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Abstract

Schizophrenia (SCZ), bipolar disorder (BD), and major depressive disorder (MDD) are
heritable conditions with overlapping genetic liability. Transdiagnostic and disorder-
specific brain changes associated with familial risk for developing these disorders
remain poorly understood. We carried out a meta-analysis of diffusion tensor imaging
(DTI) studies to investigate white matter microstructure abnormalities in relatives
that might correspond to shared and discrete biomarkers of familial risk for psychotic
or mood disorders. A systematic search of PubMed and Embase was performed to
identify DTI studies in relatives of SCZ, BD, and MDD patients. Seed-based d Map-
ping software was used to investigate global differences in fractional anisotropy
(FA) between overall and disorder-specific relatives and healthy controls (HC). Our
search identified 25 studies that met full inclusion criteria. A total of 1,144 relatives
and 1,238 HC were included in the meta-analysis. The overall relatives exhibited
decreased FA in the genu and splenium of corpus callosum (CC) compared with
HC. This finding was found highly replicable in jack-knife analysis and subgroup ana-
lyses. In disorder-specific analysis, compared to HC, relatives of SCZ patients
exhibited the same changes while those of BD showed reduced FA in the left inferior
longitudinal fasciculus (ILF). The present study showed decreased FA in the genu and
splenium of CC in relatives of SCZ, BD, and MDD patients, which might represent a
shared familial vulnerability marker of severe mental illness. The white matter abnor-

malities in the left ILF might represent a specific familial risk for bipolar disorder.
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1 | INTRODUCTION

Major psychiatric disorders, such as schizophrenia (SCZ), bipolar disor-
der (BD), and major depressive disorder (MDD) have a strong familial
aggregation, largely due to genetic transmission (Ament et al., 2015;
Howard et al., 2019; Ripke et al., 2014). Studies in adults suggested
that the increased familial risk for severe mental disorders among rela-
tives of patients with major psychiatric disorders is also increased for
disorders other than the one present in the proband (Dean
et al., 2010). For instance, offspring of parents with SCZ have an
increased risk for developing not only SCZ, but also BD or MDD com-
pared with control offspring (Rasic, Hajek, Alda, & Uher, 2014). These
findings suggest that psychiatric disorders share common genetic neu-
robiological pathways that lead to disease besides those that are
disease-specific. From the neuroimaging perspective, one of our previ-
ous studies reported decreased gray matter volumes in the right cere-
bellum across relatives of patients with SCZ, BD, and MDD,
suggesting that this brain abnormality was a shared risk structural
marker for these conditions, while regional gray matter abnormalities
found in neocortex, thalamus, and striatum appeared to be disorder-
specific (Zhang et al., 2020). The identification of such transdiagnostic
and diagnostic-specific biosignatures underlying psychopathology of
different psychiatric disorders may help to improve disease models,
diagnostic accuracy, or preventative strategies (Caspi et al., 2014;
Goodkind et al., 2015; McGorry & Nelson, 2016).

White matter abnormalities which can be characterized using dif-
fusion tensor imaging (DTI) are also highly heritable (Bertisch, Li, Hop-
tman, & Delisi, 2010; van der Schot et al., 2009). DTI allows the
quantification of the in vivo axonal diffusion of water molecules,
reflecting the organization of white matter tracts in the brain
(Neil, 2008). Fractional anisotropy (FA) is a measure that reflects the
integrity of axonal fibers, and its reduction may reflect a decrease in
myelination or in axonal organization (Assaf & Pasternak, 2008).
Recent meta-analyses and one mega-analysis of DTI studies in SCZ,
BD, and MDD found that decreased FA in the genu and body of the
corpus callosum (CC), suggesting decreased prefrontal inter-
hemispheric structural connectivity, was a common white matter
abnormality across three disorders, especially to SCZ and BD (Dong
et al., 2018; Koshiyama et al., 2020; Wise et al., 2016). It has also been
proposed that a structural dysconnectivity between frontal areas
might be a common neurobiological abnormality to SCZ and BD,
whereas that between fronto-temporal or fronto-limbic areas might
be specific to SCZ or BD, respectively (O'Donoghue, Holleran, Can-
non, & McDonald, 2017). Despite a growing number of DTI studies in
individuals at familial risk for SCZ, BD, and MDD in the last decade,
little is known about shared versus specific white matter abnormalities
as markers of risk for severe mental illness.

Recent efforts have attempted to characterize regional white

matter abnormalities in individuals of increased familial risk for severe

mental illness. A systematic review reported that relatives of patients
with SCZ exhibited white matter abnormalities in the frontal, tempo-
ral, and related bundles, and in the CC when compared with healthy
controls (HC), but no consistent white matter alterations were identi-
fied among relatives of patients with BD (Arat, Chouinard, Cohen,
Lewandowski, & Ongur, 2015). This review study did not compare rel-
atives of either condition directly due to numerous methodological
differences between studies, and concluded preliminarily that white
matter abnormalities might qualify as endophenotype candidate for
SCZ, but not for BD. A recent meta-analysis reported decreased FA in
the genu and splenium of the CC in patients with BD and their rela-
tives (Hu, Stavish, Leibenluft, & Linke, 2020).

With these considerations, we performed a meta-analysis of DTI
studies in relatives of patients with SCZ, BD, and MDD to investigate
the presence of white matter abnormalities as an indicator of familial
risk for mental illness. Similar to our previous study of gray matter vol-
ume (Zhang et al., 2020), our primary goal was to identify shared and
disorder-specific white matter abnormalities across relatives of
patients with SCZ, BD, and MDD. We hypothesized that the relatives
of patients with these three conditions would exhibit decreased FA in
areas of the CC compared with HC as a transdiagnostic biosignature
of risk for mental iliness.

2 | METHODS AND MATERIALS

21 | Selection procedures
The literature search was carried out independently by two experi-
enced researchers (FGN and MX) using PubMed (http://www.ncbi.
nlm.nih.gov/pubmed) and Embase, to identify pertinent studies on rel-
atives of patients with SCZ, BD, or MDD published before April 2021.
Keywords applied in search were: (a) schizophrenia, bipolar disorder,
depression, or depressive disorder or major depressive disorder;
(b) relative, sibling, family, families, parent, offspring, twin, or risk;
(c) diffusion tensor imaging or DTI. The reference lists of selected
original articles were screened for additional relevant studies. When-
ever necessary, we contacted the corresponding authors to obtain
essential study details for our present analysis.

Studies were included only if they met the following criteria:
(a) original papers written in English and published in peer-reviewed
journals; (b) conducted whole brain voxel-wise comparisons of FA
between relatives of SCZ, BD or MDD patients with HC; (c) reported
the significant differences using MNI or Talairach coordinates. Studies
were excluded if they: (a) were case reports, reviews, or meta-ana-
lyses; (b) performed region of interest (ROI) analyses exclusively with-
out whole brain approach or the peak coordinates could not be
retrieved;(c) recruited participants under clinical high risk rather than

familial risk, such as participants manifesting prodromal symptoms of
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SCZ; (d) different studies from the same group used overlapping data
(in such cases, the study with the largest sample among those was
included). The flow diagram of literature searching procedures is
showed in Figure 1.

By our search strategy, one study enrolled relatives of patients
with BD and MDD combined as one group (Macoveanu et al., 2016),
thus was considered as one dataset and was included only in the
transdiagnostic analysis. Two other studies enrolled relatives of
patients with psychotic disorders, but without specifying whether
they were relatives of SCZ, BD, MDD or other psychosis (Domen
et al., 2013; Koivukangas et al., 2015). Given that our aim of present

main analysis was to characterize the potential shared abnormalities
of white matter integrity in high familial risk individuals with major
psychiatric disorders, we included these datasets in the primary analy-
sis. Notably, one of these studies provided a sub-analysis for relatives
of patients with SCZ, and results from this analysis were included in
our disorder-specific analysis for SCZ (Koivukangas et al., 2015).

Some studies included more than one dataset of relative groups
and performed separate comparisons of whole brain FA with HC. One
enrolled relatives of patients with SCZ and BD as separate groups
(Skudlarski et al., 2013), and two datasets were extracted and used for
both transdiagnostic and disorder-specific analysis. Lei et al divided
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FIGURE 1

The flow diagram of the literature selecting procedures of current meta-analysis. SCZ-schizophrenia, BD-bipolar disorder, MDD-
major depressive disorder, ROI-region of interest, DTI-diffusion tensor imaging, FA-fractional anisotropy
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the relatives of patients with first-episode SCZ into deficit and non-
deficit SCZ relative groups (Lei et al., 2015). Ganzola et al separated
the relatives of patients with BD into those who remained well and
who developed a MDD diagnosis during the following-up (Ganzola
et al, 2018). For those studies, each relative/HC combination was
treated as one dataset.

Four studies (Hoptman et al., 2008; Koivukangas et al., 2015;
Linke et al., 2020; Roybal et al., 2015) reported that a portion of par-
ticipants was suffering from prodromal syndromes or current psychi-
atric disorders, and 3 (Koivukangas et al., 2015; Linke et al., 2020;
Roybal et al., 2015) among those also reported psychiatric medication
use in participants. In addition, one study (Prasad, Upton, Schirda,
Nimgaonkar, & Keshavan, 2015) did not clarify the mental status of
participants. We included both types of datasets with affected and
unaffected relatives in our overall analysis. To minimize the con-
founding effects of illness burden and medication exposure, we per-
formed subgroup analysis restricted to studies with only unaffected
relatives. None of the included studies reported that the participants
had any neurological diseases.

Finally, the search strategy identified 671 research papers in the
database, of which 25 studies met our inclusion criteria. A total of
28 datasets with 1,144 relatives (mean age: 30.31, female/male
=639/505) of patients with psychiatric disorders and 1,238 matched
HC (mean age: 29.17, female/male = 694/544) were ultimately
included in the meta-analysis. Among those, 12 datasets recruited
465 relatives of patients with SCZ, 11 datasets recruited 404 relatives
of patients with BD, 3 datasets recruited 59 relatives of patients with
MDD. Details of demographic and clinical characteristics of study par-
ticipants and methodological information of the included studies are

displayed in Table 1.

2.2 | Data extraction

We followed the Meta-analysis Of Observational Studies in Epidemi-
ology (MOOSE) guidelines in conducting our meta-analysis (Stroup
et al., 2000). For each selected study, we extracted the following
information: sample size, mean age, sex, imaging parameters (i.e., MRI
field strength, slice thickness, and number of diffusion gradient direc-

tions), correction steps, statistical thresholds, and major findings.

2.3 | Quality assessment

We assessed the quality of completeness of documentation for each
selected study with a 12-point checklist which has been adapted fre-
quently in the previous meta-analysis (Gao et al., 2018; Zhang
et al,, 2020). The checklist was modified to evaluate the documenta-
tion of critical variables that were important to our study. Three cate-
gories including participants (items 1-4), methods of imaging
acquisition and analysis (items 5-10), and the results and conclusions
(items 11 and 12) were comprised in the checklist (Figure S1). Each
item received a score of 1, 0.5, or O based on the criteria that were

fully, partially met, or not met quality criteria, respectively. Of note,
this checklist was used just to rate the completeness of published

studies, rather than criticize the investigators or the work itself.

2.4 | Meta-analysis of FA abnormalities in overall
relatives of psychiatric patients

In order to detect regional differences of FA between relatives and
HC, the software Seed-based d Mapping (SDM, formerly Signed Dif-
ferential Mapping, version 5.15 www.sdmproject.com) was applied as
a fundamental toolbox for our coordinate based meta-analysis. This
method has been widely applied and validated in several previous
meta-analysis studies, especially in neuroimaging studies of psychiat-
ric disorders (Radua et al., 2012; Radua & Mataix-Cols, 2009; Radua &
Mataix-Cols, 2012; Radua, Via, Catani, & Mataix-Cols, 2011). It uses
effect sizes to combine reported peak coordinates extracted from
databases with statistical parametric maps, and re-creates original
effect size maps of group differences in FA. The standard ES-SDM
thresholds that is, uncorrected p < .005 and extent threshold of clus-
ters >10 voxels were used to balance the sensitivity and specificity
optimally and to be an approximate equivalent to corrected
p-value = .05 in ES-SDM for effect-size(Radua & Mataix-Cols, 2012).
Subsequently, jack-knife sensitivity analysis was used to test the
replicability of results, whereas meta-regression methods were used
to characterize the impact of clinical and methodological variables on

brain changes.

25 |
relatives

Sensitivity and subgroup meta-analysis of

A systematic whole-brain voxel-based jack-knife analysis was con-
ducted to test the replicability of the findings, in which we repeated
the main analysis iteratively by discarding different datasets each
time. The brain region that remained significant in all or most combi-
nations of studies would be considered highly replicable.

To further investigate the robustness and establish consistency of
the statistically significant findings, we performed the following sub-
group analyses by excluding studies with potential for clinical or meth-
odological confounding factors: (a) studies with relatives who were
unaffected at the time of participation (n = 23); (b) studies using 3.0T
MR scanner (h = 21); (c) studies using the high quality of DTI proto-
cols that is, the field strength of MR scanner was 3.0T, the slice thick-
ness was less than or equal to 3 mm, and the number of diffusion
gradient directions was greater than or equal to 30 (n = 12);
(d) studies with additional correction steps (n = 25), including thresh-
old free cluster enhancement (TFCE) correction, AlphaSim correction,
false discovery rate (FDR) correction, and Gaussian random field
(GRF) correction.

To detect disorder-specific FA alterations in relatives, subgroup
analyses were also conducted within studies with relatives of patients
with SCZ (n = 12) and BD (n = 11) respectively, but not in relatives of
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patients with MDD due to limited number of studies included (n = 3).
In exploratory analysis, however, subgroup analysis within studies
with relatives of patients with BD and MDD together, two known as

mood disorders (n = 14), were further conducted.

2.6 | Heterogeneity and publication bias

The statistical (between-study) heterogeneity of individual clusters
was examined by a random-effects model with Q statistic and tested
through a permutation approach. The analytic parameters used were
as follows: uncorrected p < .005, peak height z = 1, and cluster
extent = 100 voxels. Moreover, we also created funnel plots of the
peaks of major findings and assessed the publication bias for altered
regions using the Egger test (Egger, Smith, & Phillips, 1997). A signifi-
cant publication bias was considered as existent if results of the Egger

test showed a p value less than .05.

2.7 | Meta-regression analysis

To find potential effects of demographic and methodological variables
on FA abnormalities in relatives, meta-regression analyses were per-
formed using mean age, sex (ratio of female relatives), slice thickness,
and number of diffusion gradient directions as independent variables,
respectively. A more conservative probability threshold (p = .0005)
was used to minimize the detection of spurious relationships, requir-
ing abnormalities to be detected both in the slope and in one of the
extremes of the regressor, and to discard findings in regions other

than those detected in the main analyses.

3 | RESULTS
3.1 | White matter abnormalities in overall
relatives

Pooling all 28 datasets into the meta-analysis, the group of overall rel-
atives of patients with SCZ, BD, and MDD together exhibited
decreased FA in the genu and splenium of CC compared with HC
(Table 2, Figure 2). No areas of increased FA were identified in rela-
tives relative to HC.

3.2 | Jack-knife sensitivity analysis

The whole-brain jack-knife sensitivity analysis revealed that decreased
FA in the genu of CC remained significant in all but the combination
of datasets without the Zhou et al. (2017). Reduced FA in the
splenium of CC was reproducible in all but the combination of
datasets without the Wang et al. (2020). The sensitivity analyses sug-
gest that these results are highly reliable. More details are showed in
Table S2.

3.3 | Subgroup analyses
3.3.1 | Effects of current psychopathology and
methodological effects

Subgroup analysis considering only unaffected relatives of patients
with a psychiatric disorder also showed decreased FA in the genu and
splenium of CC compared with HC (Table S3). When analyses were
limited to methodologically homogeneous groups of studies, those
using 3.0T MRI, high quality of DTI protocols and conducting addi-
tional correction steps both confirmed decreased FA in the genu and
splenium of CC in relatives relative to HC, as found in the primary
analysis. In addition, the analyses with studies using high quality of
DTI protocols further showed reduced FA in the left cingulum
(Table S4, S5, and Sé).

3.3.2 | Disorder-specific effects

Subgroup analyses restricted to relatives of patients with SCZ showed
decreased FA in the genu and splenium of CC compared with HC
(Table 2, Figure 2). Relatives of patients with BD exhibited decreased
FA in the left inferior longitudinal fasciculus (ILF) (Table 2, Figure 2).
Given the limited number of studies in MDD, we were unable to do a
subgroup analysis only with relatives of patients with MDD. When
combining the relatives of patients with MDD and BD into a larger
subgroup of relatives of patients with mood disorders, we found that
relatives showed decreased FA in the genu and splenium of CC, and
in the left ILF (Table 2).

3.3.3 | Heterogeneity and publication bias

No significant statistical between-study heterogeneity was identified
in the regions with significant inter-group differences in FA (p > .005).
There was no evidence of publication bias, as suggested by the
Egger's test of funnel plot asymmetry in the CC (p > .05).

3.34 | Meta-regression analysis

In the linear regression analysis, no significant correlations were
observed between neither clinical (i.e., mean age or ratio of female
relatives), nor methodological variables (i.e., slice thickness or num-
ber of diffusion gradient directions), and FA abnormalities (all
p > .0005).

4 | DISCUSSION

This is the first voxel-based whole brain meta-analysis of DTI stud-
ies in relatives of patients with SCZ, BD, and MDD, attempting to
characterize the common and disorder-specific FA abnormalities in
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TABLE 2 Regional differences in FA between overall and disorder-specific relatives and HC

MNI coordinates

Region X y z

Overall relatives < HC

Corpus callosum 6 28 12
28 -56 22
—-22 -64 28

Relatives of patients with SCZ < HC

Corpus callosum 30 -56 28
-16 —-64 28
Right anterior cingulate/ 4 32 10

paracingulate gyri
Relatives of patients with BD < HC

Left inferior network, inferior -34 66 -2
longitudinal fasciculus

Relatives of patients with mood disorders < HC

Corpus callosum 16 28 14

Voxels,
n

745

469

323

345

338

43

310

1,197

SDM-Z

-1.314

—1.589

—1.452

-1.959

-1.756

—1.060

—1.232

—1.088

p value,
uncorrected

p < .005

p < .005

p < .005

p < .005

p < .005

p < .005

p <.005

p <.005

Cluster breakdown (voxels,n)

Corpus callosum (832)
Right median network, cingulum (104)
Right anterior thalamic projections (50)

Right anterior cingulate/Paracingulate gyri,
BA 24 (37)

Right anterior thalamic projections (25)
Left anterior cingulate/paracingulate gyri (17)

Right anterior cingulate/paracingulate gyri
(12)

Corpus callosum (381)
Right superior longitudinal fasciculus 11 (38)

Right arcuate network, posterior segment
(17)

Corpus callosum (210)

Left cuneus cortex, BA 23 (18)

Left superior occipital gyrus (17)

Left superior occipital gyrus, BA 18 (14)
Left superior occipital gyrus, BA 23 (13)
Left precuneus (10)

Corpus callosum (289)
Right superior longitudinal fasciculus 11 (23)

Right arcuate network, posterior segment
(14)

Corpus callosum (185)

Left cuneus cortex, BA 23 (25)

Left superior occipital gyrus (23)

Left superior occipital gyrus, BA 18 (17)
Left precuneus (15)

Left cuneus cortex (15)

Left superior occipital gyrus, BA 23 (11)

Corpus callosum (31)

Left inferior network, inferior longitudinal
fasciculus (219)

Left optic radiations (36)

Corpus callosum (33)

Corpus callosum (921)

Right anterior thalamic projections (107)
Right striatum (45)

Right superior longitudinal fasciculus Il (33)
Right median network, cingulum (32)

Right caudate nucleus (30)

Right inferior network, inferior fronto-
occipital fasciculus (15)

(Continues)
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TABLE 2 (Continued)
MNI coordinates
Voxels,
Region X y z n
Left inferior network, inferior -34 66 -2 263

longitudinal fasciculus

Note: The regions with cluster size less than 10 voxels are not reported.

p value,
SDM-Z  uncorrected Cluster breakdown (voxels,n)
-1.074 p <.005 Left inferior network, inferior longitudinal

fasciculus (203)
Left optic radiations (29)

Corpus callosum (14)

Abbreviation: BD, bipolar disorder; HC, healthy controls; MDD, major depressive disorder; SCZ, schizophrenia.

Overall relatives < Healthy controls

genu of CC genu of CC

splenium of CC

j &

P

FIGURE 2

Relatives of SCZ patients < Healthy controls

splenium of CC

Relatives of BD patients < Healthy controls

LILF

Primary and subgroup meta-analyses of FA abnormalities in overall relatives and relatives of patients with SCZ and BD. SCZ-

schizophrenia, BD-bipolar disorder, CC-corpus callosum, FA-fractional anisotropy, ILF-inferior longitudinal fasciculus, L-left

individuals at increased familial risk for developing psychiatric disor-
ders. By adopting the ES-SDM meta-analytical approach, our study
revealed the presence of decreased FA in the genu and splenium
of CC as a shared white matter abnormality in relatives of the
three psychiatric disorders compared with HC. Notably, this obser-
vation was highly replicable in jack-knife sensitivity analysis, and
also maintained across the subgroup analyses in unaffected rela-
tives, and in relatives of patients with SCZ, as well as mood disor-
ders (combining the datasets of BD and MDD). Likewise, this result
was reproduced in the subgroup analyses within studies using 3.0T
MR scanner, using high quality of DTI protocols and conducting
additional correction steps. Moreover, meta-regression analyses did
not identify any significant influence on FA in the genu and
splenium of CC, from clinical or methodological variables such as

sex, mean age, or MRI slice thickness, further suggesting the

stability of the CC abnormality as an imaging marker for genetic
vulnerability.

In this meta-analysis we made an effort to investigate the shared
and disorder-specific white matter abnormalities in individuals at
familial risk across these three major psychiatric disorders. The study
of relatives has the potential to identify heritable traits and extend
our understanding of the possible etiological processes underlying
those disorders, with the advantage of avoiding common confounding
factors in imaging studies, such as medication or illness burden. Most
of the included studies recruited unaffected and untreated relatives,
and subgroup analysis restricted to unaffected relatives confirmed the
results as well. This suggests that those abnormalities in relatives may
be interpreted as familial risk/vulnerability markers of severe psychiat-
ric disorders rather than of manifestations of established illness.

Moreover, we included only studies adopting tract-based spatial
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statistics (TBSS) or voxel-based analysis (VBA) methods to demon-
strate group differences at a whole skeleton level between relatives
and HC, rather than including those using a ROI approach in which
comparisons were performed in pre-defined regions. This allowed for

a more comprehensive detection of FA abnormalities.

4.1 |
relatives

Shared white matter abnormalities in overall

The genu and splenium of CC are respectively known as the main
commissure between the anterior and posterior bilateral cerebral
hemispheres, which has been showed to be involved in emotion
regulation, motor function, and cognitive abilities (Doron &
2008; 2020; Zahr, Rohlfing,
Pfefferbaum, & Sullivan, 2009). Aberrant white matter integrity in

Gazzaniga, Holleran et al.,
the genu and splenium of CC have been repeatedly reported in
previous meta- or mega-analyses of DTI studies in patients with
SCZ (Bora et al., 2011; Kelly et al., 2018; Patel et al., 2011; Zhuo,
Liu, Wang, Tian, & Tang, 2016), BD (Favre et al., 2019) and MDD
(Chen et al., 2016; Liao et al., 2013), implying an overlapping neu-
ropathology involvement of this brain area in both psychotic and
mood disorders. In addition, several studies using other imaging
techniques, such as voxel-based morphometry, also reported
decreased white matter or gray matter volumes in the genu or
splenium of the CC both in individuals at familial risk for BD,
MDD, or SCZ, and in patients with recent onset psychosis (Chaim
et al., 2010; Francis et al., 2011; Knoche et al., 2012). Epidemiolog-
ical and genetic studies provide evidence that these three disorders
share some common genetic factors (Blackwood et al., 2007;
Lichtenstein et al., 2009). There is also evidence that microstruc-
ture of white matter of CC is highly heritable (Kochunov
et al., 2010). Taken together, these findings support a hypothesis
that a genetically-mediated structural vulnerability in the genu and
splenium of the CC may be a common pathway in the development
of common and severe psychiatric disorders.

Accordingly, our finding of decreased FA in the genu and
splenium of CC in the combined group of relatives of patients with
SCZ, BD, and MDD may reflect a deficient interhemispheric connec-
tivity between the bilateral brain cortices, providing further evidence
for the hypothesis that a disruption of interhemispheric white matter
integrity exists before the iliness onset, perhaps related to the genetic
risk in major psychiatric disorders. This finding could also help to
explain the worse motor and cognitive performance, subtle social dys-
function, and increased psychotic or mood symptoms in participants
with familial risk for developing major psychiatric disorders (Corfield,
Yang, Martin, & Nyholt, 2017; Johansson, Kuja-Halkola,
Cannon, Hultman, & Hedman, 2019; Smith, Barch, Thompson, &
Csernansky, 2008). Perhaps, such findings might be interpreted as a
candidate vulnerability marker for disease risk assessment and preclin-
ical recognition of individuals at increased genetic risk for developing
psychiatric disorders. Because the included studies were cross-

sectional rather than longitudinal, the predictive value of these

changes in determining later illness onset needs to be examined in
future prospective studies.

In addition to the consistent finding of FA reduction in the genu
and splenium of the CC, the subgroup analysis of studies using high
quality of DTI protocols detected decreased FA in the left cingulum.
Using high quality of DTI protocols is good for acquiring better
images, with more comprehensive and accurate information about
white matter tracts and higher signal-to-noise ratio. The cingulum
bundle connects frontal, parietal, and medial temporal areas as one of
the prominent white matter tract of brain (Bubb, Metzler-Baddeley, &
Aggleton, 2018). It plays important role in many brain functions, espe-
cially emotion, motivation, executive functions, and memory
(Beckmann, Johansen-Berg, & Rushworth, 2009). SCZ, BD, and MDD
are generally associated with widespread white matter abnormalities,
manifesting decreased FA in some tracts and pathways, including the
cingulum (Bracht, Linden, & Keedwell, 2015; Wang et al., 2008).
Beyond that, a few studies of individuals with genetic risk for SCZ and
MDD detected reduced cingulum FA as well (Hoptman et al., 2008;
Huang, Fan, Williamson, & Rao, 2011; Keedwell et al., 2012). There-
fore, the deficits of cingulum bundle may reflect a genetic vulnerabil-
ity to psychiatric disorders. However, it is of note that studies using
high quality of DTI protocols are less than half of all included datasets,
this finding required replication in future studies with larger samples.

4.2 | White matter abnormalities in relatives of
patients with SCZ

In a subgroup analysis with relatives of patients with SCZ, again it was
found that the FA was reduced in the genu and splenium of the
CC. Beyond that, the abnormalities of white matter extended to right
anterior cingulate. The anterior cingulate is a significant node of the
limbic and frontal lobe and critical to emotion integration and execu-
tive function performance (Allman, Hakeem, Erwin, Nimchinsky, &
Hof, 2001). As such, it is important in cognition, monitoring of reward
contingencies (Bush et al, 2002). Anterior cingulate abnormalities
have been repeatedly reported in patients with SCZ at different
stages of disease (Brugger & Howes, 2017) and considered as a
potential core region affected by SCZ (Szeszko et al., 2000). In the
current study, white matter impairments were also present in relatives
of patients with SCZ, suggesting that the deficits of this region may
represent a specific disease vulnerability marker for SCZ. In our previ-
ous meta-analysis of shared and specific gray matter volume changes,
abnormalities in the anterior cingulate gray matter volumes did not
characterize relatives of patients with SCZ (Zhang et al., 2020). A prior
meta-analysis reported lower gray matter volumes in the anterior cin-
gulate in individuals with genetic high risk for SCZ and in patients with
first-episode and chronic SCZ (Chan, Di, McAlonan, & Gong, 2011).
Therefore, in conjunction with previous studies, it could imply that
the white matter abnormalities in the anterior cingulate antecedes the
disease onset, reflecting familial risk, while gray matter abnormalities
reflect the incipient neurodegeneration or already established illness

process.
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4.3 | White matter abnormalities in relatives of
patients with BD and mood disorders

The groups of relatives of patients with BD separately exhibited
decreased FA in the left ILF. The ILF contains fibers connecting the
occipital and temporal lobes, and also traverses the amygdala, hip-
pocampus, and parahippocampal regions. Current views highlight its
role in emotional behavior, visual perception, face recognition
and memory (Catani, Jones, Donato, & ffytche, D. H., 2003;
Ffytche, 2008; Fox, laria, & Barton, 2008). Aberrant ILF integrity
has been reported in many studies on patients with BD (Lan
et al., 2020; Liao et al, 2013; Ren et al., 2020). Consistent with
our finding, FA reduction in the left ILF has been reported in a
study using ROI approaches on both affected and unaffected off-
spring of patients with BD (Versace et al., 2018), and in healthy
siblings of patients with BD (Saricicek et al., 2016). Other studies
found negative correlations between FA in the ILF with cyclothy-
mic temperament (Sprooten et al., 2011) and genetic liability to BD
(Chaddock et al., 2009). However, our finding is not completely in
line with all the DTI studies. For instance, Robal et al observed
increased bilateral ILF FA in youth individuals under both genetic
risk for BD and mood dysregulation(Roybal et al., 2015). Studies on
clinical ultra-high-risk individuals such as youth with subthreshold
bipolar symptoms also displayed lower FA in bilateral ILF in those
participants (Martinot et al., 2014), further implying the existence
of structure connectivity impairments before illness onset. Taken
together, these finding suggests that the aberrant white matter in
the left ILF might be an indicator of familial vulnerability to BD.
The abnormalities of FA in relatives of patients with BD also
extended to the splenium of CC, but not to the genu. Interestingly,
when grouping the relatives of BD and MDD, we did find reduced
FA in genu of CC, which is consistent with several studies in
patients with BD and MDD (Cui et al., 2020; Cyprien et al., 2016;
Ren et al., 2020). A prior meta-analysis in individuals at familial risk
for BD reported decreased FA in genu of the CC (Hu et al., 2020).
The included studies of the prior and our current meta-analysis
were not quite identical. Specifically, we included the Saricicek
et al. (2016) and excluded the Linke et al. (2013) studies, while
they did the opposite for both studies. Thus, the sample size of all
BD relatives of our study (n = 404) was a little bit larger than the
prior study's (n = 378). In addition, we used different versions of
analysis software. Those differences would be the possible reasons
that led to the discrepancies with a previous meta-analysis.
Another possible explanation for this phenomenon is that we may
lack statistical power to detect this abnormality due to the sample
size of group of relatives of BD patients. Given that a separate
analysis with relatives of MDD only was not doable due to a lim-
ited number of studies, we could not determine whether the
absence of FA reduction in the genu of CC in relatives of BD is
the consequence of limited statistical power and/or is driven by
the studies of relatives of patients with MDD. Future studies with

larger sample size are needed to clarify this issue.

44 | Limitations and conclusions

Some limitations are noteworthy with regard to interpretation of our
findings. First, we only included studies that used whole brain
approaches. Furthermore, due to the limited number of primary stud-
ies using other DTI measures such as mean diffusivity, axial diffusivity,
and radial diffusivity, the analyses were restricted to FA abnormalities.
Investigations using ROl approaches and other MR modalities or mea-
sures in individuals at familial risk for mental illness are required to
help further understand the genetic risk contributions to brain struc-
ture. Second, we used the older version of SDM software for the rea-
son of it has been extensively applied in previous studies of meta-
analysis and well accepted in the field of neuroimaging. Furthermore,
given the difficulty to obtain the T-maps of whole original analyses
from the studies we included, we only used the peak coordinates to
do the analyses. Third, only a small portion of included studies con-
tained additional clinical information of participants such as the sub-
clinical symptoms, intelligence quotient and education levels, thus the
regression analysis could not be conducted to detect the effects of
those clinical variables on white matter abnormalities and their associ-
ations. Forth, it should be noted that few of the studies included indi-
viduals over 40 years of age, past the average age of illness onset for
SCZ, BD, or MDD. This, along with the cross-sectional nature of the
studies, limits our ability to understand to what extent our findings
represent vulnerability or protective markers for developing mental ill-
ness. Prospective studies are required to answer these questions.
Fifth, our main focus was to identify common and disorder-specific
white matter abnormalities in familial risk individuals of several major
psychiatric disorders, thus we only carried out analysis on relatives
but not probands. In addition, as the reported information in the origi-
nal studies were limited to relative vs control comparisons, thus the
direct comparisons of FA between the relatives of patients with SCZ,
BD, and MDD could not be conducted. Sixth, the inclusion criteria for
the subgroup analysis of high-quality studies is somewhat arbitrary as
no consensus has been reached for this notion. Finally, due to the lim-
ited number of studies, the separate analysis on relatives of MDD
patients was not performed. Future studies with relatives of individ-
uals at familial risk for MDD could examine whether white matter def-
icits in the CC and left ILF also represent genetic vulnerability for
developing MDD.

In summary, our current voxel-based whole brain meta-analysis
of DTI studies indicates that relatives of patients with severe mental
iliness exhibit common white matter impairments in the genu and
splenium of CC, suggesting the interhemispheric dysconnectivity
might be a shared genetic contribution across different major psychi-
atric disorders. Subgroup meta-analysis identified abnormalities in the
left ILF which might represent specific correlates to genetic risk for
BD. Future work with larger sample of participants collected from
multi-center studies and with a broader spectrum of psychiatric disor-
ders is greatly encouraged to characterize the common brain changes
that might represent general genetic vulnerability for severe mental

iliness, and specific changes that could help differentiate them.



XU ET AL.

WILEY_L2%

ACKNOWLEDGMENTS

This work was supported by the National Natural Science Foundation
of China (Grant Nos. 82101998, 8212018014, and 82071908), Sich-
uan Science and Technology Program (Grant Nos. 2020YJ0018 and
2021JDTDO0002), the Science and Technology Project of the Health
Planning Committee of Sichuan (Grant No. 20PJ010), Post-Doctor
Research Project, West China Hospital, Sichuan University (Grant
No. 2020HXBHO005), the Fundamental Research Funds for the Central
Universities (Grant No. 2020SCU12053), and 1.3.5 Project for Disci-
plines of Excellence, West China Hospital, Sichuan University (Grant
Nos. ZYYC08001 and ZYJC18020). Dr. Lui acknowledges the support
from Humboldt Foundation Friedrich Wilhelm Bessel Research Award
and Chang Jiang Scholars (Program No. T2019069).

CONFLICT OF INTEREST

Dr. Wenjing Zhang consults to VeraSci. Dr. Nery's spouse is an
employee of Eli Lilly & Co. Dr. DelBello has received research support
from Amarex, Johnson & Johnson, Pfizer, Otsuka, Shire, Sunovion,
Supernus and Lundbeck. She is a consultant to Akili, CMEology, John-
son & Johnson, Lundbeck, Neuronetics, Pfizer, Sunovion, Supernus,

and Takeda. The other authors declare no competing interests.

AUTHOR CONTRIBUTIONS

Dr. Fabiano G. Nery, Wenjing Zhang, and Su Lui, and Mengyuan Xu
contributed to the design of the study. Mengyuan Xu, Dr. Paul
Hochwalt and Fabiano G. Nery contributed to the paper searching
and selection. Mengyuan Xu, Chengmin Yang, Naici Liu, Jiao Qu and
Hui Sun, and Dr. Wenjing Zhang contributed to the data extraction
and statistical analysis. Dr. Wenjing Zhang, Melissa P. DelBello, Su Lui
and Fabiano G. Nery, and Mengyuan Xu contributed to the interpreta-
tion of the results. Mengyuan Xu and Dr. Wenjing Zhang, Su Lui, and
Fabiano G. Nery contributed to the drafting of the manuscript, while
all authors revised the manuscript critically for important intellectual
content and gave approval of the version to be published.

Dr. Wenjing Zhang and Su Lui obtained funding to support this work.

DATA AVAILABILITY STATEMENT
All relevant data are presented within the paper and the supplemen-

tary materials.

ORCID

Su Lui "2 https://orcid.org/0000-0003-3541-1769

REFERENCES

Allman, J. M., Hakeem, A., Erwin, J. M., Nimchinsky, E., & Hof, P. (2001).
The anterior cingulate cortex - the evolution of an interface between
emotion and cognition. Unity of Knowledge: The Convergence of Natural
and Human Science, 935, 107-117. https://doi.org/10.1111/j.1749-
6632.2001.tb03476.x

Ament, S. A, Szelinger, S., Glusman, G., Ashworth, J., Hou, L. P., Akula, N.,
... Study, B. G. (2015). Rare variants in neuronal excitability genes
influence risk for bipolar disorder. Proceedings of the National Academy
of Sciences of the United States of America, 112(11), 3576-3581.
https://doi.org/10.1073/pnas.1424958112

Arat, H. E., Chouinard, V. A, Cohen, B. M., Lewandowski, K. E., &
Ongur, D. (2015). Diffusion tensor imaging in first degree relatives of
schizophrenia and bipolar disorder patients. Schizophrenia Research,
161(2-3), 329-339. https://doi.org/10.1016/j.schres.2014.12.008

Assaf, Y., & Pasternak, O. (2008). Diffusion tensor imaging (DTI)-based
white matter mapping in brain research: A review. Journal of Molecular
Neuroscience, 34(1), 51-61. https://doi.org/10.1007/s12031-007-
0029-0

Beckmann, M., Johansen-Berg, H., & Rushworth, M. F. (2009). Connectiv-
ity-based parcellation of human cingulate cortex and its relation to
functional specialization. The Journal of Neuroscience, 29(4), 1175-
1190. https://doi.org/10.1523/JNEUROSCI.3328-08.2009

Bertisch, H., Li, D. W., Hoptman, M. J., & Delisi, L. E. (2010). Heritability
estimates for cognitive factors and brain white matter integrity as
markers of schizophrenia. American Journal of Medical Genetics Part B-
Neuropsychiatric Genetics, 153b(4), 885-894. https://doi.org/10.1002/
ajmg.b.31054

Blackwood, D. H. R., Pickard, B. J., Thomson, P. A, Evans, K. L,
Porteous, D. J., & Muir, W. J. (2007). Are some genetic risk factors
common to schizophrenia, bipolar disorder and depression? Evidence
from DISC1, GRIK4 and NRG1. Neurotoxicity Research, 11(1), 73-83.
https://doi.org/10.1007/Bf03033484

Bora, E., Fornito, A., Radua, J., Walterfang, M., Seal, M., Wood, S. J., ...
Pantelis, C. (2011). Neuroanatomical abnormalities in schizophrenia: A
multimodal voxelwise meta-analysis and meta-regression analysis.
Schizophrenia Research, 127(1-3), 46-57. https://doi.org/10.1016/j.
schres.2010.12.020

Bracht, T., Linden, D., & Keedwell, P. (2015). A review of white matter
microstructure alterations of pathways of the reward circuit in depres-
sion. Journal of Affective Disorders, 187, 45-53. https://doi.org/10.
1016/j.jad.2015.06.041

Brugger, S. P., & Howes, O. D. (2017). Heterogeneity and homogeneity of
regional brain structure in schizophrenia a meta-analysis. JAMA Psychi-
atry, 74(11), 1104-1111. https://doi.org/10.1001/jamapsychiatry.
2017.2663

Bubb, E. J., Metzler-Baddeley, C., & Aggleton, J. P. (2018). The cingulum
bundle: Anatomy, function, and dysfunction. Neuroscience and Biobe-
havioral Reviews, 92, 104-127. https://doi.org/10.1016/j.neubiorev.
2018.05.008

Bush, G., Vogt, B. A,, Holmes, J., Dale, A. M., Greve, D., Jenike, M. A, &
Rosen, B. R. (2002). Dorsal anterior cingulate cortex: A role in reward-
based decision making. Proceedings of the National Academy of Sciences
of the United States of America, 99(1), 523-528. https://doi.org/10.
1073/pnas.012470999

Camchong, J., Lim, K. O., Sponheim, S. R., & MacDonald, A. W. (2009).
Frontal white matter integrity as an endophenotype for schizophrenia:
Diffusion tensor imaging in monozygotic twins and patients' non-
psychotic relatives. Frontiers in Human Neuroscience, 3, 35. https://doi.
org/10.3389/neuro.09.035.2009

Caspi, A, Houts, R. M., Belsky, D. W., Goldman-Mellor, S. J.,
Harrington, H., Israel, S., ... Moffitt, T. E. (2014). The p factor: One gen-
eral psychopathology factor in the structure of psychiatric disorders?
Clinical Psychological Science: A Journal of the Association for Psychologi-
cal Science, 2(2), 119-137. https://doi.org/10.1177/21677026
13497473

Catani, M., Jones, D. K., Donato, R., & Ffytche, D. H. (2003). Occipito-
temporal connections in the human brain. Brain, 126, 2093-2107.
https://doi.org/10.1093/brain/awg203

Chaddock, C. A., Barker, G. J., Marshall, N., Schulze, K., Hall, M. H.,
Fern, A, ... McDonald, C. (2009). White matter microstructural impair-
ments and genetic liability to familial bipolar | disorder. British Journal
of Psychiatry, 194(6), 527-534. https://doi.org/10.1192/bjp.bp.107.
047498

Chaim, T. M., Schaufelberger, M. S., Ferreira, L. K,, Duran, F. L. S,
Ayres, A. M., Scazufca, M,, ... Busatto, G. F. (2010). Volume reduction


https://orcid.org/0000-0003-3541-1769
https://orcid.org/0000-0003-3541-1769
https://doi.org/10.1111/j.1749-6632.2001.tb03476.x
https://doi.org/10.1111/j.1749-6632.2001.tb03476.x
https://doi.org/10.1073/pnas.1424958112
https://doi.org/10.1016/j.schres.2014.12.008
https://doi.org/10.1007/s12031-007-0029-0
https://doi.org/10.1007/s12031-007-0029-0
https://doi.org/10.1523/JNEUROSCI.3328-08.2009
https://doi.org/10.1002/ajmg.b.31054
https://doi.org/10.1002/ajmg.b.31054
https://doi.org/10.1007/Bf03033484
https://doi.org/10.1016/j.schres.2010.12.020
https://doi.org/10.1016/j.schres.2010.12.020
https://doi.org/10.1016/j.jad.2015.06.041
https://doi.org/10.1016/j.jad.2015.06.041
https://doi.org/10.1001/jamapsychiatry.2017.2663
https://doi.org/10.1001/jamapsychiatry.2017.2663
https://doi.org/10.1016/j.neubiorev.2018.05.008
https://doi.org/10.1016/j.neubiorev.2018.05.008
https://doi.org/10.1073/pnas.012470999
https://doi.org/10.1073/pnas.012470999
https://doi.org/10.3389/neuro.09.035.2009
https://doi.org/10.3389/neuro.09.035.2009
https://doi.org/10.1177/2167702613497473
https://doi.org/10.1177/2167702613497473
https://doi.org/10.1093/brain/awg203
https://doi.org/10.1192/bjp.bp.107.047498
https://doi.org/10.1192/bjp.bp.107.047498

»4 | WILEY.

XU ET AL.

of the corpus callosum and its relationship with deficits in inter-
hemispheric transfer of information in recent-onset psychosis. Psychia-
try Research-Neuroimaging, 184(1), 1-9. https://doi.org/10.1016/j.
pscychresns.2010.06.003

Chan, R. C. K., Di, X., McAlonan, G. M., & Gong, Q. Y. (2011). Brain ana-
tomical abnormalities in high-risk individuals, first-episode, and chronic
schizophrenia: An activation likelihood estimation meta-analysis of ill-
ness progression. Schizophrenia Bulletin, 37(1), 177-188. https://doi.
org/10.1093/schbul/sbp073

Chen, G. X,, Hu, X. Y, Li, L, Huang, X. Q., Lui, S., Kuang, W. H., ...
Gong, Q. Y. (2016). Disorganization of white matter architecture in
major depressive disorder: A meta-analysis of diffusion tensor imaging
with tract-based spatial statistics. Scientific Reports, 6, 21825. https://
doi.org/10.1038/srep21825

Corfield, E. C., Yang, Y., Martin, N. G., & Nyholt, D. R. (2017). A continuum
of genetic liability for minor and major depression. Translational Psychi-
atry, 7,e1131. https://doi.org/10.1038/tp.2017.99

Cui, Y., Dong, J. H,, Yang, Y. F., Yu, H. Y., Li, W. Q, Liu, Y,, ... Jiang, T. Z.
(2020). White matter microstructural differences across major depres-
sive disorder, bipolar disorder and schizophrenia: A tract-based spatial
statistics study. Journal of Affective Disorders, 260, 281-286. https://
doi.org/10.1016/j.jad.2019.09.029

Cyprien, F., de Champfleur, N. M., Deverdun, J., Olie, E., Le Bars, E.,
Bonafe, A, ... Artero, S. (2016). Corpus callosum integrity is affected
by mood disorders and also by the suicide attempt history: A diffusion
tensor imaging study. Journal of Affective Disorders, 206, 115-124.
https://doi.org/10.1016/j.jad.2016.07.026

Dean, K., Stevens, H., Mortensen, P. B., Murray, R. M., Walsh, E., &
Pedersen, C. B. (2010). Full Spectrum of psychiatric outcomes among
offspring with parental history of mental disorder. Archives of General
Psychiatry, 67(8), 822-829. https://doi.org/10.1001/archgenpsychiatry.
2010.86

Domen, P. A. E., Michielse, S., Gronenschild, E., Habets, P., Roebroeck, A.,
Schruers, K., ... Group. (2013). Microstructural white matter alterations
in psychotic disorder: A family-based diffusion tensor imaging study.
Schizophrenia Research, 146(1-3), 291-300. https://doi.org/10.1016/j.
schres.2013.03.002

Dong, D. B., Wang, Y. L., Chang, X. B., Chen, X,, Chang, X,, Luo, C.,, &
Yao, D. Z. (2018). Common and diagnosis-specific fractional anisot-
ropy of white matter in schizophrenia, bipolar disorder, and major
depressive disorder: Evidence from comparative voxel-based meta-
analysis. Schizophrenia Research, 193, 456-458. https://doi.org/10.
1016/j.schres.2017.07.003

Doron, K. W., & Gazzaniga, M. S. (2008). Neuroimaging techniques offer
new perspectives on callosal transfer and interhemispheric communi-
cation. Cortex, 44(8), 1023-1029. https://doi.org/10.1016/j.cortex.
2008.03.007

Egger, M., Smith, G. D., & Phillips, A. N. (1997). Meta-analysis: Principles
and procedures. British Medical Journal, 315(7121), 1533-1537.
https://doi.org/10.1136/bmj.315.7121.1533

Favre, P., Pauling, M., Stout, J., Hozer, F., Sarrazin, S., Abe, C,, ...
Working, E. B. D. (2019). Widespread white matter microstructural
abnormalities in bipolar disorder: Evidence from mega- and meta-
analyses across 3033 individuals. Neuropsychopharmacology, 44(13),
2298-2298. https://doi.org/10.1038/s41386-019-0521-6

Ffytche, D. H. (2008). The hodology of hallucinations. Cortex, 44(8), 1067-
10883. https://doi.org/10.1016/j.cortex.2008.04.005

Fox, C. J,, laria, G., & Barton, J. J. S. (2008). Disconnection in proso-
pagnosia and face processing. Cortex, 44(8), 996-1009. https://doi.
org/10.1016/j.cortex.2008.04.003

Francis, A. N., Bhojraj, T. S., Prasad, K. M., Kulkarni, S., Montrose, D. M.,
Eack, S. M., & Keshavan, M. S. (2011). Abnormalities of the corpus cal-
losum in non-psychotic high-risk offspring of schizophrenia patients.
Psychiatry Research-Neuroimaging, 191(1), 9-15. https://doi.org/10.
1016/j.pscychresns.2010.09.007

Frodl, T., Carballedo, A., Fagan, A. J., Lisiecka, D., Ferguson, Y. &
Meaney, J. F. (2012). Effects of early-life adversity on white matter
diffusivity changes in patients at risk for major depression. Journal of
Psychiatry & Neuroscience, 37(1), 37-45. https://doi.org/10.1503/jpn.
110028

Ganzola, R., McIntosh, A. M., Nickson, T., Sprooten, E., Bastin, M. E.,
Giles, S., ... Whalley, H. C. (2018). Diffusion tensor imaging correlates
of early markers of depression in youth at high-familial risk for bipolar
disorder. Journal of Child Psychology and Psychiatry, 59(8), 917-927.
https://doi.org/10.1111/jcpp.12879

Gao, X., Zhang, W. J,, Yao, L., Xiao, Y., Liu, L., Liu, J. K, ... Lui, S. (2018).
Association between structural and functional brain alterations in
drug-free patients with schizophrenia: A multimodal meta-analysis.
Journal of Psychiatry & Neuroscience, 43(2), 131-142. https://doi.org/
10.1503/jpn.160219

Goodkind, M., Eickhoff, S. B., Oathes, D. J., Jiang, Y., Chang, A., Jones-
Hagata, L. B., ... Etkin, A. (2015). Identification of a common neurobio-
logical substrate for mental illness. JAMA Psychiatry, 72(4), 305-315.
https://doi.org/10.1001/jamapsychiatry.2014.2206

Hao, Y. H,, Yan, Q, Liu, H. H., Xu, L., Xue, Z. M., Song, X. Q, ... Shan, B. C.
(2009). Schizophrenia patients and their healthy siblings share disrup-
tion of white matter integrity in the left prefrontal cortex and the hip-
pocampus but not the anterior cingulate cortex. Schizophrenia
Research, 114(1-3), 128-135. https://doi.org/10.1016/j.schres.2009.
07.001

Holleran, L., Kelly, S., Alloza, C., Agartz, |., Andreasssen, O. A., Arango, C.,
... Donohoe, G. (2020). The relationship between white matter micro-
structure and general cognitive ability in patients with schizophrenia
and healthy participants in the ENIGMA consortium. American Journal
of Psychiatry, 177(6), 537-547. https://doi.org/10.1176/appi.ajp.
2019.19030225

Hoptman, M. J., Nierenberg, J., Bertisch, H. C., Catalano, D.,
Ardekani, B. A., Branch, C. A, & Delisi, L. E. (2008). A DTI study of
white matter microstructure in individuals at high genetic risk for
schizophrenia. Schizophrenia Research, 106(2-3), 115-124. https://doi.
org/10.1016/j.schres.2008.07.023

Howard, D. M., Adams, M. J., Clarke, T. K., Hafferty, J. D., Gibson, J.,
Shirali, M., ... Mclntosh, A. M. (2019). Genome-wide meta-analysis of
depression identifies 102 independent variants and highlights the
importance of the prefrontal brain regions. Nature Neuroscience, 22(3),
343-352. https://doi.org/10.1038/541593-018-0326-7

Hu, R,, Stavish, C., Leibenluft, E., & Linke, J. O. (2020). White matter micro-
structure in individuals with and at risk for bipolar disorder: Evidence
for an endophenotype from a voxel-based meta-analysis. Biological
Psychiatry-Cognitive Neuroscience and Neuroimaging, 5(12), 1104-
1113. https://doi.org/10.1016/j.bpsc.2020.06.007

Huang, H., Fan, X., Williamson, D. E., & Rao, U. (2011). White matter
changes in healthy adolescents at familial risk for unipolar depression:
A diffusion tensor imaging study. Neuropsychopharmacology, 36(3),
684-691. https://doi.org/10.1038/npp.2010.199

Hung, Y. W.,, Saygin, Z. M., Biederman, J., Hirshfeld-Becker, D., Uchida, M.,
Doehrmann, O., ... Gabrieli, J. D. E. (2017). Impaired frontal-limbic
white matter maturation in children at risk for major depression. Cere-
bral Cortex, 27(9), 4478-4491. https://doi.org/10.1093/cercor/
bhw250

Johansson, V., Kuja-Halkola, R., Cannon, T. D., Hultman, C. M., &
Hedman, A. M. (2019). A population-based heritability estimate
of bipolar disorder - in a Swedish twin sample. Psychiatry
Research, 278, 180-187. https://doi.org/10.1016/j.psychres.
2019.06.010

Keedwell, P. A., Chapman, R., Christiansen, K., Richardson, H., Evans, J., &
Jones, D. K. (2012). Cingulum white matter in young women at risk of
depression: The effect of family history and anhedonia. Biological Psy-
chiatry, 72(4), 296-302. https://doi.org/10.1016/j.biopsych.2012.
01.022


https://doi.org/10.1016/j.pscychresns.2010.06.003
https://doi.org/10.1016/j.pscychresns.2010.06.003
https://doi.org/10.1093/schbul/sbp073
https://doi.org/10.1093/schbul/sbp073
https://doi.org/10.1038/srep21825
https://doi.org/10.1038/srep21825
https://doi.org/10.1038/tp.2017.99
https://doi.org/10.1016/j.jad.2019.09.029
https://doi.org/10.1016/j.jad.2019.09.029
https://doi.org/10.1016/j.jad.2016.07.026
https://doi.org/10.1001/archgenpsychiatry.2010.86
https://doi.org/10.1001/archgenpsychiatry.2010.86
https://doi.org/10.1016/j.schres.2013.03.002
https://doi.org/10.1016/j.schres.2013.03.002
https://doi.org/10.1016/j.schres.2017.07.003
https://doi.org/10.1016/j.schres.2017.07.003
https://doi.org/10.1016/j.cortex.2008.03.007
https://doi.org/10.1016/j.cortex.2008.03.007
https://doi.org/10.1136/bmj.315.7121.1533
https://doi.org/10.1038/s41386-019-0521-6
https://doi.org/10.1016/j.cortex.2008.04.005
https://doi.org/10.1016/j.cortex.2008.04.003
https://doi.org/10.1016/j.cortex.2008.04.003
https://doi.org/10.1016/j.pscychresns.2010.09.007
https://doi.org/10.1016/j.pscychresns.2010.09.007
https://doi.org/10.1503/jpn.110028
https://doi.org/10.1503/jpn.110028
https://doi.org/10.1111/jcpp.12879
https://doi.org/10.1503/jpn.160219
https://doi.org/10.1503/jpn.160219
https://doi.org/10.1001/jamapsychiatry.2014.2206
https://doi.org/10.1016/j.schres.2009.07.001
https://doi.org/10.1016/j.schres.2009.07.001
https://doi.org/10.1176/appi.ajp.2019.19030225
https://doi.org/10.1176/appi.ajp.2019.19030225
https://doi.org/10.1016/j.schres.2008.07.023
https://doi.org/10.1016/j.schres.2008.07.023
https://doi.org/10.1038/s41593-018-0326-7
https://doi.org/10.1016/j.bpsc.2020.06.007
https://doi.org/10.1038/npp.2010.199
https://doi.org/10.1093/cercor/bhw250
https://doi.org/10.1093/cercor/bhw250
https://doi.org/10.1016/j.psychres.2019.06.010
https://doi.org/10.1016/j.psychres.2019.06.010
https://doi.org/10.1016/j.biopsych.2012.01.022
https://doi.org/10.1016/j.biopsych.2012.01.022

XU ET AL.

WILEY_L2%

Kelly, S., Jahanshad, N., Zalesky, A., Kochunov, P., Agartz, I., Alloza, C,, ...
Donohoe, G. (2018). Widespread white matter microstructural differ-
ences in schizophrenia across 4322 individuals: Results from the
ENIGMA schizophrenia DTl Working group. Molecular Psychiatry,
23(5), 1261-1269. https://doi.org/10.1038/mp.2017.170

Knoche, C., Oertel-Knochel, V., Schonmeyer, R., Rotarska-Jagiela, A., van
de Ven, V., Prvulovic, D., ... Linden, D. E. J. (2012). Interhemispheric
hypoconnectivity in schizophrenia: Fiber integrity and volume differ-
ences of the corpus callosum in patients and unaffected relatives.
Neurolmage, 59(2), 926-934. https://doi.org/10.1016/j.neuroimage.
2011.07.088

Knochel, C., O'Dwyer, L., Alves, G., Reinke, B., Magerkurth, J., Rotarska-
Jagiela, A., ... Oertel-Knochel, V. (2012). Association between white
matter fiber integrity and subclinical psychotic symptoms in schizo-
phrenia patients and unaffected relatives. Schizophrenia Research,
140(1-3), 129-135. https://doi.org/10.1016/j.schres.2012.06.001

Kochunov, P., Glahn, D. C,, Lancaster, J. L., Winkler, A. M., Smith, S.,
Thompson, P. M., ... Blangero, J. (2010). Genetics of microstructure of
cerebral white matter using diffusion tensor imaging. Neurolmage,
53(3), 1109-1116. https://doi.org/10.1016/j.neuroimage.2010.
01.078

Koivukangas, J., Bjornholm, L., Tervonen, O., Miettunen, J., Nordstrom, T.,
Kiviniemi, V., ... Veijola, J. (2015). White matter structure in young
adults with familial risk for psychosis - the Oulu brain and mind Study.
Psychiatry Research-Neuroimaging, 233(3), 388-393. https://doi.org/
10.1016/j.pscychresns.2015.06.015

Koshiyama, D., Fukunaga, M., Okada, N., Morita, K., Nemoto, K., Usui, K.,
... Cocoro. (2020). White matter microstructural alterations across four
major psychiatric disorders: Mega-analysis study in 2937 individuals.
Molecular  Psychiatry, 25(4), 883-895. https://doi.org/10.1038/
s41380-019-0553-7

Lan, M. J., Rubin-Falcone, H., Sublette, M. E., Oquendo, M. A,
Stewar, J. W., Hellerstein, D. J., ... Mann, J. J. (2020). Deficits of white
matter axial diffusivity in bipolar disorder relative to major depressive
disorder: No relationship to cerebral perfusion or body mass index.
Bipolar Disorders, 22(3), 296-302. https://doi.org/10.1111/bdi.12845

Lei, W, Li, N., Deng, W., Li, M. L., Huang, C. H., Ma, X. H,, ... Li, T. (2015).
White matter alterations in first episode treatment-naive patients with
deficit schizophrenia: A combined VBM and DTI study. Scientific
Reports, 5, 12994. https://doi.org/10.1038/srep12994

Liao, Y., Huang, X. Q., Wu, Q. Z, Yang, C., Kuang, W. H., Du, M. Y., ...
Gong, Q. Y. (2013). Is depression a disconnection syndrome? Meta-
analysis of diffusion tensor imaging studies in patients with MDD.
Journal of Psychiatry & Neuroscience, 38(1), 49-56. https://doi.org/10.
1503/jpn.110180

Lichtenstein, P., Yip, B. H., Bjork, C., Pawitan, Y., Cannon, T. D,
Sullivan, P. F., & Hultman, C. M. (2009). Common genetic determinants
of schizophrenia and bipolar disorder in Swedish families: A
population-based study. Lancet, 373(9659), 234-239. https://doi.org/
10.1016/50140-6736(09)60072-6

Linke, J., King, A. V., Poupon, C., Hennerici, M. G,, Gass, A., & Wessa, M.
(2013). Impaired anatomical connectivity and related executive func-
tions: Differentiating vulnerability and disease marker in bipolar disor-
der. Biological Psychiatry, 74(12), 908-916. https://doi.org/10.1016/j.
biopsych.2013.04.010

Linke, J. O., Stavish, C., Adleman, N. E., Sarlls, J., Towbin, K. E.,
Leibenluft, E., & Brotman, M. A. (2020). White matter microstructure
in youth with and at risk for bipolar disorder. Bipolar Disorders, 22(2),
163-173. https://doi.org/10.1111/bdi.12885

Macoveanu, J., Vinberg, M., Madsen, K., Kessing, L. V., Siebner, H. R, &
Baare, W. (2016). Unaffected twins discordant for affective disorders
show changes in anterior callosal white matter microstructure. Acta
Psychiatrica Scandinavica, 134(5), 441-451. https://doi.org/10.1111/
acps.12638

Mahon, K., Burdick, K. E. Ikuta, T., Braga, R. J., Gruner, P,
Malhotra, A. K., & Szeszko, P. R. (2013). Abnormal temporal lobe white
matter as a biomarker for genetic risk of bipolar disorder. Biological
Psychiatry, 73(2), 177-182. https://doi.org/10.1016/j.biopsych.2012.
07.033

Martinot, M. L. P., Lemaitre, H., Artiges, E., Miranda, R., Goodman, R,
Penttila, J., ... Consortium, I. (2014). White-matter microstructure and
gray-matter volumes in adolescents with subthreshold bipolar symp-
toms. Molecular Psychiatry, 19(4), 462-470. https://doi.org/10.1038/
mp.2013.44

McGorry, P., & Nelson, B. (2016). Why we need a transdiagnostic staging
approach to emerging psychopathology, early diagnosis, and treat-
ment. JAMA Psychiatry, 73(3), 191-192. https://doi.org/10.1001/
jamapsychiatry.2015.2868

Neil, J. J. (2008). Diffusion imaging concepts for clinicians. Journal of Mag-
netic Resonance Imaging, 27(1), 1-7. https://doi.org/10.1002/jmri.
21087

O'Donoghue, S., Holleran, L., Cannon, D. M., & McDonald, C. (2017). Ana-
tomical dysconnectivity in bipolar disorder compared with schizophre-
nia: A selective review of structural network analyses using diffusion
MRI. Journal of Affective Disorders, 209, 217-228. https://doi.org/10.
1016/j.jad.2016.11.015

Ou, J. J, Lyu, H. L., Hu, M. R, Li, J., Guo, W. B., Guo, X. F., ... Zhao, J. P.
(2018). Decreased white matter FA values in the left inferior frontal
gyrus is a possible intermediate phenotype of schizophrenia: Evi-
dences from a novel group strategy. European Archives of Psychiatry
and Clinical Neuroscience, 268(1), 89-98. https://doi.org/10.1007/
s00406-016-0752-z

Patel, S., Mahon, K., Wellington, R., Zhang, J. P., Chaplin, W. &
Szeszko, P. R. (2011). A meta-analysis of diffusion tensor imaging stud-
ies of the corpus callosum in schizophrenia. Schizophrenia Research,
129(2-3), 149-155. https://doi.org/10.1016/j.schres.2011.03.014

Prasad, K. M., Upton, C. H., Schirda, C. S., Nimgaonkar, V. L, &
Keshavan, M. S. (2015). White matter diffusivity and microarchitecture
among schizophrenia subjects and first-degree relatives. Schizophrenia
Research, 161(1), 70-75. https://doi.org/10.1016/j.schres.2014.
09.045

Radua, J., & Mataix-Cols, D. (2009). Voxel-wise meta-analysis of grey mat-
ter changes in obsessive-compulsive disorder. British Journal of Psychi-
atry, 195(5), 393-402. https://doi.org/10.1192/bjp.bp.108.055046

Radua, J., & Mataix-Cols, D. (2012). Meta-analytic methods for neuroimag-
ing data explained. Biology of Mood & Anxiety Disorders, 2, 6. https://
doi.org/10.1186/2045-5380-2-6

Radua, J., Mataix-Cols, D., Phillips, M. L., EI-Hage, W., Kronhaus, D. M.,
Cardoner, N., & Surguladze, S. (2012). A new meta-analytic method for
neuroimaging studies that combines reported peak coordinates and
statistical parametric maps. European Psychiatry, 27(8), 605-611.
https://doi.org/10.1016/j.eurpsy.2011.04.001

Radua, J., Via, E., Catani, M., & Mataix-Cols, D. (2011). Voxel-based meta-
analysis of regional white-matter volume differences in autism spec-
trum disorder versus healthy controls. Psychological Medicine, 41(7),
1539-1550. https://doi.org/10.1017/50033291710002187

Rasic, D., Hajek, T., Alda, M., & Uher, R. (2014). Risk of mental illness in
offspring of parents with schizophrenia, bipolar disorder, and major
depressive disorder: A meta-analysis of family high-risk studies. Schizo-
phrenia Bulletin, 40(1), 28-38. https://doi.org/10.1093/schbul/sbt114

Ren, S. H., Chang, M., Yin, Z. Y., Feng, R. Q., Wei, Y. G, Duan, J,, ... Li, S. B.
(2020). Age-related alterations of white matter integrity in adolescents
and young adults with bipolar disorder. Frontiers in Psychiatry, 10,
1010. https://doi.org/10.3389/fpsyt.2019.01010

Ripke, S., Neale, B. M., Corvin, A, Walters, J. T. R, Farh, K. H,
Holmans, P. A, ... Consor, W. T. C.-C. (2014). Biological insights from
108 schizophrenia-associated genetic loci. Nature, 511(7510), 421.
https://doi.org/10.1038/nature13595


https://doi.org/10.1038/mp.2017.170
https://doi.org/10.1016/j.neuroimage.2011.07.088
https://doi.org/10.1016/j.neuroimage.2011.07.088
https://doi.org/10.1016/j.schres.2012.06.001
https://doi.org/10.1016/j.neuroimage.2010.01.078
https://doi.org/10.1016/j.neuroimage.2010.01.078
https://doi.org/10.1016/j.pscychresns.2015.06.015
https://doi.org/10.1016/j.pscychresns.2015.06.015
https://doi.org/10.1038/s41380-019-0553-7
https://doi.org/10.1038/s41380-019-0553-7
https://doi.org/10.1111/bdi.12845
https://doi.org/10.1038/srep12994
https://doi.org/10.1503/jpn.110180
https://doi.org/10.1503/jpn.110180
https://doi.org/10.1016/S0140-6736(09)60072-6
https://doi.org/10.1016/S0140-6736(09)60072-6
https://doi.org/10.1016/j.biopsych.2013.04.010
https://doi.org/10.1016/j.biopsych.2013.04.010
https://doi.org/10.1111/bdi.12885
https://doi.org/10.1111/acps.12638
https://doi.org/10.1111/acps.12638
https://doi.org/10.1016/j.biopsych.2012.07.033
https://doi.org/10.1016/j.biopsych.2012.07.033
https://doi.org/10.1038/mp.2013.44
https://doi.org/10.1038/mp.2013.44
https://doi.org/10.1001/jamapsychiatry.2015.2868
https://doi.org/10.1001/jamapsychiatry.2015.2868
https://doi.org/10.1002/jmri.21087
https://doi.org/10.1002/jmri.21087
https://doi.org/10.1016/j.jad.2016.11.015
https://doi.org/10.1016/j.jad.2016.11.015
https://doi.org/10.1007/s00406-016-0752-z
https://doi.org/10.1007/s00406-016-0752-z
https://doi.org/10.1016/j.schres.2011.03.014
https://doi.org/10.1016/j.schres.2014.09.045
https://doi.org/10.1016/j.schres.2014.09.045
https://doi.org/10.1192/bjp.bp.108.055046
https://doi.org/10.1186/2045-5380-2-6
https://doi.org/10.1186/2045-5380-2-6
https://doi.org/10.1016/j.eurpsy.2011.04.001
https://doi.org/10.1017/S0033291710002187
https://doi.org/10.1093/schbul/sbt114
https://doi.org/10.3389/fpsyt.2019.01010
https://doi.org/10.1038/nature13595

»% | WILEY.

XU ET AL.

Roybal, D. J., Barnea-Goraly, N., Kelley, R., Bararpour, L., Howe, M. E,,
Reiss, A. L., & Chang, K. D. (2015). Widespread white matter tract
aberrations in youth with familial risk for bipolar disorder. Psychiatry
Research, 232(2), 184-192. https://doi.org/10.1016/j.pscychresns.
2015.02.007

Saricicek, A., Zorlu, N., Yalin, N., Hidiroglu, C., Cavusoglu, B., Ceylan, D., ...
Ozerdem, A. (2016). Abnormal white matter integrity as a structural
endophenotype for bipolar disorder. Psychological Medicine, 46(7),
1547-1558. https://doi.org/10.1017/50033291716000180

Skudlarski, P., Schretlen, D. J., Thaker, G. K., Stevens, M. C.,
Keshavan, M. S., Sweeney, J. A, ... Pearson, G. D. (2013). Diffusion
tensor imaging white matter Endophenotypes in patients with schizo-
phrenia or psychotic bipolar disorder and their relatives. American
Journal of Psychiatry, 170(8), 886-898. https://doi.org/10.1176/appi.
2jp.2013.12111448

Smith, M. J., Barch, D. M., Thompson, P. A., & Csernansky, J. G. (2008).
Subclinical expression of schizophrenia-like symptoms in non-
psychotic siblings of individuals with schizophrenia. Schizophrenia
Research, 103(1-3), 324-325. https://doi.org/10.1016/j.schres.2008.
04.028

Sprooten, E., Brumbaugh, M. S., Knowles, E. E. M., McKay, D. R, Lewis, J.,
Barrett, J., ... Glahn, D. C. (2013). Reduced white matter integrity in
sibling pairs discordant for bipolar disorder. American Journal of Psychi-
atry, 170(11), 1317-1325. https://doi.org/10.1176/appi.ajp.2013.
12111462

Sprooten, E., Sussmann, J. E., Clugston, A., Peel, A, McKirdy, J.,
Moorhead, T. W. J,, ... McIntosh, A. M. (2011). White matter integrity
in individuals at high genetic risk of bipolar disorder. Biological Psychi-
atry, 70(4), 350-356. https://doi.org/10.1016/j.biopsych.2011.
01.021

Stroup, D. F., Berlin, J. A., Morton, S. C.,, Olkin, I, Williamson, G. D.,
Rennie, D., ... Grp, M. (2000). Meta-analysis of observational studies in
epidemiology - a proposal for reporting. Journal of the American Medi-
cal Association, 283(15), 2008-2012. https://doi.org/10.1001/jama.
283.15.2008

Szeszko, P. R, Bilder, R. M., Lencz, T., Ashtari, M., Goldman, R. S,
Reiter, G., ... Lieberman, J. A. (2000). Reduced anterior cingulate gyrus
volume correlates with executive dysfunction in men with first-
episode schizophrenia. Schizophrenia Research, 43(2-3), 97-108.
https://doi.org/10.1016/50920-9964(99)00155-3

Teixeira, A. M. A., Kleinman, A., Zanetti, M., Jackowski, M., Duran, F.,
Pereira, F., ... Caetano, S. C. (2014). Preserved white matter in
unmedicated pediatric bipolar disorder. Neuroscience Letters, 579, 41-
45. https://doi.org/10.1016/j.neulet.2014.06.061

van der Schot, A. C, Vonk, R., Brans, R. G. H., van Haren, N. E. M,,
Koolschijn, P. C. M. P., Nuboer, V., ... Kahn, R. S. (2009). Influence of
genes and environment on brain volumes in twin pairs concordant
and discordant for bipolar disorder. Archives of General Psychiatry,
66(2), 142-151. https://doi.org/10.1001/archgenpsychiatry.
2008.541

Versace, A., Ladouceur, C. D., Graur, S., Acuff, H. E., Bonar, L. K., Monk, K.,
... Phillips, M. L. (2018). Diffusion imaging markers of bipolar versus gen-
eral psychopathology risk in youth at-risk. Neuropsychopharmacology,
43(11), 2212-2220. https://doi.org/10.1038/541386-018-0083-z

Versace, A., Ladouceur, C. D., Romero, S., Birmaher, B., Axelson, D. A,,
Kupfer, D. J., & Phillips, M. L. (2010). Altered development of white

matter in youth at high familial risk for bipolar disorder: A diffusion
tensor imaging Study. Journal of the American Academy of Child and
Adolescent Psychiatry, 49(12), 1249-1259. https://doi.org/10.1016/j.
jaac.2010.09.007

Wang, F., Jackowski, M., Kalmar, J. H., Chepenik, L. G,, Tie, K., Qiu, M, ...
Blumberg, H. P. (2008). Abnormal anterior cingulum integrity in bipolar
disorder determined through diffusion tensor imaging. The British Jour-
nal of Psychiatry, 193(2), 126-129. https://doi.org/10.1192/bjp.bp.
107.048793

Wang, Y., Wei, Y. G., Edmiston, E. K., Womer, F. Y., Zhang, X. Z., Duan, J.,
... Wang, F. (2020). Altered structural connectivity and cytokine levels
in schizophrenia and genetic high-risk individuals: Associations with
disease states and vulnerability. Schizophrenia Research, 223, 158-165.
https://doi.org/10.1016/j.schres.2020.05.044

Wise, T., Radua, J., Nortje, G., Cleare, A. J., Young, A. H., & Arnone, D.
(2016). Voxel-based meta-analytical evidence of structural Dis-
connectivity in major depression and bipolar disorder. Biological Psychi-
atry, 79(4), 293-302. https://doi.org/10.1016/j.biopsych.2015.03.004

Zahr, N. M., Rohlfing, T., Pfefferbaum, A., & Sullivan, E. V. (2009). Problem
solving, working memory, and motor correlates of association and
commissural fiber bundles in normal aging: A quantitative fiber track-
ing study. Neurolmage, 44(3), 1050-1062. https://doi.org/10.1016/].
neuroimage.2008.09.046

Zhang, W., Sweeney, J. A, Yao, L., Li, S., Zeng, J., Xu, M,, ... Nery, F. G.
(2020). Brain structural correlates of familial risk for mental illness: A
meta-analysis of voxel-based morphometry studies in relatives of
patients with psychotic or mood disorders. Neuropsychopharmacology,
45(8), 1369-1379. https://doi.org/10.1038/s41386-020-0687-y

Zhou, Y., Liu, J., Driesen, N., Womer, F., Chen, K., Wang, Y., ... Wang, F.
(2017). White matter integrity in genetic high-risk individuals and first-
episode schizophrenia patients: Similarities and disassociations.
BioMed Research International, 2017, 3107845. https://doi.org/10.
1155/2017/3107845

Zhuo, C. J., Liu, M., Wang, L. N, Tian, H. J.,, & Tang, J. S. (2016). Diffusion
tensor MR imaging evaluation of callosal abnormalities in schizophre-
nia: A meta-analysis. PLoS One, 11(8), e€0161406. https://doi.org/10.
1371/journal.pone.0161406

SUPPORTING INFORMATION
Additional supporting information may be found in the online version
of the article at the publisher's website.

How to cite this article: Xu, M., Zhang, W., Hochwalt, P.,
Yang, C,, Liu, N., Qu, J., Sun, H., DelBello, M. P., Lui, S., & Nery,
F. G. (2022). Structural connectivity associated with familial
risk for mental illness: A meta-analysis of diffusion tensor
imaging studies in relatives of patients with severe mental
disorders. Human Brain Mapping, 43(9), 2936-2950. https://
doi.org/10.1002/hbm.25827



https://doi.org/10.1016/j.pscychresns.2015.02.007
https://doi.org/10.1016/j.pscychresns.2015.02.007
https://doi.org/10.1017/S0033291716000180
https://doi.org/10.1176/appi.ajp.2013.12111448
https://doi.org/10.1176/appi.ajp.2013.12111448
https://doi.org/10.1016/j.schres.2008.04.028
https://doi.org/10.1016/j.schres.2008.04.028
https://doi.org/10.1176/appi.ajp.2013.12111462
https://doi.org/10.1176/appi.ajp.2013.12111462
https://doi.org/10.1016/j.biopsych.2011.01.021
https://doi.org/10.1016/j.biopsych.2011.01.021
https://doi.org/10.1001/jama.283.15.2008
https://doi.org/10.1001/jama.283.15.2008
https://doi.org/10.1016/S0920-9964(99)00155-3
https://doi.org/10.1016/j.neulet.2014.06.061
https://doi.org/10.1001/archgenpsychiatry.2008.541
https://doi.org/10.1001/archgenpsychiatry.2008.541
https://doi.org/10.1038/s41386-018-0083-z
https://doi.org/10.1016/j.jaac.2010.09.007
https://doi.org/10.1016/j.jaac.2010.09.007
https://doi.org/10.1192/bjp.bp.107.048793
https://doi.org/10.1192/bjp.bp.107.048793
https://doi.org/10.1016/j.schres.2020.05.044
https://doi.org/10.1016/j.biopsych.2015.03.004
https://doi.org/10.1016/j.neuroimage.2008.09.046
https://doi.org/10.1016/j.neuroimage.2008.09.046
https://doi.org/10.1038/s41386-020-0687-y
https://doi.org/10.1155/2017/3107845
https://doi.org/10.1155/2017/3107845
https://doi.org/10.1371/journal.pone.0161406
https://doi.org/10.1371/journal.pone.0161406
https://doi.org/10.1002/hbm.25827
https://doi.org/10.1002/hbm.25827

	Structural connectivity associated with familial risk for mental illness: A meta-analysis of diffusion tensor imaging studi...
	1  INTRODUCTION
	2  METHODS AND MATERIALS
	2.1  Selection procedures
	2.2  Data extraction
	2.3  Quality assessment
	2.4  Meta-analysis of FA abnormalities in overall relatives of psychiatric patients
	2.5  Sensitivity and subgroup meta-analysis of relatives
	2.6  Heterogeneity and publication bias
	2.7  Meta-regression analysis

	3  RESULTS
	3.1  White matter abnormalities in overall relatives
	3.2  Jack-knife sensitivity analysis
	3.3  Subgroup analyses
	3.3.1  Effects of current psychopathology and methodological effects
	3.3.2  Disorder-specific effects
	3.3.3  Heterogeneity and publication bias
	3.3.4  Meta-regression analysis


	4  DISCUSSION
	4.1  Shared white matter abnormalities in overall relatives
	4.2  White matter abnormalities in relatives of patients with SCZ
	4.3  White matter abnormalities in relatives of patients with BD and mood disorders
	4.4  Limitations and conclusions

	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


