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ABSTRACT

Background: White matter abnormalities have been implicated in mental disorders including major depressive disorder (MDD), bipolar disorder (BD), and schizo-
phrenia (SZ); however, the shared and distinct white matter integrity across mental disorders is still unclear.

Methods: A total of 290 participants (MDD = 85, BD = 42, SZ = 68, and healthy controls = 95) were included in the present study. Tract-based spatial statistics were
performed to measure fractional anisotropy (FA) and characterize shared and distinguishing white matter changes across mental disorders.

Results: We found that decreased FA converged across MDD, BD and SZ in the body and genu of the corpus callosum, bilateral anterior and posterior corona radiata,
and right superior corona radiata. By contrast, diagnosis-specific effect was only found in MDD in the anterior portion of anterior corona radiata.

Limitations: The small and imbalanced sample size, and possible confounding effects of medication.

Conclusions: Our findings suggest that abnormally reduced white matter integrity in the interhemispheric and thalamocortical circuit could be consistently involved

in the pathogenesis of MDD, BD and SZ.

1. Introduction

Major depressive disorder (MDD), bipolar disorder (BD) and schi-
zophrenia (SZ) are severe and highly complex mental disorders with
remarkable heterogeneous symptoms characterized by combinations of
dysfunctions in thoughts, perceptions, emotions and behavior. Studies
illustrate mental disorders are substantial causes of the global growing
disability and mortality (Vigo et al., 2016; Walker et al., 2015).

Although MDD, BD and SZ are clinically distinct disorders, con-
vergent evidence suggests that there are no clear distinguishing borders
between diagnostic categories for patients with mental disorders
(Baker et al., 2019). Specifically, patients show overlapping clinical
characteristics (Keshavan et al., 2011), including disturbances in mood,

perception, and cognitive deficits. They share transcriptional dysregu-
lation at molecular level (Gandal et al., 2018), and the molecular
convergence is associated with the substantial overlap of genetic factors
that increase risk for mental disorders (Cross-Disorder Group of the
Psychiatric Genomics Consortium 2013). Consistent with behavioral
and genetic studies, neuroimaging research suggests that common
neurobiological alterations may be implicated in mental disorders, in-
cluding neuroanatomical (Goodkind et al., 2015) and functional (Yang
et al., 2019; Xia et al., 2018; Wei et al., 2018) abnormalities across
MDD, BD and SZ. For instance, Goodkind et al. identified a shared
pattern of gray matter loss in the anterior insula and dorsal anterior
cingulate across psychiatric disorders using voxel-based morphometry
meta-analysis studies (Goodkind et al., 2015). Another research group
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examined local (Wei et al., 2018) and large-scale (Xia et al., 2018)
functional connectivity and identified shared and distinct functional
features across MDD, BD and SZ.

Compared to transdiagnostic gray matter atrophy and functional
connectivity disruption studies, there are no structural connectivity
studies across three mental disorders that we are aware of. Structural
connectivity may serve as the structural substrate of information flow
over which the functional networks can unfold, and provide highly
valuable insights into the neurobiological mechanisms underlying dis-
orders. Mental disorders are reported to be abnormality of fiber-track
connectivity (Pasternak et al., 2018), characterized by disruptions of
afferent and efferent connections between regional neocortical areas
associated with establishing and pruning of axonal connections
(Garey et al., 1998). Diffusion magnetic resonance imaging (dMRI)
provides microstructural information about white matter integrity and
coherence by assessing fractional anisotropy (FA). Tract-based spatial
statistics (TBSS) allows for the detection of subtle fiber tract changes
across the whole brain. The TBSS method has been used to provide
accurate voxel-based evidence of structural dysconnectivity in MDD
(Won et al., 2016; Korgaonkar et al., 2011), BD (Bauer et al., 2015;
Benedetti et al., 2011) and SZ (Kelly et al., 2018; Lee et al., 2013), with
consistent reports of aberrant white matter integrity in fiber tracts such
as corpus callosum (CC) (Lee et al., 2013; Benedetti et al., 2011; Won
et al., 2016) and corona radiata (CR) (Kelly et al., 2018; Benedetti et al.,
2011; Xiao et al., 2015). In addition, conjunction analyses of two di-
agnostic disorders also revealed shared white matter abnormalities
between MDD and BD (Wise et al., 2016), or between SZ and BD
(Squarcina et al., 2017; Cui et al., 2011; Li et al., 2014). For instance,
the CC is consistently altered in both MDD and BD (Wise et al., 2016),
and in both SZ and BD (Squarcina et al., 2017; Li et al., 2014) in pre-
vious studies.

The aim of the present study is to examine the convergent and di-
vergent white matter microstructural changes across MDD, BD and SZ
using TBSS. We hypothesized that, compared with healthy controls,
patients with MDD, BD and SZ would show a transdiagnostic pattern of
white matter alterations in CC and CR.

2. Materials and methods
2.1. Participants

We recruited patients with MDD (n = 85), BD (n = 42), and SZ
(n =68) from Second Affiliated Hospital of Xinxiang Medical
University between March 2013 and October 2017. MDD, BD and SZ
were confirmed by psychiatrists using the Structured Clinical Interview
for DSM-IV-TR (Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition, Text Revision) Axis I Disorders (SCID-I, patient edition).
The exclusion criteria included a diagnosis of other mental illness, or-
ganic causes of depression include heart, liver or kidney disease. The
Beck Depression Scale (BDI) (Beck et al., 1961) and Beck Anxiety Scale
(BAI) (Beck et al., 1988) were used to assess symptoms in patients with
MDD and BD. The scale of Young Mania Rating Scale (YMRS)
(Young et al., 1978) was used to assess the symptoms in BD patients. BD
patients were further diagnosed into mania (n = 25) and depression
(n = 15) subtypes based on BDI and YMRS scales at the time of the
scan. Two BD patients had no subtype diagnoses because of missing BDI
and YMRS scales. SZ patients were evaluated using the Positive and
Negative Syndrome Scale (PANSS) (Kay et al., 1987). A group of 95
healthy controls (HCs) were recruited from the local community
through advertisements. None of the HCs had a history of mental or
neurological disease. All participants were right-handed, and had no
contraindications to magnetic resonance imaging (MRI) scanning. The
study was approved by the Ethics Committee of the Second Affiliated
Hospital of Xinxiang Medical University and all participants gave
written informed consent.
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2.2. Image acquisition

MRI scans were acquired by a 3 Tesla Siemens Verio scanner at the
Second Affiliated Hospital of Xinxiang Medical University. The parti-
cipants were instructed to be awake, keep their eyes closed and not to
think about anything in particular during the scan. The acquisition
parameters for dMRI data included: repetition time (TR)/echo time
(TE) = 8400/91 ms, thickness/gap = 3.0/0 mm, flip angle = 90°, ma-
trix size = 128 x 128 x 50, voxel size = 2 x 2 x 3mm®. For each
participant, a total of 65 vol were acquired, including 1 non-diffusion-
weighted volumes (b = 0 s/mm?) and 64 non-collinear gradient direc-
tions (b = 1000 s/mm?). Sagittal T1-weighted MRI scans were obtained
using the following optimized parameters: TR/TE = 2530/2.43 ms, flip
angle = 7°, FOV = 256 x 256 mm?, matrix size = 256 X 256, 192 sa-
gittal slices, voxel size = 1 x 1 x 1 mm>.

2.3. Diffusion MRI data preprocessing

The preprocessing of dMRI data was performed using the FMRIB's
Software Library (FSL, version 5.0.10, https://fsl.fmrib.ox.ac.uk/fsl).
Preprocessing included the following stages. Firstly, eddy current and
head movement were corrected by registering all diffusion weighted
images to the non-diffusion-weighted image (b0 image). Brain extrac-
tion was then performed on the non-diffusion-weighted image to re-
move non-brain structures and create each participant's brain mask.
Finally, the FA maps for each participant were estimated using the FSL
FDT tool.

2.4. Voxelwise TBSS

Voxelwise statistical analyses of FA images were performed using
the TBSS toolbox in FSL. In brief, the FA images of all participants were
spatially transformed to a 1 x 1 x 1 mm® FMRIB58 FA standard space
by a nonlinear registration algorithm. A mean FA image was then
created by averaging the nonlinearly registered FA images of all par-
ticipants. A template FA skeleton which represented the center of the
white matter fiber bundle of this cohort of participants was extracted
from the mean FA image. Only voxels with FA greater than 0.30 on the
skeleton were included in statistical analysis, because this could ex-
clude the interference of gray matter and cerebrospinal fluid. Individual
FA skeleton images in the standard space were then generated based on
the template FA skeleton mask.

2.5. Statistical analysis

We analyzed the main effects of groups (i.e. MDD, BD, SZ, and HC)
using one-way ANCOVA at each voxels on the individual FA skeleton
images, controlling the effects of age and gender. To correct for mul-
tiple comparisons, a family-wise error (FWE) approach with a threshold
of p < 0.05 was performed on the threshold-free cluster enhancement
statistic image (5000 random permutations). Subsequent post-hoc
comparisons between each pair of four groups were performed in the
regions with significant group effects and cluster size > 50, using gen-
eral linear model controlling for the effects of age and gender with FWE
threshold of p < 0.05.

The regions showing significant group differences were then located
and labeled using JHU ICBM white matter atlas, and the median FA
values within each region were calculated for each participant. We used
the median values of the FA rather than the arithmetic mean because
the median has been reported to be more robust to noise, registration,
and segmentation errors (Xie et al., 2019). We used linear mixed model
(LMM) to test the effects of symptom severity (measured by BDI, BAI,
YMRS, PANSS scales in MDD, BD and SZ), duration of illness, and
medication status for MDD, BD and SZ, respectively. LMM is a com-
monly used method to measure the relationship between a dependent
variable (e.g., FA) and independent variables (e.g., symptom/duration/
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Table 1

Demographic characteristics and clinical scales of participants.

MDD (n = 85) BD (n = 42) SZ (n = 68) HC (n = 95) F/x values P-values
Age, years 32.44 (8.79) 32.88 (8.79) 28.58 (4.66) 30.21 (6.85) 4.77 .003"
Male 51 (60.0%) 19 (45.2%) 38 (55.9%) 48 (50.5%) 3.08 .379
Education, years 11.5 (3.60) (n = 84) 10.50 (3.83) (n = 40) 11.46 (2.75) (n = 63) 13.80 (2.90) (n = 94) 13.75 <.001
Age of onset, years 29.18 (9.32) (n = 84) 26.25 (8.88) (n = 40) 24.40 (4.85) (n = 63) - 6.63 .002
Duration, months 40.81 (55.87) (n = 84) 77.10 (77.16) (n = 40) 43.83 (43.67) (n = 63) - 5.86 .003
Medication, yes 66 (77.6%) 37 (88.1%) 42 (61.8%) - 10.30 .006
Antipsychotics, yes 5 (5.9%) 24 (57.1%) 42 (61.8%) - 60.89 <.001
Antidepressants, yes 64 (75.3%) 15 (35.7%) 0 - 89.38 <.001
Mood stabilizer, yes 1 (1.2%) 24 (57.1%) 0 - 94.13 <.001
BDI 18.97 (7.24) (n = 66) 10.95 (11.60) (n = 38) - N 19.26 <0.001
31.87 (13.82) (n = 39)

BAI 39.69 (12.12) (n = 48)
YMRS - 24.67 (10.96) (n = 39)
PANSS positive - -
PANSS negative - -

- - 9.24 .003

22.80 (3.79) (n = 64) - - -
19.97 (5.22) (n = 64) - - -

Data presented as either n (%) or mean (SD).

BAI, Beck Anxiety Inventory; BD, Bipolar disorder; BDI, Beck Depression Inventory; HC, Healthy control; MDD, Major depressive disorder; PANSS, Positive and

Negative Syndrome Scale; SZ, Schizophrenia; YMRS, Young Mania Rating Scale.

* P-values of post hoc results for age: MDD vs. HC, BD vs. HC, and SZ vs. HC, all p > 0.05; MDD vs. SZ, p = 0.001; BD vs. SZ, p = 0.001.

medication, age, and gender) (Yan et al., 2019). Both voxelwise and
ROI-based analyses were performed in the regions with significant main
effects of group for FA across MDD, BD, SZ and HC groups. For FA
values in a voxel or a ROI, we used MATLAB's command fitlme to test
the model: y ~ 1 + Symptom + Age + Gender. We obtained t and p
values for the fixed effect of Symptom, and a FDR approach was used to
correct for multiple comparisons. In order to examine the effect of
duration of illness or medication status, we replaced Symptom with
Duration or Medication (yes/no, assessed at time of scan) in the LMM
model.

3. Results
3.1. Demographic and clinical characteristics

Demographic and clinical characteristics of MDD, BD, SZ and HC
groups are presented in Table 1. There were no statistically significant
differences in age or gender distribution between any patient group and
HCs, but both the MDD and BD groups were older than SZ group (post
hoc results for MDD vs SZ, p = 0.001; BD vs SZ, p = 0.001). All of the
MDD, BD and SZ groups had fewer years of education compared with
HC groups, but no significant differences in years of education were
observed among MDD, BD, and SZ groups. Significant differences were
also observed in duration of illness, age of onset, and medication status
across patient groups. Detailed characteristics of BD subtypes are pre-
sented in Supplementary Table 1. There were no statistically significant
differences in age, gender distribution, years of education, age of onset,
duration of illness, or medication status between two BD groups.

3.2. Fractional anisotropy comparisons

We found main effects of group for FA across MDD, BD, SZ and HC
groups, mainly in the body, genu and splenium of CC, and bilateral
anterior, posterior and superior CR (Fig. 1A and Supplementary
Fig. 1A). Post hoc analyses revealed significant reduced FA in MDD
(Fig. 1B), BD (Fig. 1C), and SZ (Fig. 1D) groups compared with HCs (see
also Supplementary Figs. 1B-D). Specifically, all three mental disorders
showed reduced FA in the body, genu, and splenium of CC, and ante-
rior, posterior and superior CR, and MDD group exhibited a more
widespread implicated pattern than BD and SZ patients. Consistent FA
decreases in patients were found in the body and genu of CC, bilateral
anterior and posterior CR, and right superior CR (Fig. 1E and Table 2).
Bar plots of the white matter regions with consistent reduced FA were
shown in Fig. 2. Compared with SZ group, the MDD group had sig-
nificantly reduced FA measurements in bilateral anterior portion of the

anterior CR (Fig. 3). In contrast, the overlapping region with decreased
FA across MDD, BD and SZ groups was mainly in the posterior portion
of the anterior CR.

The average median FA values of three mental disorders were
generally a gradient trend in the body and genu CC and bilateral
anterior CR, with the SZ group has greater FA than the BD group, while
the BD group has greater FA than the MDD group (MDD < BD < SZ;
Fig. 2). The effects of symptom severity and duration of illness did not
survive correction for multiple comparisons in either voxelwise or ROI-
based analyses. We found medicated MDD patients had significantly
lower FA values than non-medicated MDD patients in the left anterior
corona radiata (cluster size = 78, Supplementary Fig. 2). In addition,
no significant differences were found between mania and depression
subtypes in BD patients in either voxelwise or ROI-based analyses.

4. Discussion

In the present study, we identified a transdiagnostic pattern of white
matter microstructural alterations in the body and genu of CC and bi-
lateral anterior, posterior, and right superior CR across patients with
MDD, BD and SZ. A gradient in the common alterations were observed
in FA with MDD < BD < SZ. In contrast to the shared structural dys-
connectivity, diagnosis-specific effects were only found in MDD in the
anterior portion of anterior CR. To the best of our knowledge, this is the
first study employing TBSS to investigate the global white matter al-
terations to identify transdiagnostic abnormalities across major mental
disorders using dMRI.

We found convergent white matter loss in the CC including the body
and genu across MDD, BD and SZ. White matter FA differences in CC are
consistently reported in MDD (Wise et al., 2016; Jiang et al., 2017), BD
(Wise et al., 2016; Yang et al., 2018) and SZ (Kelly et al., 2018). Spe-
cifically, reduced FA in CC especially the body and genu, showed
greatest effects in SZ in a large-scale prospective meta-analysis study
(Kelly et al., 2018). The CC as the largest white matter tract, connects
the bilateral cerebral hemisphere and enables communication between
hemispheres. The genu of the CC in particular connects the prefrontal
cortex and was also identified as the shared reduced FA between BD
and SZ (Dong et al., 2017), and between BD and MDD (Wise et al.,
2016). Aberrant white matter microstructure in genu and body of CC in
our findings suggests abnormal interhemispheric information flow play
a role in the pathogenesis of MDD, BD and SZ. Our results suggest a
common structural substrate of interhemispheric connectivity across
major mental disorders.

We identified consistent white matter abnormalities across MDD,
BD, and SZ in CR, including anterior, posterior and superior portions.
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H Body of CC ®m Genu of CC = Anterior CR

CR includes descending and ascending fibers with the thalamus and
cerebral cortex and is thought to be involved in a variety of functions,
including emotion regulation (Drevets et al., 2008), executive function
(Etkin et al., 2013) and cognition. These are typical transdiagnostic
domain of impairments across major disorders (Sloan et al., 2017). CR
is involved in the top-down regulation systems that organizing emotion
processing which is closely related to medial prefrontal cortex and
anterior cingulate that have been consistently implicated in previous

Table 2

Posterior CR
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Fig. 1. Voxel-wise TBSS analysis results of
fractional anisotropy (FA) images across
mental disorders and healthy controls (HCs).
A, significant fractional anisotropy differences
across major depressive disorder (MDD), bi-
polar disorder (BD), schizophrenia (SZ) and
HCs (p < 0.05, FWE corrected based on the
threshold-free cluster enhancement statistic
image). Post hoc analyses revealed significant
FA reductions in MDD (B), BD (C), and SZ (D)
compared with HCs. E, the overlapping regions
across B, C, and D. The corresponding JHU
ICBM white matter ROIs were shown in the last
row. Green represents the mean white matter
skeleton of all participants. The left side of the
image corresponds to the right hemisphere of
the brain. ANCOVA, analysis of covariance;
CC, corpus callosum; CR, corona radiata.

Superior CR

morphological (Goodkind et al., 2015) and functional (Wei et al., 2018)
studies. CR is also in the pathway with anterior insula (Nomi et al.,
2017), which has been identified as a region with consistent gray
matter loss across mental illness (Goodkind et al., 2015), and associated
with emotional and executive dysfunction in disorders. The results of
previous studies suggest that FA reductions in CR were detected in MDD
(Cole et al., 2012), BD (Benedetti et al., 2011) and SZ (Kelly et al.,
2018), and dMRI measures in CR are associated with speed of

Regions showing consistent reduced fractional anisotropy for MDD, BD, and SZ patients compared with healthy controls (i.e., overlap), and the regions showing

significant fractional anisotropy differences between SZ and MDD.

Regions Cluster size (mm®) Peak MNI coordinate P-value (minimum)
X Y zZ

Overlap Body of corpus callosum 2016 4 18 18 .0046
Genu of corpus callosum 303 -16 24 23 .0044
L Anterior corona radiata 365 -17 35 12 .0044
R Anterior corona radiata 216 17 22 25 .0055
L Posterior corona radiata 190 -19 -30 34 .0079
R Posterior corona radiata 282 20 —-49 30 .0055
R Superior corona radiata 50 17 15 30 .0055

SZ - MDD L Anterior corona radiata 50 -25 37 0 .0408
R Anterior corona radiata 393 25 32 -4 .0210

BD, bipolar disorder; L, left; MDD, major depressive disorder; MNI, Montreal Neurological Institute; R, right; SZ, schizophrenia.
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Fig. 2. The overlapping regions with consistent reduced fractional anisotropy
for major depressive disorder, bipolar disorder, and schizophrenia compared
with healthy controls. CC, corpus callosum; CR, corona radiata; L, left; R, right;
*, p < 0.05; **, p <0.01, after false discovery rate correction for multiple
comparisons.

information processing and working memory performance in patients
with mental disorders (Poletti et al., 2015). In particular, the anterior
CR which contains reciprocal connections between the anterior tha-
lamus and prefrontal cortex plays a role in neural circuitry of emotion
regulation (Goodkind et al., 2015). Consistent with previous findings,
we identified the bilateral anterior CR, especially the posterior portion
of anterior CR consistently implicated in MDD, BD and SZ, suggesting a
common pattern of substrate shared by major mental disorders. In
contrast to the convergent white matter integrity abnormalities in the
posterior portion of anterior CR, we found the MDD specific pattern in
the bilateral anterior portion of the anterior CR, suggesting that the
anterior portion of anterior CR may be a potential biomarker for the
identification of MDD. In addition, we identified a gradient of FA al-
terations in body and genu of CC and bilateral ACR among disorders,
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with MDD having the worst FA integrity and BD in the middle between
MDD and SZ. This is in accordance with previous report of SZ has
higher FA measures than bipolar disorder in the body of callosum
(Kumar et al., 2015). A functional study examined response to the ne-
gative feedback processing revealed BD patients had better signal
changes than MDD in lateral prefrontal cortex (Tavares et al., 2008).
The present study did not find significant correlations between FA re-
ductions and symptom severity measures, similar to previous studies
(Squarcina et al., 2017; Kelly et al., 2018).

There are several limitations of the present study that need to be
considered. First, the number of patients included in the analysis is
relatively small and imbalanced, and the validity of our findings re-
mains uncertain without replication in larger samples. Second, the
cross-sectional cross-diagnostic design cannot rule out the potential
medication effects on dMRI measures. Therefore, the observed differ-
ences may be possibly confounded by medication status across diag-
noses. Future studies are needed to confirm our findings in treatment-
naive patients with disorders. In addition, our investigation of the ef-
fects of medication status in MDD patients revealed that the medicated
MDD patients had significantly lower FA values than non-medicated
MDD patients in the left anterior corona radiata. Our finding is con-
sistent with previous studies that MDD patients taking antidepressants
showed significantly reduced FA (Cole et al., 2012) or a trend of re-
duction (Bessette et al., 2014). Another study also found that the use of
any antidepressants in the elderly was associated with worsening white
matter (Steffens et al., 2008). Our findings suggest a modification of
white matter integrity in medicated MDD patients, however, the pre-
sent study is limited in the specification of type, dosage and duration of
taking antidepressants. Future investigations are warranted to validate
these findings in longitudinal designs in MDD patients.

In conclusion, the present study demonstrated a shared white matter
loss in the boy and genu of CC and CR in MDD, BD and SZ patients. The
results provide insight into the similarities and differences of spatial
patterns of white matter damage in major mental disorders. Our find-
ings enhance our understanding for common neural substrate of inter-
hemispheric and thalamocortical connectivity disruptions and provide
insights to underlying neural mechanisms and the possibility inter-
ventions for mental disorders.

Fig. 3. FA differences between MDD and SZ
groups. A, anterior portion of anterior CR
showing significantly reduced FA in MDD pa-
tients compared with SZ patients (red), pos-
terior portion of anterior CR showing con-
sistently reduced FA for MDD, BD, and SZ
patients compared with healthy controls
(blue), and the region of interest of anterior CR
'_*_| (yellow). B, bar plots of bilateral anterior CR
showing FA differences between MDD and SZ
groups. CR, corona radiata; FA, fractional ani-
sotropy; MDD, major depressive disorder; SZ,
schizophrenia. *, p < 0.05; **, p < 0.01; ***,
p < 0.001 after false discovery rate correction
for multiple comparisons.
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