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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
Wenjing Zhang 1, John A. Sweeney1,2, Li Yao1, Siyi Li1, Jiaxin Zeng1, Mengyuan Xu1, Maxwell J. Tallman 2, Qiyong Gong 1,
Melissa P. DelBello2, Su Lui1 and Fabiano G. Nery2

Schizophrenia (SCZ), bipolar disorder (BD), and major depressive disorder (MDD) are heritable psychiatric disorders with partially
overlapping genetic liability. Shared and disorder-specific neurobiological abnormalities associated with familial risk for developing
mental illnesses are largely unknown. We performed a meta-analysis of structural brain imaging studies in relatives of patients with
SCZ, BD, and MDD to identify overlapping and discrete brain structural correlates of familial risk for mental disorders. Search for
voxel-based morphometry studies in relatives of patients with SCZ, BD, and MDD in PubMed and Embase identified 33 studies with
2292 relatives and 2052 healthy controls (HC). Seed-based d Mapping software was used to investigate global differences in gray
matter volumes between relatives as a group versus HC, and between those of each psychiatric disorder and HC. As a group,
relatives exhibited gray matter abnormalities in left supramarginal gyrus, right striatum, right inferior frontal gyrus, left thalamus,
bilateral insula, right cerebellum, and right superior frontal gyrus, compared with HC. Decreased right cerebellar gray matter was
the only abnormality common to relatives of all three conditions. Subgroup analyses showed disorder-specific gray matter
abnormalities in left thalamus and bilateral insula associated with risk for SCZ, in left supramarginal gyrus and right frontal regions
with risk for BD, and in right striatum with risk for MDD. While decreased gray matter in right cerebellum might be a common brain
structural abnormality associated with shared risk for SCZ, BD, and MDD, regional gray matter abnormalities in neocortex, thalamus,
and striatum appear to be disorder-specific.

Neuropsychopharmacology (2020) 45:1369–1379; https://doi.org/10.1038/s41386-020-0687-y

INTRODUCTION
Major psychiatric disorders, such as schizophrenia (SCZ), bipolar
disorder (BD), and major depressive disorder (MDD), are highly
heritable [1–3]. The estimated heritability of SCZ, BD, and MDD is
81%, 85%, and 37%, respectively [1–4]. It is well established that
first-degree relatives of patients with these psychiatric disorders
have an increased risk for developing the same condition
[2, 3, 5, 6]. The increased risk for developing a psychiatric disorder
among relatives extends beyond the disorder present in the
proband to other disorders as well [7–9]. Moreover, the genetic
relationship estimated from genome-wide single-nucleotide poly-
morphisms was found to be high between SCZ and BD, and
moderate between BD and MDD [10]. These findings suggest that
psychiatric disorders are not discrete biological entities but rather
share common neurobiological pathways. In fact, increasing
interests exist in identifying transdiagnostic biosignatures of
psychopathology that may help to increase diagnostic accuracy
and preventative strategies [11–14].
Identifying neuroimaging biomarkers of common signatures for

neuropsychiatric disorders, as well as for the genetic risk, gains
growing attention. Brain morphometric deficits of gray matter,
which are more like trait-related features with high stability
[15, 16], may be particularly preferred in providing quantitative

measures of the brain in vivo. Recent efforts have investigated
common neuroanatomical structural abnormalities in patients
with SCZ, BD, and MDD. For instance, a meta-analysis of
193 studies comprising individuals with SCZ, BD, MDD, substance
use disorders, obsessive–compulsive disorder (OCD), and anxiety
disorders found that decreased gray matter in the dorsal anterior
cingulate and insula were common across the disorders [17].
Another study comparing patients across SCZ, BD, and MDD found
these three psychiatric conditions shared gray matter loss in
paralimbic and heteromodal regions, including the orbitofrontal
cortex, insula, parahippocampal gyrus, and cingulate gyrus [18]. A
recent study in unmedicated patients found that patients with
first-episode psychosis, MDD, posttraumatic stress disorder, and
OCD showed increased gray matter volume (GMV) in the bilateral
putamen [19]. These findings of gray matter changes in the same
brain regions across major psychiatric disorders support the
hypothesis that there are biological abnormalities that are shared
across psychiatric disorders and others that differentiate them.
Studies of relatives of patients have shown a similar pattern,

though with less severe manifestations than in patients with SCZ,
BD, or MDD [20–23]. Meta-analysis of structural imaging studies
have reported that relatives of patients with BD show increased
GMV in the right inferior frontal gyrus and left superior temporal
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gyrus, and reduced GMV in the right lingual gyrus compared with
healthy controls (HC) [21]. In individuals at high risk for psychosis,
decreased gray matter was found in the left parahippocampal gyrus,
bilateral anterior cingulate cortex, right superior temporal gyrus, left
insula, and left cerebellum compared with HC [23]. In a recent
multisite meta-analytic study, compared with HC, first-degree
relatives of patients with SCZ had smaller thalamic volumes, but
those of patients with BD had larger intracranial volumes,
supporting a notion for distinct biosignatures of risk for each
condition besides the overlaps in genetic liability [22]. However, this
study used global and subcortical measures extracted at each
participating site of predefined regions of interest (ROI), did not
include relatives of patients with MDD, and did not examine
differences across disorders. Therefore, the differentiation of distinct
and overlapping gray matter abnormalities across disorders in
relatives of patients with SCZ, BD, or MDD remains uncertain.
In order to address this issue, we thus conducted a meta-

analysis of voxel-based structural gray matter studies in relatives
of patients with SCZ, BD, and MDD. Our primary goal was to
identify common gray matter abnormalities that are shared across
relatives of the three major psychiatric disorders. To accomplish
this goal, we first compared relatives of all three psychiatric
disorders against HC, and subsequently relatives of each
psychiatric disorder against HC.

METHODS AND MATERIALS
Selection procedures
Two experienced researchers independently searched PubMed
(http://www.ncbi.nlm.nih.gov/pubmed) and Embase (https://www.
embase.com) to identify all eligible imaging studies in relatives of
patients with SCZ, BD, or MDD published in English before February
2020. We used the following keywords to identify potentially
appropriate studies: (1) BD, SCZ, depression, or depressive disorder
or MDD; (2) family, families, relative, sibling, parent, offspring, and
twin; and (3) GMV or gray matter density (GMD). The reference lists
of the selected original articles or meta-analyses of BD, SCZ, and
MDD were manually checked for additional qualified studies.
We included all studies that met the following criteria: (1)

original papers published in peer-reviewed journals; (2) conducted

anatomic GMV/GMD analysis at the whole brain level; (3) included
comparisons between relatives of patients with SCZ, BD, or MDD,
and HC; and (4) localized effects using MNI or Talairach
coordinates. Studies were excluded if (1) they were reviews or
meta-analyses; (2) they exclusively used an ROI approach, partial
brain coverage, or small volume correction; (3) peak coordinates of
effects could not be retrieved; (4) they had overlapping reports of
data (e.g., overlapping samples from the same institution or
authors reported in different papers, in which case the study with
the largest sample was included). Corresponding authors were
contacted for details that were required for the present meta-
analysis, if necessary. We followed the Meta-analysis Of Observa-
tional Studies in Epidemiology guidelines [24] for our present
study. The flowchart of searching procedures is showed in Fig. 1.
In some studies, more than one dataset of relatives of patients

with the same disorder existed. Nery et al. divided the offspring of
BD into symptomatic and asymptomatic ones [25]. Another study on
relatives of BD patients was a two-center study with a replication
design, which also separated affected and unaffected relatives, and
performed four different comparisons [26]. There were other studies
that separated SCZ relatives into familial and sporadic ones [27], or
into those from the same families as probands that were also
studied and from other families [28], or into relatives of deficit and
nondeficit SCZ [29]. For these studies, two or more datasets were
obtained and treated as separate samples.

Quality assessment of selected studies
The quality of each selected study was evaluated with a 12-point
checklist as used in previous neuroimaging meta-analyses [30, 31].
This checklist was modified to assess critical variables that were
important to our meta-analysis (see Supplementary Materials),
which is suitable especially for neuroimaging studies. It is
noteworthy that this checklist was adopted just to rate the
completeness of the reported methods and results, without
criticizing the work itself or investigators.

Meta-analysis of gray matter abnormalities in relatives of
psychiatric patients
The Seed-based d Mapping (SDM, formerly Signed Differential
Mapping, www.sdmproject.com) was used as the primary toolbox

Fig. 1 The flowchart of the selecting procedures of the current meta-analysis. BD bipolar disorder, MDD major depressive disorder, SCZ
schizophrenia.

Brain structural correlates of familial risk for mental illness: a. . .
W Zhang et al.

1370

Neuropsychopharmacology (2020) 45:1369 – 1379

http://www.ncbi.nlm.nih.gov/pubmed
https://www.embase.com
https://www.embase.com
http://www.sdmproject.com


for our meta-analyses. This software has been widely used and
successfully validated in previous studies [32–36]. Its advanta-
geous features have also been reported elsewhere [34–36] and are
further presented in the Supplementary Materials. The procedures
of data analysis within SDM include four main steps: data
preparation, preprocessing, mean analysis, and family-wise error
rate (FWE) correction. Details are also showed in the Supplemen-
tary Materials.
The age span was wide in studies of offspring, siblings, and

parents of individuals with the target psychiatric disorders
(ranging from 11.0 to 54.8 years old on average). Thus, we
controlled for age in the main meta-analysis and in all subsequent
subgroup analyses.

Post hoc replication analysis
Given that some studies had a sample size ≤ 10 for target
population [27, 37, 38], first post hoc analysis was conducted
within studies that enrolled over ten relatives of patients with a
psychiatric disorder (31 studies with 40 samples).
Most of the studies (27 studies with 30 samples) included

relatives of psychiatric patients who were healthy or unaffected at
the time of study participation (unaffected relatives, see Table S1),
while few (four studies with five samples) included relatives who
exhibited psychiatric diagnoses (affected relatives, see Table S2).
To remove effects of psychiatric diagnoses in relatives, we also
conducted a replication analysis with only the unaffected relative
groups. Moreover, not all the studies included in our meta-analysis
adopted a multiple comparison correction step such as false
discovery rate or FWE, we thus conducted a second replication
analysis with only the studies that controlled for multiple
comparisons (25 studies with 31 samples).

Disorder-specific subgroup meta-analysis of relatives
To further investigate the specificity of our findings with regards
to each psychiatric disorder as opposed to their transdiagnostic
nature, we performed secondary analyses to characterize gray
matter abnormalities within relatives of SCZ, BD, and MDD
separately. Of note, one study included relatives of both MDD
and BD in the same group [39], thus was not included in the
subgroup analyses.

Analysis of heterogeneity and publication bias
We tested the between-studies heterogeneity of individual
clusters identified in the primary meta-analyses using a random-
effects model with Q statistics. Magnitude of heterogeneity was
estimated using I2 index, computed as 100% × (Q−df)/Q, where df
is the degree of freedom that estimates the proportion of
variability due to nonrandom differences between studies. We
also created funnel plots of the peaks of the main findings and
examined the possibility of publication bias for altered regions
using the Egger’s test in SDM. Statistical significance was
determined with FWE corrected p values < 0.05.

Meta-regression analysis
To identify potential effects of demographic and methodological
variables on gray matter abnormalities in relatives, meta-regression
analyses were conducted between the gray matter abnormalities
found in the primary meta-analyses and sex (male %), MRI field
strength, acquisition slice thickness, and smoothing kernel of full
width at half maximum (FWHM) with general linear regression
model. The regression map was corrected using FWE.

Additional analyses
With an exploratory purpose, we have also conducted the analysis
with the relatives of patients with SCZ and BD as a whole given
the heritability variance of MDD is about one-third compared with
that of SCZ and BD. We also explored the dimensional aspects of

familial risk for BD and MDD combined as mood disorders. Details
are in Supplementary Materials.

RESULTS
Included studies
We included 33 structural MRI studies, with 44 comparisons and
related datasets, that comprised 2292 relatives (mean age: 30.25 ±
10.58 years, male/female= 1016/1276) of patients with a psychia-
tric disorder, and 2052 HC (mean age: 29.29 ± 8.86 years, male/
female= 970/1082) in our meta-analysis. Among these studies,
two enrolled relatives of patients with BD and MDD [38, 39], while
another three studied relatives of BD and SCZ patients simulta-
neously [40–42]. As a result, there were respectively 18, 14, and
6 studies that investigated gray matter abnormalities in relatives
of patients with SCZ (n= 1389, mean age: 32.50 ± 9.46), BD (n=
719, mean age: 26.38 ± 11.60), and MDD (n= 184, mean age:
28.38 ± 9.66). The mean quality scores of included studies for SCZ,
BD, and MDD were 11.0 (range 9.5–12), 11.4 (range 10.5–12), and
11.5 (range 11–12) separately, showing that the included studies
were of high and similar quality across disorders.
To keep our scope focused on identifying effects of familial risk

on gray matter rather than effects of established illness, and due
to the fact that 11 studies (33.3%) did not include proband’s
imaging data, we report here our primary focus, which is
comparisons between relatives versus controls, whereas addi-
tional exploratory comparisons between patients versus relatives
and patients versus HC are showed in Supplementary Materials.
Demographic characteristics of study participants, as well as
methodological details and quality scores of included studies, are
summarized in Table 1.

Gray matter abnormalities in overall relatives versus HC
Our main analyses showed that, as a group, relatives of patients
with SCZ, BD, and MDD exhibited increased gray matter in the left
supramarginal gyrus, right striatum, right inferior frontal gyrus,
and left thalamus, and decreased gray matter in the left insula
extending to temporal regions, right cerebellum, right superior
frontal gyrus, and right insula compared with HC (Table 2, Fig. 2).
Most of these findings were replicated in the post hoc analysis
within studies that had a sample size of relatives over ten (2253
relatives versus 1998 HC), except that the gray matter decrease of
right insula was missing (Table S3). In post hoc replication analyses
with unaffected relatives (1320 relatives versus 1710 HC), the same
alterations were observed as in the primary analysis (Table S4).
The post hoc analysis within studies that used additional

correction steps (1822 relatives versus 1744 HC) confirmed the
findings from the main analyses, with the exception of increased
gray matter in right striatum and left thalamus in relatives versus
HC (Table S5). They were no longer significant, suggesting that
those abnormalities might be less robust, given that those were
lost when including only studies with correction for multiple
comparisons.

Disorder-specific gray matter abnormalities in relatives versus HC
In secondary analyses in relatives of patients with each psychiatric
diagnosis considered separately, we found that relatives of
patients with SCZ (1389 relatives versus 1487 HC) showed
increased gray matter in the left thalamus, and decreased gray
matter in the left middle temporal gyrus, right cerebellum, and
right insula compared with HC (Fig. 3, Table S6). Relatives of
patients with BD (709 relatives versus 729 HC) showed increased
gray matter in the right inferior frontal gyrus, left supramarginal
gyrus, right gyrus rectus, and decreased gray matter in the right
cerebellum and the right superior frontal gyrus compared with HC
(Fig. 3, Table S7). The relatives of patients with MDD (157 relatives
versus 210 HC) showed increased gray matter in the left
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parahippocampal gyrus and right striatum, and decreased gray
matter in the right cerebellum compared with HC (Fig. 3, Table S8).

Heterogeneity and publication bias
Among regions with gray matter abnormalities, right striatum,
right inferior frontal gyrus, left thalamus, and right insula showed
significant between-study heterogeneity (all with FWE corrected
p < 0.05, Table S9). The Egger’s test of funnel plot asymmetry did not
identify any evidence of publication bias in any cluster (p > 0.05).

Meta-regression findings
The whole brain meta-regression analysis showed that studies with
fewer male patients showed more gray matter abnormalities in the
right inferior frontal gyrus (peak MNI= 48, 28, −4, z=−2.27, p=
0.017, 203 voxels). As for methodological variables, studies using
lower field strength MRI scanners reported greater gray matter
abnormalities in the right inferior frontal gyrus (peak MNI= 40, 32,
−10, z=−3.45, p < 0.001, 1050 voxels), while larger slice thickness
was associated with higher increases of gray matter in right inferior

frontal gyrus (peak MNI= 42, 32, −10, z= 2.46, p= 0.002, 919
voxels) and right superior frontal gyrus (peak MNI= 4, 52, −10, z=
2.29, p= 0.032, 28 voxels). The findings above survived FWE
correction with threshold-free cluster enhancement. No significant
associations were found between any other gray matter abnormality
and sex, field strength, smoothing FWHM, or slice thickness.

Additional analysis and findings
The findings of analysis with relatives of patients with SCZ and BD
as a whole are showed in Table S10, while findings for relatives of
patients with mood disorders including BD and MDD are showed
in Table S11. The details and findings of comparisons between
patients and relatives, and between patients and HC are showed
in Table S12–15.

DISCUSSION
To the best of our knowledge, this is the first voxel-based whole
brain structural imaging meta-analysis that attempted to identify

Table 2. Gray matter abnormalities in overall relatives for all the three psychiatric disorders.

Region MNI, x, y, z SDM-Z p value Voxels Cluster breakdown (no. of voxels)a

Relatives > healthy controls

L supramarginal gyrus −54, −48, 26 3.88 <0.001 722 L supramarginal gyrus (269);
L superior temporal gyrus (219);
L angular gyrus (87);
L middle temporal gyrus (65)

R striatum 26, 14, −2 3.50 <0.001 378 R striatum (177);
R gyrus rectus (42);
R superior frontal gyrus, orbital part (36);
R inferior frontal gyrus, orbital part (21)

R inferior frontal gyrus 46, 24, −6 2.26 0.012 219 R inferior frontal gyrus, orbital part (79);
R inferior frontal gyrus, triangular part (39);
R insula (11)

L thalamus −10, −16, 4 2.62 0.004 79 L thalamus (79)

Relatives < healthy controls

L insula −34, −4, −10 −4.62 <0.001 2175 L insula (516);
L striatum (354);
L inferior frontal gyrus (199);
L superior temporal gyrus (173);
L middle temporal gyrus (110);
L temporal pole (95);
L heschl gyrus (21);
L amygdala (14)

R cerebellum 10, −52, −12 −5.92 <0.001 1593 R lingual gyrus (349);
Cerebellum, vermis lobule IV/V (303);
R cerebellum, hemispheric lobule IV/V (297);
Cerebellum, vermis lobule VI (178);
R cerebellum, hemispheric lobule VI (87);
R fusiform gyrus (79);
R cerebellum, hemispheric lobule III (15);
L cerebellum, hemispheric lobule IV/V (42);
L cerebellum, hemispheric lobule VI (29)

24, −32, −28 −2.84 0.002 108 R cerebellum, hemispheric lobule IV/V (42);
R cerebellum, hemispheric lobule III (12)

R superior frontal gyrus 6, 56, −8 −5.03 <0.001 927 R superior frontal gyrus, orbital part (512);
R gyrus rectus (102);
R middle frontal gyrus (31);
L superior frontal gyrus, medial orbital (99);
L gyrus rectus (14)

R insula 40, 12, −12 −2.61 0.004 195 R insula (102);
R temporal pole (32)

L left, R right.
aOnly regions with cluster size larger than 10 voxels are reported.
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common and disorder-specific gray matter abnormalities in
relatives of patients with SCZ, BD, and MDD. Meta-analyses were
conducted by combining relatives of patients with all the three
disorders in one group, and in subgroup analyses for each
separate psychiatric disorder. Following this approach, we
identified gray matter reduction in right cerebellum as the only
common brain structural abnormality that was present across all
sets of analyses. This observation was confirmed with post hoc
analyses within the unaffected relative group that removed effects
of psychiatric diagnoses in the relatives, and within studies using
multiple comparison corrections.
Although previous imaging meta-analyses investigated gray

matter abnormalities in relatives of SCZ or BD [21, 22, 43, 44], our
study included a sample larger than before, and also included
relatives of patients with MDD, which has not been performed to
date. This expanded the effort to identify transdiagnostic features
across these three psychiatric disorders. Only one study has
investigated common brain structural deficits in relatives of
patients with SCZ and BD [22], where cerebellar gray matter
deficit was reported as a risk marker for SCZ, but not for BD [22].
As opposed to our study, which used a voxel-wise approach that
could identify discrete and localized clusters of gray matter
changes, that study compared global measures of cerebellar GMV,
providing less information about localized differences within
cerebellum subregions.
Assessing both common and disorder-specific brain structural

abnormalities in a voxel-based whole brain approach revealed
that some gray matter abnormalities might be characteristic of
specific disorders. For instance, the increased gray matter in the
left thalamus, and decreased gray matter in bilateral insula, seen in
relatives of patients with SCZ, were not observed in relatives of
patients with BD or MDD in the disorder-specific analyses. Such
observations suggest that certain gray matter abnormalities might
be a correlation of familial risk for SCZ rather than risk for BD or
MDD. Likewise, increased gray matter in left supramarginal gyrus,
right inferior frontal gyrus, and decreased gray matter in right
superior frontal gyrus might be a correlation of familial risk for BD,
and increased gray matter in right striatum a correlation of familial
risk to MDD. Of note, we did not compare the relatives of each
category against each other; therefore, the assumption of
disorder-specific gray matter abnormalities has not been directly

tested. In addition, other factors could influence these results,
such as power differences in each analysis (there are fewer studies
in MDD than in SCZ, for instance). Therefore, these findings need
replication by future research.

Common gray matter abnormalities present in relatives
Decreased gray matter in the right cerebellum stands out as the
only abnormality across the three groups of relatives included in
our meta-analyses. Meta-regression analyses indicated that this
abnormality was not significantly affected by sex or other
methodological variables. Current views of cerebellar function
emphasize its homeostatic role in motor function and affect
regulation [45, 46]. The cerebellum is extensively interconnected
with brain regions that are important in cognition and behavior,
including prefrontal cortex and limbic cortex [47, 48]. Structural
cerebellar deficits, which would cause difficulty in prioritizing,
processing, coordinating, and responding to information [49],
have also been found in patients with BD [50, 51], SCZ [52, 53],
MDD [54], and other psychiatric conditions [55], as well as in our
comparisons between patients versus HC. Motor control deficits
have been observed across disorders, consistent with the
observed structural cerebellar abnormalities [56–58]. Meta-
analysis of drug-naive individuals with prodromal psychosis or
first-episode psychosis also reported cerebellar gray matter
reduction as a significant change in relation to HC [59]. Moreover,
functional deficits in right cerebellum have been identified in
meta-analyses in relatives of SCZ [60] and BD patients [61]. Taken
together, our finding supports the role of cerebellar abnormalities
in the ethiopathogenesis of major psychiatric disorders.
Our findings are also consistent with recent genetic studies

pointing to the cerebellum as a brain region of shared
vulnerability to mental illness. A recent gene-set and tissue-type
gene expression profile analysis reported that an association
between shared gene expression profile and brain tissue is the
strongest in the cerebellum as compared with other brain regions,
supporting the role of the cerebellum in vulnerability to multiple
psychiatric disorders [62]. Another study found that the “p factor,”
a putative behavioral marker of shared liability to psychiatric
disorders, is associated with structural changes in the cerebellum,
suggesting that the higher the predisposition to psychopathology,
the lower the GMV in the cerebellum [63].

Disorder-specific gray matter abnormalities in relatives
In relatives of SCZ, increased gray matter in the left thalamus and
decreased gray matter in the bilateral insula were identified. The
thalamus has a key role in the integration and coordination of
information as it passes between various brain regions, dis-
turbance in which could explain the production of psychotic
symptoms [64]. Although increased volume has also been
implicated in high-risk subjects for SCZ [65], reduced thalamic
volume has been mostly found in first-degree relatives [22, 60],
and patients with SCZ [66]. Potential compensatory mechanisms
in high-risk subjects, which may become exhausted after the
illness onset, might explain these discrepancies in the direction of
results. This is also supported by our findings that patient
probands had decreased gray matter in left thalamus compared
with HC in our secondary analysis. On the contrary, the volumetric
reduction in insula has been consistently found in relatives
[60, 67]. It is a region that processed emotional and interoceptive
stimuli that underlie self-awareness [68]. In addition, the
decreased gray matter in left insula also extended to left middle
and superior temporal regions. The middle temporal gyrus is
involved in semantic memory processing and language processes
[69, 70], while superior temporal gyrus is essential for auditory
processing [71]. Abnormalities in these temporal regions may
account for cognitive deficits in semantic function, and be
related to auditory and higher cognitive function alterations in
SCZ [72–74]. Previous studies also indicated cortical thinning and

Fig. 2 Meta-analysis of gray matter abnormalities in relatives of
patients with a psychiatric disorder. The upper panel with warm
color exhibits gray matter increase in relatives, and the lower panel
with cold color exhibits gray matter decrease in relatives. IFG inferior
frontal gyrus, SFG superior frontal gyrus, SMG supramarginal gyrus,
L left, R right.
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gray matter reduction of temporal regions in individuals at high
risk for psychosis [75, 76]. Thus, our findings of gray matter
decrease in insula and temporal regions may be related to familial
risk for SCZ.
Relatives of patients with BD exhibited increased gray matter in

left supramarginal gyrus, right inferior frontal gyrus, and decreased
gray matter in right superior frontal gyrus, suggesting that these
abnormalities might be specific to familial risk for BD. The
supramarginal gyrus includes somatosensory association cortex
and contains mirror neurons, and plays roles in sensorimotor
integration, motor planning and action and basic linguistic functions
[77, 78]. While relatives of patients with BD showed gray matter
increase in supramarginal gyrus [39, 79], gray matter deficits in this
region were reported in patients with BD [80]. Thus, increased GMV
in the left supramarginal gyrus may represent a resilience marker to
disease expression rather than a vulnerability marker in the high-risk
individuals for BD. The inferior frontal gyrus is an important area for
speech and language [81], and is involved with attention and
inhibitory control, specifically inhibition of motor responses, reflexive
re-orientation of attention, and updating action plans [82]. Larger
right inferior frontal gyrus has also been reported as a biological risk
factor for BD in another recent meta-analysis including only relatives
of patients with BD [21]. The superior frontal gyrus is involved in self-
awareness and gray matter deficits in superior frontal gyrus have
been found in previous meta-analyses of patients with BD [83].
These cortical gray matter abnormalities may represent specific
correlates of familial risk for BD.
Gray matter increase in the right striatum was seen in the

combined analyses of all the three disorders, but was observed only
in the subgroup analysis of relatives of patients with MDD. The
striatum plays an important role in cognitive processing and is part
of several neuroanatomic circuits associated with emotional
processing and regulation [84, 85]. Imaging studies have reported
decreased striatal volume in patients with MDD [86, 87]. While the

potential neurobiological mechanism for the enlargement of
striatum in relatives of patients with MDD remains uncertain, our
finding highlights a potential critical role of striatum in familial
vulnerability of MDD. This finding should be considered with caution
due to the small sample size of the included MDD studies. While this
is the first meta-analytic report of brain structural abnormalities in
relatives of patients with MDD and the finding is promising, further
research is needed to confirm this finding and investigate its causes.

Heterogeneity, publication bias, and regression implications
We observed a significant, small-to-moderate, between-study
heterogeneity effect for the right inferior frontal gyrus, right
striatum, left thalamus, and right insula, while no significant
between-study heterogeneity was identified in the cerebellar
alterations. Between-study heterogeneity in right inferior frontal
gyrus showed that 33.1% of the variance between studies could
reflect actual differences in effect sizes in this brain area. Meta-
regression analysis further showed significant effects of sex, field
strength, and slice thickness on the right inferior frontal gyrus,
suggesting that differences between studies in these factors
might in part explain this heterogeneity. Sex differences in GMV
have been found in patients with SCZ, BD, or MDD [88–91]. A
recent meta-analysis in patients with MDD showed that studies
with a smaller proportion of males had greater GMV abnormalities
in prefrontal regions [83], suggesting that female patients might
have greater frontal gray matter abnormalities, which is partly
consistent with our finding in family members of patients with
psychiatric disorders.
Lower field strength MRI scanner and larger slice thickness during

data acquisition were also associated with more gray matter
abnormalities in right inferior frontal gyrus. Lower signal noise ratio
and spatial resolution can cause partial volume effects and loss of
image details. While the precise mechanisms underlying the
interaction between clinical and methodological variables and gray

Fig. 3 Subgroup meta-analysis of gray matter abnormalities in relatives of patients with different psychiatric disorders. BD bipolar
disorder, MDD major depressive disorder, SCZ schizophrenia, IFG inferior frontal gyrus, MTG middle temporal gyrus, PHG parahippocampal
gyrus, SFG superior frontal gyrus, SMG supramarginal gyrus, L left, R right.
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matter abnormalities in right inferior frontal gyrus remains uncertain,
future studies with higher field strength of MRI scanner and smaller
slice thickness may clarify alterations in this region.
No evidence of publication bias on any of the identified

significant regional clusters was identified by the Egger’s test. As
always in meta-analyses, studies with negative findings may have
not been published, which leads to caution in interpreting our
findings.

Limitations
Several limitations are noteworthy when interpreting our
findings. First, we included only voxel-based morphometry
studies in this meta-analysis, and our findings were limited to
GMV or GMD abnormalities. There is also heterogeneity in
methodological details (i.e., different versions of software), and
their influences on our findings could not be determined.
Second, some relatives were receiving psychotropic medications
at time of study which may affect our results, but information
about medication treatment was absent or limited in most
studies. Hence, medication effects on gray matter cannot be
investigated. Third, nearly half of the studies did not assess
mood or psychotic symptoms in relatives, and in the other half,
symptom rating scales varied widely. Education level and
intelligence quotient were also available just for a small portion
of included studies. Thus, meta-regression or correlation
analyses between gray matter abnormalities and these clinical
variables could not be performed. Forth, information about
psychotic symptoms or disorders in relatives of patients with
mood disorders was also lacking thus we could not investigate
their effects. Fifth, some studies might include schizoaffective
disorder as SCZ originally, lumping these two disorders
together. Therefore, we cannot determine how applicable our
findings are for relatives of patients with schizoaffective
disorder. Sixth, we did not include the probands in the current
study since many efforts have been made in identifying gray
matter changes in patients with different psychiatric disorders
[17–19]. In addition, one-third of the original studies included in
this meta-analysis did not include probands’ imaging data (N=
11). Finally, we have not included other psychiatric disorders
with high heritability such as attention-deficit/hyperactivity
disorder (ADHD) and autism spectrum disorders, which also
share genetic liability with SCZ and BD [62]. However, given that
recent findings show an association between cerebellar
structural deficit and risk for developing autism [92], future
research could examine whether decreased gray matter in the
right cerebellum is also a correlate of familial risk in those
disorders.
In conclusion, our voxel-based whole brain meta-analysis of

structural imaging studies suggests that relatives of patients with
SCZ, BD, and MDD exhibit both common and disorder-specific
gray matter abnormalities as correlates of familial risk for mental
illness. Reduced right cerebellar gray matter might represent a
brain structural correlate of a shared genetic vulnerability for
mental illness across different psychiatric disorders, while gray
matter abnormalities in the neocortex, striatum, and thalamus
appear to be disorder-specific. Future research should examine
whether right cerebellar structural deficits also characterize
familial risk in other highly heritable psychiatric disorders such
as autism or ADHD [93].
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