026 5.33 29.326 8.53 — .001c*

at 6-month follow-up 22.946 5.48 30.563.29 — <.001c*

Note. Abbreviations: CPZ5 chlorpromazine; PANSS5Positive and Negative Syndrome Scale.
aStatistical comparison of the demographics across groups by ANOVA.
bStatistical comparison of the demographics across groups by Chi-square test.
cStatistical comparison of the demographics across groups by two-sample t test.
*Statistically significant.
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was observed from the healthy control to remission to nonremission

groups. Figure 2 shows the effect size of each pair of the study groups.

All of the 12 tracts found in ANCOVA had effects sizes of 0.98 or above

in the post-hoc comparison between nonremission and control groups.

3.3 | Post-hoc between-groups analysis

Post-hoc between-groups analysis of each pair of groups was per-

formed to discriminate the differences in the alterations in the 12

tracts. The nonremission group had significantly lower GFA values in all

12 white matter tracts than did the healthy controls. In contrast, the

remission group had significantly lower GFA values than did the control

group in only 4 tracts (i.e., the bilateral fornices and the CFs connecting

the temporal poles, and hippocampi). The nonremission group had

lower GFA in all of the 12 tracts except right perpendicular fasciculus

than did the remission group (Table 3).

3.4 | ANCOVA between remission and nonremission

groups

The collinearity analysis showed that VIF values for age, education

year, duration of illness, and medication dose were 1.755, 1.084, 2.007,

and 1.166, respectively. These values were smaller than 10, the diag-

nostic threshold of collinearity. With the age, sex, education year, dura-

tion of illness, and medication dose as covariates in the comparison

between the two diseased groups, the results of ANCOVA showed 4

tracts that remained significantly different; these tracts were the right

fornix, left and right uncinate fasciculi, and callosal fibers connecting

the temporal poles (Table 4 and Figure 3).

After excluding the patients with comorbid disorders, the sensitiv-

ity analysis showed similar results (Supporting Information). In

ANCOVA, among the three groups (i.e., controls, remission, and nonre-

mission), only 3 out of 12 tracts (i.e., the right arcuate fasciculus, right

perpendicular fasciculus, and left optic radiation) became insignificant.

In ANCOVA between the remission and nonremission groups, only the

left uncinate fasciculus became insignificant.

3.5 | Correlation between GFA in white matter tracts

and PANSS items

We investigated the correlations between the tracts that remained

altered in the non-remission group as compared with the remission

group (i.e., right fornix, bilateral uncinate fasciculi, and callosal fibers

connecting the temporal poles) with PANSS positive and negative

symptoms scores (Fig. 4). We found that GFA values of the right fornix

showed significant correlation with the positive symptom scores

(r52.22, p5 .039) and the negative symptom scores (r52.45,

p< .001), whereas bilateral UF and the CF connecting the temporal

poles were significantly correlated with the negative symptom scores

(r52.31, p5 .004 for the left UF; r52.35, p5 .001 for the right UF;

r52.37, p< .001 for the CF connecting the temporal poles).

4 | DISCUSSION

To investigate whether remitted and nonremitted patients with schizo-

phrenia showed considerably distinct white matter tract alterations, we

performed the first systematic comparisons of the tract integrity over

TABLE 3 Comparison of the mean GFA values of white matter tracts among three groups

Post hoc
C (n550) R (n550) NR (n541) ANCOVA C vs. R C vs Nit R vs Nit

Fiber tracts
GFA value, mean
(SD)

GFA value, mean
(SD)

GFA value, mean
(SD) p value p value p value p value

Rt arcuate fasciculus 0.276 (0.014) 0.271 (0.014) 0.261 (0.016) a<.001* .286 <.001* .022*

Lt fornix 0.176 (0.017) 0.158 (0.022) 0.139 (0.025) a<.001* <.001* <.001* .003*

Rt fornix 0.215 (0.016) 0.201 (0.021) 0.182 (0.022) a<.001* <.001* <.001* .001*

Rt perpendicular fasciculus 0.213 (0.018) 0.205 (0.018) 0.195 (0.018) a<.001* .072 <.001* .053

Lt uncinate fasciculus 0.234 (0.014) 0.233 (0.020) 0.215 (0.019) a<.001* 1 <.001* <.001*

Rt uncinate fasciculus 0.248 (0.016) 0.246 (0.017) 0.225 (0.022) a<.001* 1 <.001* <.001*

Lt TR of optic radiation 0.324 (0.012) 0.321 (0.013) 0.309 (0.015) a<.001* .778 <.001* .005*

CF to genu 0.318 (0.020) 0.312 (0.019) 0.297 (0.023) a<.001* .394 <.001* .005*

CF to DLPFC 0.338 (0.014) 0.333 (0.014) 0.319 (0.020) a<.001* .207 <.001* .001*

CF to temporal poles 0.206 (0.012) 0.195 (0.015) 0.181 (0.017) a<.001* <.001* <.001* .001*

CF to hippocampi 0.200 (0.021) 0.183 (0.023) 0.166 (0.026) a<.001* .001* <.001* .024*

CF to amygdalae 0.268 (0.014) 0.264 (0.015) 0.252 (0.015) a<.001* .418 <.001* .004*

Note. Abbreviations: C5 control; CF5 callosal fibers; DLPFC5dorsolateral prefrontal cortex; GFA5 generalized fractional anisotropy; Lt5 left;
NR5nonremission; R5 remission; Rt5 right; TR5 thalamic radiation.
Covariates: age, sex, and education year. Bonferroni method was conducted to correct for multiple comparisons of 76 tracts.
*Statistically significant.
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the whole brain in 141 participants (remission, 50; nonremission, 41;

healthy controls, 50) by adjusting age, sex, and education year.

ANCOVA revealed 12 fiber tract bundles that had significantly differ-

ent alterations among the 3 groups. Furthermore, post-hoc between-

groups analysis showed that compared with the healthy controls, the

nonremission group had reduced integrity in all 12 tracts, whereas the

remission group showed reduced integrity in only 4 tracts. Compared

with the remission group, the nonremission group showed reduced

integrity in 11 tracts. ANCOVA between the remission and nonremis-

sion groups was further performed by adding illness duration and medi-

cation dose together with age, sex, and education year as covariates.

The results showed 4 tracts that remained significantly different; these

tracts were the right fornix, bilateral uncinate fasciculi, and CF connect-

ing the temporal poles. The sensitivity analysis further confirmed that

the results still remained even after excluding the patients with comor-

bid disorders. The results support our hypothesis that the remission

and nonremission groups showed considerably distinct sets of altered

white matter tracts as compared with controls. More importantly, non-

remitted patients exhibited 4 fiber tracts that were more severely

impaired than remitted patients.

Our ANCOVA results showed 12 tracts that were significantly dif-

ferent in GFA values among the 3 groups. Post-hoc analysis further

FIGURE 2 The effect sizes of post-hoc between-groups comparison. X coordinates are the serial numbers of 76 white matter tract bundles
from T1 to T76, and Y coordinates are the effect size of each pair of the study groups. All the tracts with significant difference in ANCOVA had
an effect size of 0.9 or above. As indicated in the figure, these tracts include the right arcuate fasciculus (R AF), bilateral fornices, bilateral
uncinate fasciculi (L UF, R UF), right perpendicular fasciculus (R PF), the left optic tract of the thalamic radiation (L OT), the callosal fibers (CF)
connecting the temporal poles (TP), hippocampi (HP), amygdalae (AMG), dorsolateral prefrontal cortices (DLPFC), and orbitofrontal gyri (genu)
[Color figure can be viewed at wileyonlinelibrary.com]
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showed that these 11 tracts were significantly reduced in GFA in the

nonremission group as compared with the remission group (Table 3).

Our findings are consistent with previous DTI studies on chronic schiz-

ophrenia using different analysis approaches. Using 40 Brodmann’s

areas as ROIs, Mitelman et al. (2006) found that patients with poor out-

comes had widespread FA reductions in both hemispheres at baseline.

Subsequently, the same authors refined the analysis using stereotactic

ROIs preselected from previous voxel-based analyses, and found FA

reduction in the posterior corpus callosum, fronto-occipital fasciculus,

left optic radiation, and fronto-temporal white matter at baseline

(Mitelman et al., 2007). Consistently, the 11 tracts found in our results

comprise associative fibers mainly connecting the frontal and temporal

lobes (the right arcuate fasciculus, bilateral fornices, and bilateral unci-

nate fasciculi), projection fibers of the left optic radiation, and

commissural fibers connecting bilateral frontal lobes (the CF to the

genu and DLPFC) or temporal lobes (the CF to the temporal poles, hip-

pocampi, and amygdalae).

Although treatment outcome was associated with FA reduction at

baseline in patients with chronic schizophrenia, the association is con-

founded by the possible effect of illness duration and medication dose.

To address this problem, two studies on patients with first-episode

psychosis have been conducted recently. As compared with responders

following a 12-week antipsychotic treatment, Reis Marques et al.

(2014) found that nonresponders had marked reduction of FA in the

tracts interconnecting the frontal and temporal cortices (e.g., the unci-

nate and fornix) at baseline. Luck et al. (2011) studied the association

of the treatment outcome after 6 months of medication with three

pairs of fronto-temporal white matter tracts (i.e., the cingulum, superior

longitudinal fasciculus, and uncinate fasciculus). As compared with

patients with good outcomes, patients with poor outcomes had

reduced FA in the superior longitudinal fasciculus and uncinate fascicu-

lus at baseline. The results of these studies imply that fronto-temporal

white matter tracts are impaired early in the course of disease, and

these tracts might be a prognostic marker of antipsychotic treatment.

Our comparison in chronic schizophrenia with age, sex, education year,

illness duration, and medication dose as covariates revealed four tracts

(i.e., the right fornix, bilateral uncinate fasciculi, and the CF connecting

the temporal poles) with significant FA reduction in patients with poor

outcomes. Interestingly, our findings largely agree with the two studies

in first-episode psychosis. The minor inconsistency might be due partly

to the difference in patient selection, namely, chronic schizophrenia in

our study and first-episode psychosis in other studies.

In the 4 tracts that showed significantly impaired in nonremitted

patients as compared with remitted patients, we found that the right

fornix and the CF connecting the temporal poles also showed

TABLE 4 Comparison of the mean GFA values of white matter
tracts between remission and nonremission groups

R (n550) NR (n541) ANCOVA
Fiber tracts GFA value GFA value

Mean (SD) Mean (SD) p value

Rt. Fornix 0.200 (0.020) 0.182 (0.022) .001*

U. uncinate fasciculus 0.233 (0.020) 0.215 (0.019) .001*

Rt. uncinatc fasciculus 0.246 (0.017) 0.225 (0.022) <.00l*

CF to temporal poles 0.195 (0.015) 0.181 (0.017) .002*

Note. Abbreviations: CF5 callosal fibers; GFA5 generalized fractional
anisotropy; Lt5 left; NR5 nonremission; R5 remission; RT5 right.
Covariates: age, sex, education year, duration of illness, and medication
dose.
Bonferroni method was conducted to correct for multiple comparisons
of 76 tracts.
*Statistically significant.

FIGURE 3 Box plots and three-dimensional fiber tracking of the four fibers that were significantly different between remission and nonre-
mission groups. (a) Right fornix: ROIs, R-MB, and R-HP. (b) Left uncinate fasciculus: ROIs, L-STP, and L-OFG. (c) Right uncinate fasciculus:
ROIs, R-STP, and R-OFG. (d) CF of the temporal pole: ROIs, bilateral temporal poles. Abbreviation: CF5 callosal fibers; HP5 hippocampus;
L5 left; MB, mammillary body; OFG5orbitofrontal gyrus; ROIs5 regions of interest; R5 right; STP5 superior temporal pole [Color figure
can be viewed at wileyonlinelibrary.com]
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significantly impaired in remitted patients as compared with controls

(Tables 3 and 4). In contrast, bilateral uncinate fasciculi showed signifi-

cant difference only in the comparison between remitted and nonre-

mitted patients, but not in the comparison between remitted patients

and controls (Tables 3 and 4). The results indicate that the right fornix

and the CF connecting the temporal poles exhibit alterations of tract

integrity in schizophrenia disregarding the state of remission, whereas

abnormality of bilateral uncinate fasciculi only occurs in nonremitted

patients. In other words, impairment of bilateral uncinate fasciculi might

signal the nonremission of treatment outcome.

In this study, we found that PANSS negative symptom scores

were negatively correlated with GFA of all of the 4 tracts (Figure 4).

Note that these 4 tracts are the tracts connecting ipsilateral temporal

and prefrontal lobes (right fornix and bilateral uncinate fasciculi) or con-

necting bilateral temporal lobes (CF connecting the temporal poles).

Our findings are consistent with prior studies reporting that negative

symptoms were associated with white matter alterations in the frontal

and temporal regions (Anderson et al., 2002; Sanfilipo et al., 2000; Sig-

mundsson et al., 2001; Wible et al., 2001; Wolkin et al., 2003). In our

study, we also found that nonremitted patients had more severe nega-

tive symptoms than remitted patients (Table 2). This finding is consist-

ent with clinical observation that patients with more severe negative

symptoms had poorer treatment outcome (Ezeme et al., 2017). Based

on the previous reports and our findings, we speculate that impairment

of these 4 tracts might aggravate negative symptoms which results in

poor treatment outcome (Cahn et al., 2002; Gur et al., 1998; Rossi

et al., 2000).

In the correlation analysis, one might notice a floor effect in remit-

ted patients. This is because remitted patients had an average negative

scores lower than 3 (Figure 4). The floor effect, along with the small

sample size, could make the correlation analysis within each group

insignificant. Disregarding remission and nonremission states, clinical

relevance of these four tracts is revealed by the presence of significant

negative correlations with the PANSS negative scores.

In this study, we also found that PANSS positive symptom scores

were negatively correlated with the GFA values of the right fornix

(Figure 4). Many studies have investigated the associations between

structural data and the PANSS positive symptom scores, but the results

FIGURE 4 Correlations between PANSS positive and negative symptom scales and tract integrity of the tracts that were significantly
different between remission and nonremission groups. Abbreviation: CF5 callosal fibers; GFA5 generalized fractional anisotropy, L5 left;
R5 right; TP5 temporal pole; UF5 uncinate fasciculus [Color figure can be viewed at wileyonlinelibrary.com]
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vary. Samartzis et al. (2014) conducted a review of 18 DTI studies on

schizophrenia and noted that, in general, there was a positive

correlation between white matter FA and positive symptoms and a

negative correlation between white matter FA and negative symptoms.

However, some studies found negative correlations between white

matter FA and positive symptoms (Ashton Acton, 2013; Skelly et al.,

2008). For instance, Skelly et al. (2008) reported that positive symp-

toms were inversely correlated with FA in diverse regions, including

the left uncinate fasciculus, right sagittal striatum, and left superior lon-

gitudinal fasciculus. The inconsistency might be reflected partly in the

low value of correlation coefficient (r52.22) in our results.

When performing group-based comparisons between remitted and

nonremitted patients with schizophrenia, confounders including age,

sex, and education year are often considered because these factors

may covary with white matter tract integrity (Walder et al., 2006;

Zhang et al., 2013). However, previous studies did not consider dura-

tion of illness and antipsychotic dose as covariates. Some of previous

studies reported that FA is associated with duration of illness in various

white matter tract alterations in chronic patients with schizophrenia

(Friedman et al., 2008; Ho et al., 2003; Mori et al., 2007). However,

Wu et al. conducted TBAA to investigate white matter tract alterations

in chronic patients with schizophrenia, those with first-episode schizo-

phrenia, and healthy controls, and observed that most tracts that were

altered in chronic patients were also altered in first-episode patients

(Kanaan, Picchioni, McDonald, Shergill, & McGuire, 2017; Wu et al.,

2015a). The effect of antipsychotic drugs on the integrity of white mat-

ter also remains debatable. Kanaan et al. (2009) revealed that the FA of

white matter did not differ between briefly-medicated and chronic

patients with schizophrenia. Kyriakopoulos et al. (2011) observed no

relationship between the antipsychotic dose or cumulative drug expo-

sure and white matter tract integrity. However, Ho, Andreasen, Ziebell,

Pierson, and Magnotta (2011) revealed that increased antipsychotic

drug exposure was associated with white matter volume reduction in

first-episode schizophrenia. In our study, there are 11 tracts with signif-

icant difference between remitted and nonremitted patients when age,

sex, and education year are considered as covariates. The number of

tracts with significant difference reduces to 4 when we add duration of

illness and medication dose to the covariates. Our results indicate that

duration of illness and medication dose explain a large portion of the

variance between remitted and nonremitted patients, and should be

considered.

When comparing the tract integrity between the remission and

nonremission groups, we adjusted age, sex, education year, duration of

illness, and medication dose, to minimize their effects on white matter

tract integrity. Despite these adjustments, 4 tracts had significantly dis-

tinct alterations between the two groups. Schizophrenia is a mental dis-

order with varying degrees of symptoms determined by both genetic

and environmental factors (Tsuang, 2000). This genetic variation may

result in different antipsychotic outcomes and side-effects, and conse-

quently result in considerable disease heterogeneity and different

treatment outcomes in individuals (Kirov, O’Donovan, & Owen, 2005;

Zandi and Judy, 2010). Voineskos (2015) showed that the loci in genes

intimately implicated in oligodendrocyte and myelin development,

growth, and maintenance are associated with white matter microstruc-

ture, supporting the heritability of white matter phenotypes. In a DTI

heritability study, Chiang et al. (2009) compared the monozygotic and

dizygotic twin pairs and showed that genetic factors explain 75%–90%

of the variance in FA in most white matter regions. Genetic effects

have also been demonstrated in the heritability studies on schizophre-

nia, showing a stepwise GFA or FA decrease from healthy controls to

siblings to probands, thus indicating that GFA or FA values are poten-

tial endophenotypic markers (Skudlarski et al., 2013; Wu et al., 2015b).

Altogether, many results support that alterations in white matter tract

integrity may be inherent to the disease; therefore, we suspect that the

distinct severities of tract alterations observed in the remission and

nonremission groups might also be an inherent prognostic marker of

schizophrenia.

This study has several limitations. First, although the diagnoses of

patients were determined through comprehensive chart review and

personal interviews conducted by experienced psychiatrists, we did not

use structured interview such as Structure Clinical Interview for DSM-

IV (SCID) (First, Spitzer, Williams, & Gibbon, 1995) to confirm their

diagnoses. Second, the study was conducted in chronic patients with

schizophrenia. Although we believe that the same difference in the

integrity of white matter tracts can be observed early in the course of

disease because tract alterations are inherent to the disease, it warrants

a longitudinal study on drug naïve patients to validate our claims. Third,

we defined the treatment outcomes by both RSWG symptom and time

criteria (Andreasen et al., 2005), which do not consider the persistence

of negative symptoms or the recovery of patient’s daily life functioning

(Oorschot et al., 2012). Categorization of the patients according to

other criteria of treatment outcomes might yield different groups of

altered fiber tracts. Fourth, different types of antipsychotic drugs may

exert different effects on white matter volume (Bartzokis et al., 2007).

The heterogeneous effects of different antipsychotic drugs were not

considered in this study (Andreasen et al., 2010; Woods, 2003). In addi-

tion, a “dose/year” metric would be much better than current dose for

antipsychotic exposure. However, because most of these patients had

long duration of illness, it was very difficult to collect the dose/year

variables accurately. Access to such information would improve the

present analysis. In this study, we used current dose of medication and

duration of illness to represent two facets of medication dose.

In conclusion, we observed different severities in white matter

tract alterations between remitted and nonremitted patients with

schizophrenia. The right fornix, bilateral uncinate fasciculi, and CF con-

necting bilateral temporal poles exhibit more impairment in nonremit-

ted patients than in remitted patients. These tracts might be potential

prognostic markers of the treatment outcomes in patients with schizo-

phrenia. The generalization of our findings requires validation in multi-

ple institutes using other analysis approaches or diffusion acquisitions.
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