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Hemispheric lateralization abnormalities of the white
matter microstructure in patients with schizophrenia
and bipolar disorder
New Fei Ho, PhD;* Zhengjun Li, PhD;* Fang Ji, MSc; Mingyuan Wang, BSocSc;
Carissa N. Kuswanto, MSc; Min Yi Sum, BA; Han Ying Tng, BSc; Yih Yian Sitoh, MBBS;
Kang Sim, MMed;† Juan Zhou, PhD†

Background: Hemispheric lateralization of the brain occurs during development and underpins specialized functions. It is posited that aberrant neurodevelopment leads to abnormal brain lateralization in individuals with psychotic illnesses. Here, we sought to examine whether
white matter hemispheric lateralization is abnormal in individuals with the psychotic spectrum disorders of schizophrenia and bipolar disorder. Methods: We examined the white matter microstructure lateralization in patients with schizophrenia, bipolar disorder with psychotic
features and healthy controls by measuring the laterality indices of fractional anisotropy (FA) and mean diffusivity (MD). We also correlated
the laterality indices with clinical measures. Results: We included 150 patients with schizophrenia, 35 with bipolar disorder and 77 healthy
controls in our analyses. Shared FA lateralization abnormalities in patients with schizophrenia and bipolar disorder were found in the cerebral peduncle and posterior limb of internal capsule, with more extensive abnormalities in patients with bipolar disorder than in those with
schizophrenia. The shared MD lateralization abnormalities were more widespread, extending to the subcortical, frontal–occipital, limbic and
callosal tracts, with patients with bipolar disorder showing greater abnormalities than patients with schizophrenia. While lateralization was
decreased in patients with schizophrenia, the lateralization was reversed in those with bipolar disorder, underpinned by the more pronounced microstructural abnormalities in the right hemisphere. The loss of FA lateralization in patients with schizophrenia was associated
with lower quality of life and psychosocial functioning. Limitations: Owing to the cross-sectional study design, we cannot confirm whether
the lateralization abnormalities are neurodevelopmental or a consequence of psychosis onset or chronicity. Conclusion: Shared and distinct white matter lateralization abnormalities were found in patients with schizophrenia and bipolar disorder. In distinct regions of abnormal
ities, the lateralization was attenuated in patients with schizophrenia and reversed in those with bipolar disorder.

Introduction
The hemispheres of the human brain are anatomically and
functionally asymmetric.1,2 The hemispheric lateralization is
important for motor, language, perception and emotional
processes.1,3 Hemispheric lateralization occurs early during
the perinatal stages and is genetically associated within fam
ilies.4 As such, the loss of hemispheric lateralization has long
been proposed to be a consequence of disrupted neuro
development in individuals with psychotic disorders.2,4,5 The
interest in hemispheric lateralization in individuals with
psychosis dates back more than 3 decades, with the field
dominated by theories of preferential left hemisphere dys
function in people with schizophrenia and right hemisphere
dysfunction in those with bipolar disorder (BD).6

The advent of noninvasive neuroimaging MRI techniques
ushered in a series of structural and task-based fMRI studies
in patients with schizophrenia that demonstrated loss of left
ward volume asymmetry of specific brain regions involved
in auditory and language processing.2,7,8 More recent crossmodal evidence has also indicated a graded loss of leftward
asymmetry in functional connectivity measures of these lan
guage processing areas in patients with schizophrenia and
their first-degree relatives compared with controls.9 The loss
of asymmetry in white matter microstructure in patients with
schizophrenia has also been reported.10–12 In patients with
BD, neuroimaging evidence of preferential hemispheric
abnormalities has been reported as well, although findings
are not as conclusive; many converging studies of metabol
ism, task-based fMRI and white matter revealed preferential
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right hemispheric disturbances, whereas other studies found
left hemispheric disturbances in patients with BD.13–18
Clinically, the boundaries between schizophrenia and BD
can be blurred early in the illness and even over time.19,20
Given the overlap of psychotic symptomatology and risk
gene loci,21,22 direct comparisons of hemispheric lateralization
in patients with schizophrenia and BD can yield insight into
common and different pathophysiology underlying the
shared and unique clinical features of these disorders. More
specifically, if we build on the assumption that hemispheric
abnormalities reflect neurodevelopmental aberrancy in indi
viduals with psychosis,2 then shared lateralization abnormal
ities in neural substrates across schizophrenia and BD could
represent a trait rather than a state feature of psychosis.
Neuroimaging studies that make direct comparisons of
hemispheric lateralization in patients with schizophrenia and
BD remain limited. An earlier MRI study of regional cerebral
volume asymmetry across the psychosis spectrum disorder in
dicated a continuum of asymmetry abnormalities.23 An fMRI
study of patients with psychotic depression, psychotic BD and
schizophrenia found cross-diagnostic decreases in language
network lateralization across the patients with psychosis com
pared with healthy controls.24 Another fMRI study found re
duced lateralization in language networks in patients with
schizophrenia but not in those with BD; no grey matter vol
ume differences in the language networks were found be
tween patients with schizophrenia and those with BD.25 To our
knowledge, no dedicated study comparing hemispheric later
alization of the white matter microstructure in patients with
schizophrenia and BD has been performed to date.
White matter structures are largely composed of axonal
fibres and myelin sheaths, which wrap around the axons to fa
cilitate quick and efficient transfer of electrical impulses. White
matter degradation or destruction, such as the loss of myelin
and axonal damage, could hence affect the transfer of nerve
impulse between distributed brain regions. Diffusion tensor
imaging (DTI) provides information on the diffusion proper
ties of white matter microstructure (i.e., the translational dis
placement of water molecules in the thousands of axonal fibres
and myelin contained within each image voxel).26 Fractional
anisotropy (FA) is the most widely used DTI index to capture
white matter microstructural changes.26 For instance, reduced
FA may reflect local changes, such as thinner myelin sheaths,
or changes in connectivity, such as decreased density of axonal
fibres or decreased coherence/increased crossing fibres.27 Two
other indices, axial diffusivity (AD) and radial diffusivity
(AD), complement FA measures; they have been suggested to
reflect axonal and myelin disruptions, respectively.15,28–30 An
other widely used DTI index, mean diffusivity (MD), is used to
quantify the average magnitude of diffusivity in a particular
voxel or region in all directions. Increased MD may indicate
axonal disruptions due to degeneration, myelin degeneration
or edema (increase in tissue swelling).26
The DTI studies directly comparing white matter between
patients with schizophrenia and BD have so far yielded in
consistent findings, with several studies showing no differ
ences31–34 and others finding distinct differences between the
disorders.15,35,36 The inconsistent findings could be explained

by participant inhomogeneity. One study focused on first-
episode patients,15 while others included patients with BDI
with and without psychosis,33,35 or did not specify whether
the participants with BD had history of psychosis.36 The DTI
methodologies among these studies vary too, including
voxel-based analysis of all white matter voxels of the whole
brain,15,36 whole brain voxel-based approach followed by a
priori regions of interest (ROI) analyses31,32,33 and an ROI ap
proach.35 A recent study — the only study to our knowledge
that examined shared white matter abnormalities in patients
with schizophrenia and BD34 — adopted tract-based spatial
statistics (TBSS), a whole-brain voxel-based approach focus
ing on the major white matter tracts that are common and
created from the cohort studied.37
Hence in the present study, we sought to examine 3 hy
potheses using complementary white matter diffusion meas
ures in our cohort of patients with schizophrenia, patients
with BD with a history of psychosis and healthy controls.
First, we sought to identify whether there is a common fea
ture of disrupted lateralization in the white matter tracts of
patients with schizophrenia and BD. We hypothesized lateral
ization abnormalities in the white matter tracts of the lan
guage networks, which are functionally abnormal across
psychotic disorders24,38 (i.e., the fronto–temporal–occipital as
sociational fibres),39 as well as subcortical regions of the exter
nal capsule and posterior limb of the internal capsule, which
were shown to be attenuated in a dedicated study of white
matter lateralization in patients with schizophrenia.12 Second,
based on findings of left hemispheric abnormalities in a metaanalysis of voxel-based studies of schizophrenia,40 the earlier
lesion and functional findings of preferential left hemispheric
dysfunction in patients with schizophrenia and preferential
right hemispheric dysfunction in patients with BD,6 which
were echoed in more recent neuroimaging studies of first-
degree relatives of patients with schizophrenia41 and BD,42 we
hypothesized differential patterns in white matter hemi
spheric lateralization abnormalities in patients with these dis
orders. Third, we hypothesized an association between white
matter lateralization abnormalities and the severity of psycho
pathology in patients with schizophrenia and BD. As hemi
spheric lateralization subserves higher-level cognition, we
predicted that the white matter lateralization abnormalities
would also be associated with functional indices of daily func
tioning and quality of life.

Methods
Participants
Our cross-sectional study sample included patients with
schizophrenia, patients with BD with psychotic features and
matched healthy controls. The schizophrenia and BD samples
were clinically stable outpatients recruited at the Institute of
Mental Health, Singapore. All diagnoses were confirmed by a
psychiatrist (K.S.) using information obtained from the exist
ing medical record, clinical history, mental status examina
tion, interviews with the patients and their relatives as well
as the administration of the Structured Clinical Interview for
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DSM-IV disorders — Patient Version (SCID-I/P).43 We re
cruited demographically matched healthy controls within the
hospital community and affiliated academic centres as well as
through word of mouth. We screened controls by administer
ing the SCID — Non-Patient Version (SCID-I/NP).44 To be in
cluded in our study participants had to have no history of
head trauma or neurologic disorders, no current or history of
substance use or alcohol use disorder, and no contraindica
tions for MRI scans and major medical conditions.
The Institutional Review Boards of the Institute of Mental
Health, Singapore, and the National Healthcare Group, Sin
gapore, approved this study. We obtained written informed
consent from each participant following a detailed explana
tion of the study procedures.

Clinical and quality of life measures
We used the Positive and Negative Syndrome Scale (PANSS)
to assess the severity of psychotic phenomenology,45 the
Young Mania Rating Scale (YMRS) to assess symptoms of
mania in patients with BD46 and the Global Assessment of
Functioning (GAF) scale to rate the patients’ general level of
psychosocial functioning.47 In addition, the participants filled
in a self-rated World Health Organization Quality of Life
Assessment — Brief Form scale that reflected their quality of
life (QOL) in the social, psychological, physical and environ
mental domains.48 In cases where participants had missing
quality of life measures, their data were excluded from sub
sequent neuroimaging clinical correlational analyses.

Image acquisition and derivation of white matter
lateralization indices
We obtained diffusion-weighted images from all participants
using the same 3 T scanner (Philips Achieva). All preprocess
ing and analyses were performed using FSL (www.fmrib.ox
.ac.uk/fsl). The DTI data were preprocessed using similar
steps as those used in our previous studies.49,50 We then used
TBSS to carry out a voxel-wise analysis of the DTI metrics
(FA, MD, AD and RD) of the “skeleton” (i.e., major white
matter pathways throughout the whole brain) of each individ
ual.37 The diffusion-based laterality indices for each individual
were generated from the original skeleton (asymmetric) and
the left side of the skeleton that was flipped to the right (sym
metric).51 The laterality index (LI) was calculated as follows:
LI = (original – flipped) ÷ (original + flipped).
As a secondary analysis, we created an asymmetry index
(i.e., images of the left – right hemisphere). Further details
can be found in Appendix 1, available at jpn.ca.

Statistical analyses
Before testing our a priori hypotheses of white matter lateral
ization, we first carried out voxel-wise statistics on the skele
tonized FA/MD/AD/RD images using 2-sample t tests to
obtain the group differences in DTI metrics. We then applied
1-sample t tests for all participants within each group to gen
erate group-level white matter laterality maps of FA/MD.
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To test our primary hypotheses of shared and unique ab
normalities in the white matter lateralization in patients with
schizophrenia and BD, we performed voxel-wise 2-sample
t tests on FA/MD LI maps (schizophrenia–control, BD–
control and schizophrenia–BD). Unique abnormalities in pa
tients with either schizophrenia or BD were elucidated by the
schizophrenia–BD t test. Shared abnormalities between pa
tients with schizophrenia and BD were identified by the con
junction of results from the schizophrenia–control and the
BD–control t tests. As lithium may have a neuroprotective ef
fect, we performed a secondary analysis with the same tests,
adjusting for lithium medication. To rule out variances in the
primary findings that were associated with handedness and
race, we repeated the analyses on a subset of right-handed
Chinese participants (the largest racial group in the study
cohort). A posteriori testing to interrogate the unique lateral
ization abnormalities in patients with BD and schizophrenia
were then performed on both the DTI metrics and LI.
To evaluate the association between white matter lateral
ization abnormalities and clinical measures in patients with
schizophrenia and BD, we performed voxel-wise regression
of FA/MD/AD/RD LI against each clinical measure (PANSS
subscales, YMRS, GAF, QOL scores and antipsychotic
dosages) in each patient group separately.
All the group-level analyses were performed using non
parametric permutation testing, which is available as a soft
ware tool “Randomise” in FSL.52 Age, sex, handedness and
race were included as covariates in all analyses. To control
for family-wise error (FWE) rate among the multiple com
parisons, we ran the permutations 5000 times. We used a
threshold-free cluster enhancement (TFCE) approach, omit
ting the need to prespecify initial peak height and size of the
cluster, as the significance of the target voxel is defined by
magnitude and spatial extent of neighbouring voxels.53

Results
Sample cohort characteristics
Our sample comprised a total of 262 participants: 150 pa
tients with schizophrenia, 35 patients with BD with psychotic
features and 77 healthy controls. There were no group-based
differences among the groups in terms of age, race or hand
edness (Table 1). There were no differences in number of hos
pital admissions between the schizophrenia and BD groups;
however, compared with patients with BD, those with
schizophrenia had a relatively longer duration of illness (p <
0.010), and received greater amounts of daily antipsychotic
medication (p = 0.032).
Seven of the 150 patients with schizophrenia had missing
QOL measures, hence their data were excluded from subse
quent neuroimaging clinical correlational analyses. In terms
of QOL, the patients with schizophrenia reported a poorer
sense of well-being in all 4 domains than healthy controls
(p < 0.001) and poorer psychological QOL than patients with
BD (p = 0.017). Patients with BD reported worse physical
health (p = 0.030) and social relationships (p = 0.027) than
healthy controls.
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MD compared with patients with schizophrenia in subcortical
tracts circumscribed to the right hemisphere. Further probing
of the regions showing decreased FA in patients with BD ver
sus those with schizophrenia revealed increased RD (but not
AD) in the right hemisphere in patients with BD compared
with those with schizophrenia (Appendix 1, Table S1B).

To derive the patterns of white matter hemispheric lateraliza
tion, we first determined the DTI indices in patients with
schizophrenia and BD and in controls. Further between-group
comparisons (thresholded at p < 0.05, TFCE FWE-corrected)
indicate widespread reductions of FA in both patients with
schizophrenia and BD compared with controls (Fig. 1A and B,
Appendix 1, Table S1A). Patients with schizophrenia exhib
ited a localized pattern of increased MD in the right subcor
tical and frontal–occipital/parietal tracts. Patients with BD
showed increased MD in similar regions of the fornix, corpus
callosum, corona radidata, internal capsule and external cap
sule reported in patients with schizophrenia (corroborated by
conjunction analysis; Appendix 1, Table S2) as well as com
missural and associational fibres in the right hemisphere.
Compared with patients with schizophrenia, those with BD
exhibited decreased FA in bilateral frontal and subcortical re
gions, the right parietal/occipital tracts and commissural
tracts (Fig. 1C). Patients with BD also demonstrated increased

White matter lateralization abnormalities in patients with
schizophrenia and bipolar disorder
The FA and MD white matter LI patterns of each group are
presented in Appendix 1, Fig. S1. In controls, different white
matter tracts exhibited varying leftward and rightward later
alization (Appendix 1, Fig. S1A).
Compared with controls (at a threshold of p < 0.05, TCFE
FWE-corrected), patients with schizophrenia showed in
creased leftward FA LI in 1 cluster, which encompassed parts
of the cerebral peduncle and the posterior limb of the internal
capsule (Fig. 2A, Appendix 1, Table S3A). Compared with con
trols, patients with BD showed increased leftward FA LI in
similar regions as patients with schizophrenia (Appendix 1,

Table 1: Demographic and clinical characteristics of the study sample
Group; mean ± SD or no.
Control (n = 77)

Schizophrenia
(n = 150)

BD
(n = 35)

Statistic*

31.21 ± 9.82

32.63 ± 9.09

34.23 ± 10.49

F2,260 = 1.30

0.28

47:30

103:47

16:19

χ22 = 6.69

0.035‡

65:6:4:2

134:6:9:1

32:0:3:0

χ22 = 6.21

0.40

70:7

138:12

32:3

χ22 0.37

0.83

Young Mania Rating Scale score

—

—

3.14 ± 4.62

—

—

Manic episodes

—

—

2.69 ± 1.25

—

—

Depressive episodes

—

—

1.92 ± 3.33

—

—

Duration of illness, yr

—

6.59 ± 7.38

3.16 ± 4.42

t183 = 2.63

0.010

Antipsychotic dosage, CPZ equivalents

—

199.57 ± 184.09

128.86 ± 148.33

t183 = 2.11

0.036

Mood stabilizers, lithium:valproic acid:none

—

5:25:120

9:16:10

χ22 = 39.7

< 0.001§

Characteristic
Age, yr
Sex, male:females
Race, Chinese:Malay:Indian:other
Handedness, right:left

p value

Clinical measures

Hospital admissions

—

2.43 ± 2.76

2.37 ± 2.20

t183 = –2.85

0.90

Global Assessment of Function score

—

50.77 ± 18.01

67.14 ± 20.08

t183 = 0.124

< 0.001¶

Negative Symptoms

—

10.59 ± 3.81

8.20 ± 2.64

t183 = –4.74

< 0.001¶

Positive Symptoms

—

8.95 ± 3.02

7.06 ± 0.34

t183 = 3.71

< 0.001¶

Global Psychopathology

—

20.20 ± 3.68

17.80 ± 1.98

t183 = 3.52

< 0.001¶

PANSS score

QOL measures†
Physical health

72.11 ± 10.37

61.54 ± 15.40

66.39 ± 16.44

F2,249 = 13.38

< 0.001**

Psychological

67.64 ± 11.80

56.45 ± 18.50

65.00 ± 19.42

F2,249 = 11.71

< 0.001††

Social relationships

69.06 ± 15.43

54.34 ± 20.27

61.67 ± 17.17

F2,249 = 15.46

< 0.001‡‡

Environment

69.43 ± 10.96

58.53 ± 16.94

64.73 ± 15.49

F2,249 = 12.82

< 0.001§§

BD = bipolar disorder; CPZ = chlorpromazine; PANSS = Positive and Negative Symptoms Scale; QOL = quality of life; SD = standard deviation.
*The Shapiro–Wilk test was run on continuous variables to ensure normality in distribution.
†Seven patients with schizophrenia were missing QOL variables; they were excluded from subsequent correlational analyses between white matter laterality indices and
clinical measures.
‡Greater proportion of men in the schizophrenia v. the BD group (p = 0.030); post hoc Tukey test.
§Greater proportion of patients with BD than schizophrenia were medicated with mood stabilizers (p < 0.001); however, the proportion of patients with schizophrenia and
BD taking either lithium or valproic acid did not significantly differ (p = 0.16); post hoc Tukey test.
¶Poorer global functioning in life, and more severe symptoms (positive, negative and global psychopathology) in the schizophrenia v. BD group; post hoc Tukey test.
**Poorer physical QOL in the schizophrenia and BD groups compared with the control group; post hoc Tukey test.
††Poorer psychological QOL in the schizophrenia group compared with the control and BD groups; post hoc Tukey test.
‡‡Poorer social relationships in the schizophrenia v. the control group and in the BD v. the control group; post hoc Tukey test.
§§Poorer environmental QOL in schizophrenia v. control group; post hoc Tukey test.
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analyses of the white matter regions exhibiting FA or MD lat
eralization differences between the 2 groups. The FA values
were smaller in patients with BD than in patients with schizo
phrenia and healthy controls, and this was localized to the
right hemisphere (BD < control and BD < schizophrenia, p <
0.001; Fig. 2D), accounting for the reversed mean FA lateral
ization patterns observed in the patients with BD. In addition,
both the decreased MD in the left hemisphere and the in
creased MD in the right hemisphere in patients with BD com
pared with healthy controls and patients with schizophrenia
resulted in extensive reversed mean MD lateralization (left:
BD < controls, p = 0.008 and BD < schizophrenia, p = 0.048;
right: BD > controls, p < 0.001, BD > schizophrenia, p < 0.001
and schizophrenia > controls, p = 0.034; Fig. 2E). Of note, the
increased MD in the right hemisphere of patients with schizo
phrenia contributed to the loss of MD laterality compared
with healthy controls. The overall patterns of reduced lateral
ization in patients with schizophrenia and reversed lateraliza
tion in those with BD in general were also replicated in a sub
set of right-handed Chinese participants (Appendix 1, Fig. S2).
The percentage of voxels of the white matter regions show
ing attenuated and reversed FA and MD laterality in patients
with schizophrenia and BD, respectively, are presented in
Appendix 1. Similar findings of asymmetry abnormalities in
patients with schizophrenia and BD were found when we
used the index of asymmetry (Appenxix 1, Fig. S3 and Fig. S4).

Table S4A) as well as in regions that extended to the frontal
tracts (corona radiata), subcortical tracts (internal capsule, exter
nal capsule), fornix, frontal-occipital tracts (superior longitud
inal fasciculus) and the body of the corpus callosum (Fig. 2B).
In addition, patients with schizophrenia showed reduced
MD LI in the frontal tracts (corona radiata), subcortical tracts
(internal capsule, external capsule, posterior thalamic radia
tion), frontal-occipital/parietal tracts (sagittal stratum, superior
longitudinal fasciculus), cerebral peduncle, fornix, cingulum
and corpus callosum compared with controls. Patients with
schizophrenia and BD share many regions of MD LI abnormal
ities (Appendix 1, Table S4A), but were even more extensive,
extending to the corticospinal tract. Notably, many regions of
reduced MD LI overlapped with those of increased FA LI.
In terms of magnitude, patients with BD exhibited larger
leftward FA LI in the cerebral peduncle, superior corona
radiata, internal capsule and superior longitudinal fasciculus
(Fig. 2C) and lower MD LI in the frontal tracts, subcortical
tracts, frontal-occipital/parietal tracts and fornix than pa
tients with schizophrenia.
Secondary analysis accounting for lithium medication
taken by a subset of patients with schizophrenia and BD
showed that the unique and shared regions of lateralization
abnormalities in these patients remained largely unchanged
(Appendix 1, Table S3B and Table S4B). Secondary analysis
on a subset of right-handed Chinese participants (schizophre
nia, n = 122; BD, n = 30; controls, n = 60) also indicated simi
lar patterns in the findings of implicated white matter regions
(Appendix 1, Table S3C and Table S4C).
Subsequently, to directly compare the laterality patterns in
patients with schizophrenia and BD, we performed post hoc

A

B

SZ – HC

Correlations between laterality indices and clinical scores
Voxel-wise regression analysis (thresholded at p < 0.05, TFCE
FWE-corrected) revealed significant correlations between

C

BD – HC

BD – SZ

FA
–8

15

33

–8

15

33

–8

15

33

–8

15

33

–8

15

33

–8

15

33

MD

SZ – HC

SZ – HC

BD – HC

BD – HC

BD – SZ

BD – SZ

Fig. 1: White matter microstructural abnormalities in patients with schizophrenia (SZ) and bipolar disorder (BD). Between-group
comparisons revealed that (A) compared with healthy controls (HC), patients with schizophrenia exhibited reduced fractional
anisotropy (FA) that is widespread throughout the frontal, limbic, subcortical and parietal/occipital regions, and more circumscribed
increased mean diffusivity (MD) in the right subcortical and frontal/occipital tracts. (B) Compared with healthy controls, patients with
BD showed reduced FA that is widely distributed throughout the brain and increased MD in commissural fibres and right association
fibres. (C) Compared with patients with schizophrenia, those with BD showed reduced FA in the commissural, subcortical and right
association fibres as well as increased MD in the right projection and association fibres (internal capsule, external capsule, corona
radiata and superior longitudinal fasciculus). Results were thresholded at p < 0.05 (using a threshold-free cluster enhancement
method that controls for family-wise error) and thickened with the “tbss_fill” command (FSL) for better visibility.
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ative leftward FA LI indices observed in controls as a normal
FA lateralization pattern (refer to Fig. 2D), these findings
demonstrated that the increased leftward FA lateralization
(or a loss of normal lateralization pattern) in these white mat
ter regions were associated with poorer QOL and psycho
social functioning in patients with schizophrenia.
No significant correlations were found between the FA LI
and symptomatology (PANSS positive, negative and general
psychopathology) in the patient groups. Additionally, no sig
nificant correlations were found between FA LI and manic
symptoms (YMRS) in the BD group. No correlations were
found between MD LI and clinical scores in either patient

leftward white matter laterality patterns and clinical
m easures, but only in the schizophrenia group (Fig. 3,
Appendix 1, Table S3). An increase in FA LI mainly in
frontal–subcortical white matter tracts was associated with
lower physical QOL scores (corpus callosum, posterior limb
of internal capsule and superior corona radiata); lower
psychological QOL scores (corpus callosum, interior capsule,
anterior/superior corona radiata, sagittal stratum, external
capsule and superior longitudinal fasciculus); and poorer
GAF scores (posterior limb of internal capsule, superior
corona radiata, external capsule and superior longitudinal
fasciculus; Fig. 3D–F, Appendix 1, Table S3). Taking the neg

A

B

SZ – HC

C

BD – HC

BD – SZ

FA
LI
–8

15

33

–8

15

33

–8

15

33

–8

15

33

–8

15

33

–8

15

33

MD
LI

SZ – HC

BD – HC

E

0.65

***
***

0.55

0.06

***
***

0.02

Left

Right

9

8

x 10–4

**
*

***
***
*

0.06

***
***

***
0.02

Laterality index
HC (n = 77)

BD – SZ

BD – SZ

7

–0.02
0.45

BD – HC

MD

FA

D

SZ – HC

SZ (n = 150)

–0.02
Left

Right

Laterality index

BD (n = 35)

Fig. 2: White matter laterality index (LI) abnormalities in patients with schizophrenia (SZ) and bipolar disorder (BD). Between-group
comparisons revealed (A) greater fractional anisotropy (FA) LI in the cerebral peduncle and posterior limb of the internal capsule,
and smaller mean diffusivity (MD) LI in patients with schizophrenia along similar regions as well as the external capsule and su
perior longitudinal fasiculus compared with healthy controls (HC); (B) greater FA LI and smaller MD LI in patients with BD compared
with controls in the callosal, limbic, corticospinal and superior longitudinal fasicular tracts; and (C) greater FA LI and smaller MD LI
in patients with BD than in those with schizophrenia in similar tracts. Results were thresholded at p < 0.05 (using a threshold-free
cluster enhancement method that controls for family-wise error) and thickened with the “tbss_fill” command (FSL) for better visibility.
We then parsed the white matter regions found to show FA and MD lateralization differences between patients with schizophrenia
and BD. (D) We measured the within-group average of FA values in the left and right hemispheres. The mean FA values of the regions (cerebral peduncle, internal capsule, superior corona radiata, and superior longitudinal fascisculus) are shown in the coloured
bars (controls in green, schizophrenia group in blue and BD group in orange). Patients with BD demonstrated decreased FA in the
right hemisphere compared with controls and patients with schizophrenia. In addition, we compared the mean FA LI among the
3 groups and found a pattern of reversed LI in patients with BD compared with controls and patients with schizophrenia. (E) The
within-group averaged MD values of the regions (cerebral peduncle, internal capsule, external, corona radiata, fornix/stria terminalis, and superior longitudinal fasciculus) in the left and right hemisphere of the different groups are shown. Patients with BD showed
decreased MD in the left hemisphere and increased MD in the right hemisphere compared with controls and patients with schizophrenia. In addition, the mean MD LI among the groups are compared. Overall, patients with schizophrenia showed attenuated MD
LI compared with controls. Conversely, patients with BD showed reversed FA and MD LI. The mean and standard deviation of each
group are presented by the bar charts. *p < 0.05; **p < 0.01; *** p < 0.001.
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nia, we observed loss of FA hemispheric lateralization in a
cluster encompassing the posterior limb of the internal cap
sule and cerebral peduncle and white matter tracts that trans
verse across the striatum, thalamus and midbrain. Although
our initial analysis of FA indices revealed extensive decreases
throughout many white matter tracts in the frontal, temporal,
occipital, subcortical and brainstem regions (consistent with
earlier studies), tracts on both hemispheres of the brain —
except for this cluster — were affected to a similar extent.
The losses of MD lateralization were more extensive than
those of FA lateralization, spanning into the frontal, commis
sural and frontal–parietal/occipital tracts, as a consequence
of more widespread right hemispheric tracts MD abnormal
ities observed in patients with schizophrenia.
The present findings run counter to our hypothesized pre
dominant left hemisphere dysfunction in patients with
schizophrenia, but they are consistent with the findings of
other meta-analyses of white matter tract or volumes56,57 that
did not find preferential abnormalities in either hemisphere.

group. Finally, no significant correlations were found between
LI and antipsychotic dosages.

Discussion
This is, to the best of our knowledge, the first study to directly
compare the brain white matter lateralization patterns be
tween patients with schizophrenia and BD. We found com
mon abnormalities of FA hemispheric lateralization in the
cerebral peduncle and posterior limb of the internal capsule as
well as common abnormalities of MD lateralization in concor
dant regions and in the frontal/occipital, limbic and callosal
tracts in both patient groups. Additionally, regions of abnor
mal lateralization in patients with BD were more extensive
than in patients with schizophrenia. Overall, white matter lat
eralization was attenuated in patients with schizophrenia and
reversed in patients with BD, driven by the greater white mat
ter microstructure abnormalities in the right hemisphere in
those with BD compared with controls and patients with
schizophrenia. The loss of normal hemispheric lateralization
in patients with schizophrenia correlated with the reductions
in the levels of physical and psychological domains of QOL as
well as global psychosocial functioning.

White matter lateralization abnormalities in patients with
bipolar disorder
In patients with BD, we found abnormalities in FA lateraliza
tion in similar regions as patients with schizophrenia, but the
abnormalities extended to the frontal, subcortical, callosal
and brainstem regions. This was accompanied by abnormal
ities in MD lateralization in largely concordant regions. The
FA lateralization abnormalities were driven by FA abnormal
ities that were more extensive in the right hemisphere,
specifically in the cingulum, corpus callosum and superior
longitudinal fasciculus. Likewise, the MD lateralization

White matter lateralization abnormalities in patients with
schizophrenia
The overall patterns of leftward lateralization in the associa
tional and subcortical tracts of healthy controls, as revealed
by the mean FA and MD laterality indices, were similar to
findings in the language networks and major associational
tracts of healthy participants.54,55 In patients with schizophre
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Fig. 3: Indices of white matter lateralization are associated with reduced psychosocial functioning and quality of life (QOL) in
patients with schizophrenia. Whole-brain voxel-wise regression of white matter laterality index (LI) indicated a correlation between
loss of FA lateralization (i.e., increased FA LI) with poorer (A) self-rated QOL in physical health, (B) QOL in psychological well-being
and (C) clinician-rated global assessment of functioning (GAF). The top row presents brain regions in which white matter LI cor
related with clinical scores, thresholded at p < 0.05 (using a threshold-free cluster enhancement method that controls for familywise error). Regions were thickened with the “tbss_fill” (FSL) command for better visibility. Scatter plots illustrate the associations
between clinical scores and FA laterality indices averaged across the voxels in regions (blue) in patients with schizophrenia.
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a bnormalities were largely driven by MD abnormalities in
the right hemispheric tracts.
The predominant right dysfunction in patients with BD
agreed with our hypothesis and was consistent with the
trend of right lateralization of white matter abnormalities
shown in a meta-analysis of patients with BD.58 It has been
suggested that the right hemisphere is preferentially
involved in negative emotions59 and that disturbances of the
right hemisphere underlie mood dysregulation.13 Hence, our
present findings of preferential white matter abnormalities in
the right hemisphere in patients with BD could likely be asso
ciated with the affective features of this disorder.

Comparisons of lateralization abnormalities in patients
with schizophrenia and bipolar disorder
Common features in abnormal FA lateralization in patients
with schizophrenia and BD were localized to the posterior
limb of internal capsule and cerebral peduncle, whereas com
mon abnormal MD lateralization spanned the corticospinal
projection, interwoven with callosal, frontal/occipital and
subcortical/limbic tracts. These common regions of lateral
ization abnormalities overlapped, to a certain extent, with
our hypothesized regions.12
The cerebral peduncle and posterior limb of the internal cap
sule transverse the thalamus, lentiform nucleus and mid
brain.60 They are part of the corticospinal tract, the largest
pyramidal pathway that is responsible for psychomotor ac
tions. The superior longitudinal fasciculus is the largest associ
ational fibre that connects the auditory and speech areas. The
skewed hemispheric disruptions of these tracts may likely give
rise to imbalances in perceptual processing and integration as
well as psychomotor processing that could underlie the audi
tory hallucinations, speech symptoms and deficits in process
ing speed often found in individuals with psychosis.60 The cor
pus callosum is the major conduit for information transfer
between the left and right hemispheres.1 Anomalies in this re
gion could have disrupted interhemispheric connectivity and
communication, resulting in the abnormal lateralization.
Interestingly, we found larger and more distributed re
gions of abnormal lateralization in patients with BD than in
patients with schizophrenia. In these regions, the micro
structural abnormalities were more prominent in the right
than in the left hemisphere in patients with BD. The finding
of more severe microstructural abnormalities is not consist
ent with the results of studies that found lower FA in pa
tients with schizophrenia than BD31,35 or those of studies
that found no changes between these groups.32,33,36 How
ever, our finding is similar to that of a study comparing
medication-naive patients with first-episode BD and schizo
phrenia that reported lower FA in the callosal, subcortical
and fronto-occipital white matter regions in patients with
BD.15 Our secondary finding of predominant right RD ab
normalities but lack of AD abnormalities (a finding also re
ported in a previous study15) in patients with BD compared
with patients with schizophrenia suggests that there may be
relatively more severe demyelination or neuroinflammation
in those with BD.

The present pattern findings of attenuated lateralization in
patients with schizophrenia and reversed lateralization in pa
tients with BD have also been observed in non-neuroimaging
studies. The alterations in epidermal ridge development are
thought to be linked to deviations in neurodevelopment, as
the epidermis and nervous system have the same ecotoder
mal origins during the perinatal stages.61 In a study of finger
print asymmetry, patients with BD showed greater asymme
try than healthy controls and patients with schizophrenia.62
Another study using a tactile line bisection task, which is
commonly used to test hemispheric dysfunction in patients
with neurologic deficits, found that patients with schizophre
nia showed attenuated lateralization bias, whereas those with
BD showed reversed lateralization.63

Association between white matter lateralization indices and
clinical measurements
We noted that the white matter lateralization abnormalities in
patients with BD and schizophrenia were not associated with
psychotic symptoms. We did not observe any association be
tween lateralization indices and QOL/global functioning in
the patients with BD, who showed little variability in QOL or
functioning outcome measures. However, in our schizophre
nia cohort, who demonstrated lower QOL and psychosocial
functioning than the BD cohort, the loss of normal FA lateral
ization in the posterior limb of the internal capsule and su
perior corona radiata was correlated with lower physical QOL
and level of psychosocial functioning. Additionally, the loss of
normal FA lateralization in many cortico-cortical associational
bundles (anterior limb of internal capsule, external capsule
and superior longitudinal fasciculus) was associated with
lower psychological QOL in patients with schizophrenia.
The patterns of the present findings are consistent with find
ings from recent cross-modal studies. First, no correlations be
tween abnormal lateralization observed in the caudate nucleus
and thalamus (subcortical regions flanking the internal capsule)
and symptom severity were found in a resting-state hemi
spheric lateralization study in patients with schizophrenia.64
Second, a link between reduced global functioning and de
creases in volume of the internal capsule of a ntipsychotic-naive
patients with first-episode schizophrenia was reported.65 Third,
an association between shared white matter abnormalities and
impaired social and occupational functioning, but not florid
psychotic symptoms, across patients with BD and schizophre
nia was reported.34 Taken together, these findings suggest that
lateralization abnormalities in these structural connections do
not reflect the present state of psychosis, which can be man
aged to a certain extent with medications and other interven
tions. Rather, the lateralization abnormalities in these cortical–
subcortical connections, which subserve higher-order cognitive
functions,1,3 may be associated with the traits of psychosis that
impede psychosocial functioning in the long run.

Limitations
There are several limitations to our study. First, the patients
were medicated with antipsychotics and mood stabilizers,
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which have been shown to be associated with changes in
white matter.66,67Although we found no correlations between
white matter hemispheric lateralization and antipsychotic
dosages, the possible effects of history and current exposure to
different classes of medication on white matter lateralization
could not be discounted. Second, we could not completely as
certain that the shared white matter lateralization abnormal
ities observed underlie the feature of psychosis; further com
parative studies of other psychotic spectrum disorders, such as
delusional disorders or brief psychotic disorder, or cross-
diagnostic nonpsychotic disorders, such as BD with no psych
osis, would be required for a more complete picture. Third,
our study was cross-sectional in design. Although hemispheric
lateralization occurs during perinatal stages,4 we could not
fully establish whether the white matter hemispheric lateral
ization anomalies found across participants with schizophre
nia and BD were due to neurodevelopmental aberrance or
whether they were a consequence of the onset or chronicity of
illness. To confirm its neurodevelopmental origins, prospec
tive longitudinal studies on prodromal and first-episode
psychosis patients would be required to determine that the
white matter hemispheric abnormalities are present before
psychosis onset. Fourth, our DTI acquisition protocol was rela
tively limited in spatial resolution and diffusion contrast. Ad
ditionally, because of the inherent ambiguity of the diffusion
tensor, the interpretation of the DTI values is not straightfor
ward.30 For instance, voxels that contain complex but not uni
form fibrous tissue can also result in lower FA values. Hence,
we cannot fully attribute the abnormalities found in our pri
mary analyses of FA and secondary analyses of RD and AD to
disease-related abnormalities in myelin or axonal disruptions.
Future studies that acquire diffusion data using multifold dif
fusion directions, higher spatial and angular resolution,68,69 or
advanced diffusion modelling as well as comparative histo
pathology studies of schizophrenia and bipolar disorder are
needed to better characterize the underlying pathophysiology
of abnormal white matter measures and lateralization.

Conclusion
We found common abnormalities of subcortical white matter
lateralization in patients with schizophrenia and BD, which
may underlie their common clinical features. We also found
distinct lateralization abnormalities between patients with
schizophrenia and BD. In these distinct regions of abnormal
ities, lateralization was attenuated in patients with schizo
phrenia and reversed in patients with BD.
Acknowledgements: This research was supported by the Agency for
Science, Technology, and Research (A*STAR) Singapore under the
Biomedical Research Council (13/1/96/19/687 awarded to J. Zhou)
and the Duke-NUS Graduate Medical School Signature Research Pro
gram, funded (awarded to J. Zhou) by the Ministry of Health, Singa
pore. This research was also supported by funding from the National
Medical Research Council Centre Grant (Institute of Mental Health;
awarded to N.F. Ho), the National Healthcare Group (NHG 11003,
12003 awarded to K. Sim) and the Agency for Science, Technology,
Research/ Singapore BioImaging Consortium (ASTAR/SBIC
009/2006 awarded to K. Sim). The authors thank all the research staff
and patients who participated in this study.

250

Affiliations: From the Center for Cognitive Neuroscience and the Be
havioral Disorders Program, Duke-NUS Medical School, Singapore
(Ho, Li, Ji, Tng, Zhou); the Research Division, Institute of Mental
Health/Woodbridge Hospital, Singapore (Ho, Wang, Kuswanto, Sum,
Sim); the Department of Neuroradiology, National Neuroscience Insti
tute, Singapore (Sitoh); and the Clinical Imaging Research Centre, The
Agency for Science, Technology and Research-National University of
Singapore, Singapore (Zhou).
Competing interests: None declared.
Contributors: Z. Li, K. Sim and J. Zhou designed the study. F. Ji,
C. Kuswanto, M.-Y. Sum, Y.-Y. Sitoh, K. Sim and J. Zhou acquired
the data, which N.-F. Ho, Z. Li, M. Wang, H.-Y. Tng, K. Sim and
J. Zhou analyzed. N.-F. Ho, Z. Li, K. Sim and J. Zhou wrote the arti
cle, which all authors reviewed and approved for publication.

References
1.

Gazzaniga MS. Forty-five years of split-brain research and still going
strong. Nat Rev Neurosci 2005;6:653-9.
2 . Oertel-Knochel V, Linden DE. Cerebral asymmetry in schizophrenia.
Neuroscientist 2011;17:456-67.
3. Toga AW, Thompson PM. Mapping brain asymmetry. Nat Rev
Neurosci 2003;4:37-48.
4. Oertel-Knochel V, Knochel C, Stablein M, et al. Abnormal func
tional and structural asymmetry as biomarker for schizophrenia.
Curr Top Med Chem 2012;12:2434-51.
5. Crow TJ, Ball J, Bloom SR, et al. Schizophrenia as an anomaly of
development of cerebral asymmetry. A postmortem study and a
proposal concerning the genetic basis of the disease. Arch Gen
Psychiatry 1989;46:1145-50.
6. Lohr JB, Caligiuri MP. Lateralized hemispheric dysfunction in the
major psychotic disorders: historical perspectives and findings from
a study of motor asymmetry in older patients. Schizophr Res
1997;27:191-8.
7. Bleich-Cohen M, Hendler T, Kotler M, et al. Reduced language later
alization in first-episode schizophrenia: an fMRI index of functional
asymmetry. Psychiatry Res 2009;171:82-93.
8. Spaniel, F, Tintera J, Hajek T, et al. Language lateralization in
monozygotic twins discordant and concordant for schizophrenia.
A functional MRI pilot study. Brain 2007;22:319-22.
9. Oertel-Knöchel V, Knochel C, Matura S, et al. Reduced functional
connectivity and asymmetry of the planum temporale in patients
with schizophrenia and first-degree relatives. Schizophr Res 2013;
147:331-8.
10. Park HJ, Westin CF, Kubicki M, et al. White matter hemisphere
asymmetries in healthy subjects and in schizophrenia: a diffusion
tensor MRI study. Neuroimage 2004;23:213-23.
11. Kubicki M, Westin CF, Maier SE, et al. Uncinate fasciculus find
ings in schizophrenia: a magnetic resonance diffusion tensor im
aging study. Am J Psychiatry 2002;159:813-20.
12. Miyata J, Sasamoto A, Koelkebeck K, et al. Abnormal asymmetry
of white matter integrity in schizophrenia revealed by voxelwise
diffusion tensor imaging. Hum Brain Mapp 2012;33:1741-9.
13. Caligiuri MP, Brown GG, Meloy MJ, et al. A functional magnetic
resonance imaging study of cortical asymmetry in bipolar disorder.
Bipolar Disord 2004;6:183-96.
14. Brambilla P, Bellani M, Yeh PH, et al. White matter connectivity in
bipolar disorder. Int Rev Psychiatry 2009;21:380-6.
15. Lu LH, Zhou XJ, Keedy SK, et al. White matter microstructure in
untreated first episode bipolar disorder with psychosis: compari
son with schizophrenia. Bipolar Disord 2011;13:604-13.
16. Strakowski SM, DelBello MP, Sax KW, et al. Brain magnetic res
onance imaging of structural abnormalities in bipolar disorder.
Arch Gen Psychiatry 1999;56:254-60.
17. Versace A, DelBello MP, Sax KW, et al. Elevated left and reduced
right orbitomedial prefrontal fractional anisotropy in adults with
bipolar disorder revealed by tract-based spatial statistics. Arch Gen
Psychiatry 2008;65:1041-52.
18. Mahon K, Burdick KE, Szeszko PR. A role for white matter abnor
malities in the pathophysiology of bipolar disorder. Neurosci Biobehav
Rev 2010;34:533-54.

J Psychiatry Neurosci 2017;42(4)

Hemispheric lateralization abnormalities

19.

20.
21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

McDonald C, Bullmore ET, Sham PC, et al. Association of genetic
risks for schizophrenia and bipolar disorder with specific and
g eneric brain structural endophenotypes. Arch Gen Psychiatry
2004;61:974-84.
Keshavan MS, Morris DW, Sweeney JA, et al. A dimensional ap
proach to the psychosis spectrum between bipolar disorder and
schizophrenia: the Schizo-Bipolar Scale. Schizophr Res 2011;133:250-4.
Meda SA, Ruaño G, Windemuth A, et al. Multivariate analysis re
veals genetic associations of the resting default mode network in
psychotic bipolar disorder and schizophrenia. Proc Natl Acad Sci U
S A 2014;111:E2066-75.
Tamminga CA, Ivleva EI, Keshavan MS, et al. Clinical phenotypes
of psychosis in the Bipolar-Schizophrenia Network on Intermedi
ate Phenotypes (B-SNIP). Am J Psychiatry 2013;170:1263-74.
Bilder RM, Wu H, Bogerts B, et al. Cerebral volume asymmetries
in schizophrenia and mood disorders: a quantitative magnetic res
onance imaging study. Int J Psychophysiol 1999;34:197-205.
Sommer IE, Vd Veer AJ, Wijkstra J, et al. Comparing language lat
eralization in psychotic mania and psychotic depression to schizo
phrenia; a functional MRI study. Schizophr Res 2007;89:364-5.
Royer C, Delcroix N, Leroux E, et al. Functional and structural
brain asymmetries in patients with schizophrenia and bipolar dis
orders. Schizophr Res 2015;161:210-4.
Assaf Y, Pasternak O. Diffusion tensor imaging (DTI)-based white mat
ter mapping in brain research: a review. J Mol Neurosci 2008;34:51-61.
O’Donnell LJ, Pasternak O. Does diffusion MRI tell us anything
about the white matter? An overview of methods and pitfalls.
Schizophr Res 2015;161:133-41.
Song SK, Sun SW, Ju WK, et al. Diffusion tensor imaging detects
and differentiates axon and myelin degeneration in mouse optic
nerve after retinal ischemia. Neuroimage 2003;20:1714-22.
Seal ML, Yücel M, Fornito A, et al. Abnormal white matter micro
structure in schizophrenia: a voxelwise analysis of axial and radial
diffusivity. Schizophr Res 2008;101:106-10.
Alexander AL, Lee JE, Lazar M, et al. Diffusion tensor imaging of
the brain. Neurotherapeutics 2007;4:316-29.
Skudlarski P, Schretlen DJ, Thaker GK, et al. Diffusion tensor im
aging white matter endophenotypes in patients with schizophrenia
or psychotic bipolar disorder and their relatives. Am J Psychiatry
2013;170:886-98.
McIntosh AM, Muñoz Maniega S, Lymer GK, et al. White matter
tractography in bipolar disorder and schizophrenia. Biol Psychiatry
2008;64:1088-92.
Sussmann JE, Lymer GK, McKirdy J, et al. White matter abnormal
ities in bipolar disorder and schizophrenia detected using diffusion
tensor magnetic resonance imaging. Bipolar Disord 2009;11:11-8.
Kumar J, Iwabuchi S, Oowise S, et al. Shared white-matter dyscon
nectivity in schizophrenia and bipolar disorder with psychosis.
Psychol Med 2015;45:759-70.
Anderson D, Ardekani BA, Burdick KE, et al. Overlapping and
distinct gray and white matter abnormalities in schizophrenia and
bipolar I disorder. Bipolar Disord 2013;15:680-93.
Cui L, Chen Z, Deng W, et al. Assessment of white matter abnor
malities in paranoid schizophrenia and bipolar mania patients.
Psychiatry Res 2011;194:347-53.
Smith SM, Jenkinson M, Johansen-Berg H, et al. Tract-based spatial
statistics: voxelwise analysis of multi-subject diffusion data.
Neuroimage 2006;31:1487-505.
Sommer IE, Ramsey NF, Kahn RS. Language lateralization in
schizophrenia, an fMRI study. Schizophr Res 2001;52:57-67.
Leroux E, Delcroix N, Dollfus S. Left fronto-temporal dysconnec
tivity within the language network in schizophrenia: an fMRI and
DTI study. Psychiatry Res 2014;223:261-7.
Ellison-Wright I, Bullmore E. Meta-analysis of diffusion tensor im
aging studies in schizophrenia. Schizophr Res 2009;108:3-10.
Oertel V, Knöchel C, Rotarska-Jagiela A, et al. Reduced laterality
as a trait marker of schizophrenia–evidence from structural and
functional neuroimaging. J Neurosci 2010;30:2289-99.
Mahon K, Burdick KE, Ikuta T, et al. Abnormal temporal lobe
white matter as a biomarker for genetic risk of bipolar disorder.
Biol Psychiatry 2013;73:177-82.
First MB, Spitzer RL, Gibbon M, et al. Structured clinical interview
for DSM-IV-TR axis I disorders, research version, patient edition.
(SCID-I/P); 2002.
First M, Spitzer R, Gibbon M, et al. Biometrics Research. New York

45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.

57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.

State Psychiatric Institute; New York: 2002. Structured Clinical In
terview for DSM-IV-TRAxis I Disorders, Research Version, NonPatient Edition. (SCID-I/NP).
Kay SR, Flszbein A, Opfer LA. The positive and negative syn
drome scale (PANSS) for schizophrenia. Schizophr Bull 1987;13:261.
Young RC, Biggs J, Ziegler V, et al. A rating scale for mania: reli
ability, validity and sensitivity. Br J Psychiatry 1978;133:429-35.
American Psychiatric Association. Diagnostic and statistical manual
of mental diseases. DSM-IV. 4th edn. Washington (DC): American
Psychiatric Association; (1994).
Whole Health Organization. Development of the World Health
Organization WHOQOL-BREF quality of life assessment. Psychol
Med 1998;28:551-8.
Hong Z, Ng KK, Sim SK, et al. Differential age-dependent associa
tions of gray matter volume and white matter integrity with pro
cessing speed in healthy older adults. Neuroimage 2015;123:42-50.
Cortese S, Imperati D, Zhou J, et al. White matter alterations at 33-year
follow-up in adults with childhood attention-deficit/hyperactivity dis
order. Biol Psychiatry 2013;74:591-8.
Seghier ML. Laterality index in functional MRI: methodological is
sues. Magn Reson Imaging 2008;26:594-601.
Nichols TE, Holmes AP. Nonparametric permutation tests for func
tional neuroimaging: a primer with examples. Hum Brain Mapp
2002;15:1-25.
Smith SM, Nichols TE. Threshold-free cluster enhancement: ad
dressing problems of smoothing, threshold dependence and local
isation in cluster inference. Neuroimage 2009;44:83-98.
Leroux E, Delcroix N, Dollfus S. Left-hemisphere lateralization for
language and interhemispheric fiber tracking in patients with
schizophrenia. Schizophr Res 2015;165:30-7.
Shu N, Liu Y, Duan Y, et al. Hemispheric asymmetry of human
brain anatomical network revealed by diffusion tensor tractog
raphy. BioMed Res Int 2015;2015:908917.
Di X, Chan RC, Gong QY. White matter reduction in patients with
schizophrenia as revealed by voxel-based morphometry: an activa
tion likelihood estimation meta-analysis. Prog Neuropsychopharmacol
Biol Psychiatry 2009;33:1390-4.
Bora E, Fornito A, Radua J, et al. Neuroanatomical abnormalities
in schizophrenia: a multimodal voxelwise meta-analysis and metaregression analysis. Schizophr Res 2011;127:46-57.
Vederine FE, Wessa M, Leboyer M, et al. A meta-analysis of
whole-brain diffusion tensor imaging studies in bipolar disorder.
Prog Neuropsychopharmacol Biol Psychiatry 2011;35:1820-6.
Wheeler RE, Davidson RJ, Tomarken AJ. Frontal brain asymmetry
and emotional reactivity: a biological substrate of affective style.
Psychophysiology 1993;30:82-9.
Heng S, Song AW, Sim K. White matter abnormalities in bipolar
disorder: insights from diffusion tensor imaging studies. J Neural
Transm 2010;117:639-54.
Mellor CS. Dermatoglyphic evidence of fluctuating asymmetry in
schizophrenia. Br J Psychiatry 1992;160:467-72.
Yousefi-Nooraie R, Mortaz-Hedjri S. Dermatoglyphic asymmetry
and hair whorl patterns in schizophrenic and bipolar patients.
Psychiatry Res 2008;157:247-50.
Rao NP, Arasappa R, Reddy NN, et al. Antithetical asymmetry in
schizophrenia and bipolar affective disorder: a line bisection
study. Bipolar Disord 2010;12:221-9.
Mueller S, Wang D, Pan R, et al. Abnormalities in hemispheric
specialization of caudate nucleus connectivity in schizophrenia.
JAMA Psychiatry 2015;72:552-60.
Yao L, Lui S, Deng W, et al. Association of white matter deficits with
clinical symptoms in antipsychotic-naive first-episode schizophre
nia: an optimized VBM study using 3T. MAGMA 2014;27:283-90.
Szeszko PR, Robinson DG, Ikuta T, et al. White matter changes as
sociated with antipsychotic treatment in first-episode psychosis.
Neuropsychopharmacology 2014;39:1324-31.
Brambilla P, Bellani M, Yeh PH, et al. Myelination in bipolar patients
and the effects of mood stabilizers on brain anatomy. Curr Pharm Des
2009;15:2632-6.
Alexander AL, Hurley SA, Samsonov AA, et al. Characterization
of cerebral white matter properties using quantitative magnetic
resonance imaging stains. Brain Connect 2011;1:423-46.
Jones DK, Knosche TR, Turner R. White matter integrity, fiber
count, and other fallacies: the do’s and don’ts of diffusion MRI.
Neuroimage 2013;73:239-54.

J Psychiatry Neurosci 2017;42(4)

251

