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Abstract

Reproducibility is one of the most important issues for generalizing the results of clinical

research; however, low reproducibility in neuroimaging studies is well known. To over-

come this problem, the Enhancing Neuroimaging Genetics through Meta-Analysis

(ENIGMA) consortium, an international neuroimaging consortium, established standard

protocols for imaging analysis and employs either meta- and mega-analyses of psychiat-

ric disorders with large sample sizes. The Cognitive Genetics Collaborative Research

Organization (COCORO) in Japan promotes neurobiological studies in psychiatry and has

successfully replicated and extended works of ENIGMA especially for neuroimaging

studies. For example, (a) the ENIGMA consortium showed subcortical regional volume

alterations in patients with schizophrenia (n = 2,028) compared to controls (n = 2,540)

across 15 cohorts using meta-analysis. COCORO replicated the volumetric changes in

patients with schizophrenia (n = 884) compared to controls (n = 1,680) using the

ENIGMA imaging analysis protocol and mega-analysis. Furthermore, a schizophrenia-

specific leftward asymmetry for the pallidum volume was demonstrated; and (b) the

ENIGMA consortium identified white matter microstructural alterations in patients with

schizophrenia (n = 1,963) compared to controls (n = 2,359) across 29 cohorts. Using the

ENIGMAprotocol, a study fromCOCOROshowed similar results in patientswith schizo-

phrenia (n = 696) compared to controls (n = 1,506) from 12 sites using mega-analysis.

Moreover, the COCORO study found that schizophrenia, bipolar disorder (n = 211) and

autism spectrum disorder (n = 126), but not major depressive disorder (n = 398), share

similar white matter microstructural alterations, compared to controls. Further replica-

tion and harmonization of the ENIGMA consortium and COCOROwill contribute to the

generalization of their research findings.
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1 | INTRODUCTION

The reproducibility of research findings is facing a crisis in the field of sci-

ence. Nature's survey of 1,500 researchers revealed that more than half

have failed to reproduce their own experiments and that 70% of

researchers have tried and failed to reproduce another scientist's experi-

ments (Baker, 2016). In the field of psychology, only 39 key findings out

of 100 from published studies could be reproduced (Baker, 2015). This

increasing concern has also been found in neuroimaging genetics as false

positive results in the literature (Carter et al., 2017).

The Enhancing Neuroimaging Genetics through Meta-Analysis

(ENIGMA) consortium, which is an international neuroimaging con-

sortium aimed at clarifying brain structure and function, was

established to overcome this crisis using meta- (and recently partially

mega-) analysis. Meta-analysis integrates the results of several inde-

pendent studies using effect sizes, standard errors, and confidence

intervals (Egger, Smith, & Phillips, 1997). The ENIGMA consortium

has shown the potential of large-scale neuroimaging initiatives with

data pooling across facilities all over the world (Thompson

et al., 2020). The efforts of this consortium have succeeded, as

evidenced by the large body of literature (Thompson et al., 2017);

however, reproducibility is still a concern. The Cognitive Genetics

Collaborative Research Organization (COCORO) consists of 39 insti-

tutes in Japan and runs projects in several fields, including neuroim-

aging, neurophysiology, neurocognition, genetics, and neurobiology.

This review introduces and discusses mainly neuroimaging studies

within COCORO aiming to replicate and extend works of ENIGMA.

First, we will (a) mention meta- and mega-analyses employed in neu-

roimaging studies of the ENIGMA consortium and in those of

COCORO, next, we will (b) introduce COCORO, including studies

other than those focusing solely on neuroimaging, and finally, we will

(c) introduce the neuroimaging studies developed within COCORO

aiming to replicate and extend the work of ENIGMA.

2 | META-ANALYSIS AND
MEGA-ANALYSIS

Meta-analyses employed in the ENIGMA consortium have an advan-

tage in that they use common protocols for imaging analysis and

TABLE 1 Comparison of imaging methodologies employed in the Enhancing Neuroimaging Genetics through Meta-Analysis (ENIGMA)
consortium and in the Cognitive Genetics Collaborative Research Organization (COCORO)

General meta-

analysis
study ENIGMA consortium COCORO

Method Meta-analysis Meta-analysis/mega-analysis Mega-analysis

Ethics Individual institute Individual institute Central

Sample size Medium Large Medium

Nationality — Multiple (worldwide) Single (Japanese)

Quality assurance/analysis

T1-weighted MRI/DTI check Individual institute Individual institute Central

Converting from DICOM to

NIFTIa
Individual institute Individual institute Central/individual institute

Imaging analysis protocol Separate protocol Common protocol Common protocol

Execution of imaging analysisb Individual institute Individual institute Central

Analyzed individual data check Individual institute Individual institute/central Central

Analyzed group level data

checkc
Individual institute Central Central

Available disorder data — Schizophrenia, bipolar disorder, major depressive

disorder, autism spectrum disorder (ASD),

attention-deficit/hyperactivity disorder

(ADHD), epilepsy, human immunodeficiency

virus/acquired immunodeficiency syndrome

(HIV/AIDS), Parkinson's disease, addiction,

post-traumatic stress disorder (PTSD), stroke

recovery, obsessive-compulsive disorder

(OCD), 22q11.2 deletion syndrome, eating

disorder

Schizophrenia, bipolar disorder,

major

depressive disorder, autism

spectrum

disorder (ASD)

Abbreviations: DTI, diffusion tensor imaging; MRI, magnetic resonance imaging.
aIn COCORO, most data was converted from DICOM to NIFTI at central; however, some data was converted at individual institutes.
bImaging analysis of FreeSurfer for structural MRI and DTI analysis was done using ENIGMA standard protocols; the same hardware was used for the exe-

cution of imaging analysis throughout each project in COCORO.
cData was checked using for example, histogram.
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check group-level analyzed data at central (Table 1). In COCORO,

replication studies have been carried out using mega-analysis, taking

advantage of the characteristics of a single country. In collaboration

with COCORO, the meta-analysis findings of the ENIGMA consor-

tium, such as subcortical volume and white matter microstructural

abnormalities in schizophrenia (Kelly et al., 2018; van Erp et al., 2016),

have been successfully replicated using mega-analyses (Koshiyama

et al., 2020; Okada et al., 2016). As its name implies, ENIGMA has

employed a meta-analysis approach (although recently they have also

started employing some mega-analyses as described below). Although

meta-analysis is the most conventional approach and an inexpensive

way of pooling data using standard deviations and number of subjects

across studies, one issue needs to be considered from a neuroimaging

point of view, which is a lack of imaging analysis harmonization. To

overcome this issue, the ENIGMA consortium established standard

protocols for imaging analysis and successfully provided higher har-

monization across cohorts. As a further step, COCORO has employed

a mega-analysis approach from the beginning. Mega-analysis pools

individual data from multiple sites and analyzes the main effects in

one single analysis. The ENIGMA consortium recently published a

mega-analysis of their data (Boedhoe et al., 2019; Hoogman

et al., 2017; Kong et al., in press; Mackey et al., 2019; Postema

et al., 2019; Tozzi et al., 2019). One of the reasons why COCORO has

employed mega-analysis from the beginning is that COCORO aims to

replicate and reconfirm the results of the ENIGMA consortium (espe-

cially ENIGMA-Schizophrenia) with a different strategy.

Setting up a mega-analysis is like walking on a thorny path, and

COCORO researchers have faced many obstacles. The first challenge

was ethical data sharing. The ENIGMA consortium has recently been

promoting the collection of individual data from all sites to conduct

mega-analyses for almost all projects. However, for example, the

ENIGMA consortium's ethical rules make it difficult to access the data

on Japanese sites. Therefore, the ENIGMA consortium has a limitation

in that mega-analyses can only be partially achieved. In COCORO, a

data repository was established to pool data among sites. Before esta-

blishing the repository, each site needed to obtain approval from their

institutional review boards (IRB) every time a new site joined the con-

sortium. Establishing the repository enabled easy data pooling and

sharing among sites. The COCORO headquarters is like a hub, and

each site is a node linked to the hub.

COCORO also faced two time-consuming and large challenges:

quality assurance of data and data analysis in different environments.

Compared to the large sample sizes employed by the ENIGMA con-

sortium, the sample sizes in COCORO are relatively moderate. There-

fore, we had two strategies for increasing statistical power: (a) we

performed stricter quality assurance and (b) we eliminated hardware

differences in FreeSurfer results by using a single imaging analysis

hardware. Quality assurance of T1-weighted MRI consisted of several

procedures. The first step was a visual check of all original images by

two different researchers at central. Almost all DICOM images were

converted to NIFTI at central, except for those of one site. The data

was analyzed using the ENIGMA standard protocols. Then, the data

was visually checked again after imaging analysis, since corrupt

parcellation or segmentation could occur for each individual data. At

the group level, we checked the histograms. For diffusion data, the

DICOM tags were also checked at central to assure that the same

parameters were applied to each image for a site. The DICOM was

converted to NIFTI at central, partially at individual sites (4 among

12 sites). Then, FA images were calculated according to the ENIGMA

standard protocols by using one imaging analysis hardware, and the

FA images were checked visually as well as checking histograms at

central.

Another challenge COCORO had to overcome was the impor-

tance of using different environments to process data. As previous

research indicates, the researchers had to face the fact that different

operating systems and hardware result in different results with the

same data even when the same version of FreeSurfer was used

(Gronenschild et al., 2012). Considering the small effect size of psychi-

atric disease on neuroimaging data, analysis environment differences

might obscure the truth. From this experience, the researchers care-

fully made sure that imaging analysis was done in a single environ-

ment at central.

3 | COGNITIVE GENETICS
COLLABORATIVE RESEARCH
ORGANIZATION (COCORO)

COCORO is the largest collaborative effort in biological psychiatry in

Japan. The purpose of COCORO is to elucidate the mechanisms of

psychiatric disorders and brain function. COCORO started with

24 institutes in 2013 and now consists of 39 institutes in Japan

(Figure 1). When we intended to expand COCORO globally after

accomplishing several studies, we learned about the ENIGMA consor-

tium, and decided to collaborate with ENIGMA rather than expanding

COCORO globally. Researchers in various fields such as neuroscience,

molecular biology, genome science, psychiatry, neuroimaging, cogni-

tive science, neurophysiology, psychology and pharmacology have a

meeting every 6 months, exchange views, and pioneer and promote

new research fields. Several projects and topics are currently being

investigated in COCORO, such as ethical issues for large collabora-

tions, standard cognitive batteries, standard protocols for brain mag-

netic resonance imaging (MRI), tools for measurement of cognitive

decline in schizophrenia, the development of auxiliary diagnostic

methods using deficits of eye movement and brain local volume

abnormalities in schizophrenia, a mega-analysis of neuroimaging in

psychiatric disorders, the genetics and neurobiology of psychiatric dis-

orders, and translational research between clinical and basic research.

COCORO started using a database of the Human Brain Phenotype

Consortium (HBPC), the largest research resource database of human

brain phenotypes in Japan; the various types of data and material,

including genomic deoxyribonucleic acid (DNA), blood ribonucleic acid

(RNA), serum, plasma, lymphoblastoid cells, induced pluripotent stem

(iPS) cells, neuropsychological data, neuroimaging data, neurophysio-

logical data and personality traits, are collected and shared among the

researchers participating in COCORO (Table 2). At present, the data
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from approximately 8,760 subjects, involving 4,300 healthy con-

trols, 2,500 subjects with schizophrenia, 1,300 subjects with mood

disorders, 360 subjects with autism spectrum disorder and 300 sub-

jects with other disorders, are available in COCORO, and this data-

base is gradually growing. Many studies have been conducted

using the COCORO database so far. This review article provides a

brief overview of these studies in the research categories of

(a) neurocognition, (b) neurophysiology, (c) genetics and neurobiol-

ogy, and (d) neuroimaging.

3.1 | Neurocognition

Studies on neurocognition have been performed to identify disease-

associated changes in the cognitive and social functions of psychiatric

patients using the database of neurocognitive batteries (Fujino

et al., 2014, 2016; Ohi et al., 2019; Sumiyoshi et al., 2018). A repre-

sentative achievement is related to the works on cognitive decline of

patients with schizophrenia. Fujino et al. (2017) demonstrated cogni-

tive decline associated with schizophrenia and estimated the differ-

ences between premorbid intellectual functioning measured using the

Japanese Adult Reading Test-25 and the current full-scale intelligence

quotient (IQ) measured by WAIS-III in patients with schizophrenia.

The proportion of patients who scored minus 20 points or less was

39.7%. A discriminant analysis demonstrated that the difference score

accurately discriminated the patients from healthy controls with

81.6% accuracy for 446 patients with schizophrenia and 686 healthy

controls. Ohi et al. (2017) noted that there is a subgroup of patients

with schizophrenia (approximately 30%) who have mild or minimal

F IGURE 1 Institutions of the
Cognitive Genetics Collaborative
Research Organization (COCORO). The
Cognitive Genetics Collaborative
Research Organization (COCORO)
consists of many psychiatric facilities in
Japan. COCORO means “Mind” in
Japanese. There are 39 institutes
participating in COCORO. The purpose of

COCORO is to elucidate the mechanisms
of psychiatric disorders and brain
functions. Abbreviations: Med, Medical;
NCNP, National Center of Neurology and
Psychiatry; NIPS, National Institute for
Physiological Sciences; Psy Cen,
Psychiatric Center; QST, National
Institutes for Quantum and Radiological
Science and Technology; Riken BSI, Riken
Brain Science Institute; Tokyo Metro Inst,
Tokyo Metropolitan Institute of Medical
Science; Univ, University; UOEH,
University of Occupational and
Environmental Health

TABLE 2 Available research resource database of human brain
phenotypes in the Human Brain Phenotype Consortium (HBPC)

Categories Contents

Research

resource

Deoxyribonucleic acid (DNA), plasma, blood

ribonucleic acid (RNA), Lymphoblastoid cell

line, induced pluripotent stem (iPS) cells

Neurocognitive

battery

Intelligence quotient (IQ), working memory,

verbal memory, visual memory, executive

function, verbal fluency, vigilance, facial

cognition, social cognition

Neuroimaging Three-dimensional brain morphology, diffusion

tensor imaging (DTI), resting-state functional

magnetic resonance imaging (MRI)

Neurophysiology Eye movement, prepulse inhibition (PPI),

electroencephalography (EEG)

Personality Temperament and character inventory (TCI),

schizotypal personality questionnaire (SPQ),

the autism-spectrum quotient (AQ)
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intellectual deficits (cognitive decline) following the onset of the disor-

der. These findings indicate that a careful assessment of intellectual

deficits is important in identifying appropriate interventions, including

medication, cognitive remediation and social/community services.

Another work involved the development of a WAIS-III short form to

evaluate intellectual status in patients with schizophrenia, maintaining

the predictability for the full-scale IQ test and representativeness for the

IQ structure, consistency of subtests across versions, sensitivity to func-

tional outcome measures and conciseness in administration time

(Sumiyoshi et al., 2016). Sumiyoshi, Fujino, Yamamori, et al. (2018) found

that cognitive decline, in addition to impaired social function and psychi-

atric symptoms, plays a key role in work disturbances in patients with

schizophrenia. The research paradigms developed within schizophrenia

studies have been extended to examinations of other mental illnesses,

such as autism spectrum disorder (Kaneko et al., in press).

3.2 | Neurophysiology

Eye movement abnormalities are often associated with mental illness,

including schizophrenia (Kikuchi et al., 2018; Miura et al., 2014; Morita

et al., 2017, 2018, 2019a, 2019b, 2019c; Shiino et al., 2019). One of

the studies in COCORO involved the development of an integrated eye

movement score as a neurophysiological marker of schizophrenia with

relatively small data samples (patients with schizophrenia, n = 40;

healthy controls, n = 69; Miura et al., 2014). Morita et al. (2017) subse-

quently replicated the initial findings with a larger sample (patients with

schizophrenia, n = 85; healthy controls, n = 252) and proposed a more

practical score that can be obtained from only a few examinations tak-

ing less than 15 min. A discriminant analysis using three eye movement

measures, the scanpath length during the free viewing test, the hori-

zontal position gain during the smooth pursuit test, and the duration of

fixations during the fixation stability test, distinguished patients with

schizophrenia from healthy controls with 82% accuracy. Shiino

et al. (2019) suggested that these eye movement examinations also

help distinguish subjects with autism spectrum disorder and those with

schizophrenia. Positive correlations between eye movement perfor-

mance and social/cognitive functions have been elucidated in patients

with schizophrenia (Morita et al., 2018, 2019a). Efforts seeking biologi-

cal mechanisms underlying eye movement abnormalities in schizophre-

nia have revealed genetic associations with the performance of smooth

pursuit eye movements (Kikuchi et al., 2018) and a positive correlation

between cortical thickness of the pars opercularis and free-viewing per-

formance (Morita et al., 2019b). Additional previous and current eye

movement research in COCORO are described in a previous review

article (Morita et al., 2019c).

3.3 | Genetics and neurobiology

One of the advantages of COCORO is that it has ample experience in

genetic and neurobiological studies, suggesting that it could be devel-

oped to include imaging genetics research. Several genome-wide

association studies and copy number variation (CNV) analyses with

psychiatric diseases and related phenotypes such as schizophrenia,

bipolar disorder, autism spectrum disorder, treatment response

and cognitive impairment have been reported (Higashiyama

et al., 2016; Ikeda et al., 2015, 2018, 2019; Kushima et al., 2017;

Ohi et al., 2015, 2016, 2018).

Basic and clinical studies have effectively interacted in the genet-

ics and neurobiology categories in COCORO. De novo CNVs and

single-nucleotide variants (SNVs) were reported in autism spectrum

disorder and schizophrenia, which was followed by a neurobiological

study using animal/cellular models to provide insight into the disease-

causative molecular and cellular pathology and provide useful infor-

mation for the development of new effective treatment strategies for

both disorders (Baba et al., 2019; Hashimoto et al., 2016; Kushima

et al., 2018; Matsumura et al., 2016, 2019).

Other achievements involve studies on DNA methylation (Inoshita

et al., 2015; Kinoshita et al., 2014, 2017), telomeres (Zhang et al., 2018),

plasma (Kudo et al., 2018; Setoyama et al., 2016; Yamamori

et al., 2014, 2016), gene functions (Nishi et al., 2014; Shirai et al., 2015;

Tomioka et al., 2018; Toriumi et al., 2014; Uno et al., 2015), tumor

necrosis factor (TNF)-α from microglia (Ohgidani et al., 2017) and iPS

cells (Nakazawa et al., 2017). Therefore, plenty of genetic and neurobio-

logical studies within COCORO have potential for further imaging

genetics studies in COCORO, and some studies have already been pub-

lished as described in the following sections.

3.4 | Neuroimaging

The neuroimaging studies in COCORO include research on imaging

genetics, showing genetic risk variants of schizophrenia associated

with left superior temporal gyrus volume and common variants at

1p36 associated with superior frontal gyrus volume (Hashimoto

et al., 2014, 2015; Ohi et al., 2014). Nakazawa et al. (2016) demon-

strated a newly discovered brain-enriched sorting nexin in mice and

that the sorting nexin in humans is associated with gray matter vol-

umes of the temporal and frontal gyri of patients with schizophrenia,

suggesting a new molecular pathology of neuropsychiatric disorders.

Kudo et al. (2018) showed that increased plasma levels of soluble

tumor necrosis factor receptor 2 (sTNFR2) are associated with smaller

hippocampal volume and cognitive impairment in patients with schizo-

phrenia, suggesting a possible biological mechanism of schizophrenia.

Toriumi et al. (2014) demonstrated a single nucleotide polymorphism

(SNP) in the human NAT8L gene related to reward dependence, a per-

sonality trait, and gray matter volume in the caudate nucleus in

healthy subjects, suggesting that NAT8L might affect human

personality.

Another study demonstrated altered orbitofrontal cortex sul-

cogyral pattern distributions in the left hemisphere in patients with

schizophrenia (Isomura et al., 2017). Recently, Nemoto et al. (2019)

successfully discriminated schizophrenia cases from control data

based on brain structures as measured with MRI, regardless of differ-

ences in MRI scanners, in their multicenter study in COCORO.
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Furthermore, Yasuda et al. (2020) have shown functional brain abnor-

malities such as hyperconnectivity between the thalamus and a broad

range of brain regions in cognitively deteriorated patients with schizo-

phrenia compared to healthy controls using resting-state functional

MRI; they also found hyperconnectivity between the nucleus

accumbens and the superior and middle frontal gyri in cognitively pre-

served patients with schizophrenia compared with deteriorated

patients. As described above, we have been investigating genetic and

molecular mechanism underlying abnormal findings of neuroimaging

studies and neural networks underlying cognitive dysfunction and

developing diagnostic assistance tools. Further details of the neuroim-

aging studies are described in the following sections.

4 | NEUROIMAGING STUDIES DEVELOPED
WITHIN COCORO AIMING TO REPLICATE
AND EXTEND THE WORK OF ENIGMA

The techniques of imaging analysis protocols developed in ENIGMA

were introduced into COCORO; the first study to utilize these tech-

niques was from Okada et al. (2016), in which they successfully repli-

cated findings by ENIGMA-SZ (Schizophrenia; van Erp et al., 2016)

and additionally provided novel findings on abnormal asymmetries in

the pallidum volume in patients with schizophrenia. Recently, diffu-

sion tensor imaging (DTI) studies replicated the findings from the

ENIGMA Schizophrenia DTI Working Group (Kelly et al., 2018) and

further demonstrated the association between structural connectivity

and impaired social function in schizophrenia (Koshiyama

et al., 2018a) and different white matter microstructures associated

with different psychiatric disorders (Koshiyama et al., 2020).

COCORO has been closely collaborating with ENIGMA by providing

Japanese cohort data and participating in more than 10 projects from

ENIGMA involving case–control, imaging genetics, and clinical implica-

tion studies (Adams et al., 2016; Franke et al., 2016; Guadalupe

et al., 2017; Hibar et al., 2015, 2017, 2018a; Kelly et al., 2018;

Sonderby et al., 2018; Thompson et al., 2017; van Erp et al., 2018;

Walton et al., 2017, 2018; Wong et al., 2019; Writing Committee for

the ENIGMA-CNV Working Group et al., 2019). Future collaboration

between the ENIGMA consortium and COCORO for replication and

harmonization is expected.

4.1 | Subcortical volume alterations
in schizophrenia and clinical implications

Prior studies have reported volumetric alterations in subcortical

regions in schizophrenia, but the reported results are sometimes het-

erogeneous. In this context, van Erp et al. (2016) meta-analyzed sub-

cortical regional volume differences between patients with

schizophrenia (n = 2,028) and controls (n = 2,540) across 15 cohorts in

ENIGMA-SZ (Figure 2). Patients with schizophrenia showed smaller-

than-normal volumes in the hippocampus, amygdala, thalamus and

accumbens and larger-than-normal volumes in the pallidum. In a

research project by COCORO, a multisite large-scale cross-sectional

investigation of subcortical regional volumetric differences between

patients with schizophrenia (n = 884) and healthy subjects (n = 1,680)

using the same imaging analysis protocols as those of the van Erp

et al. (2016) study was conducted using mega-analytic methods

(Okada et al., 2016). COCORO successfully replicated the rank order

of effect sizes for subcortical volumetric changes in schizophrenia

reported by van Erp et al. (2016). Furthermore, a schizophrenia-

specific leftward asymmetry for the pallidum volume was demon-

strated. Next, the effect of the duration of illness and antipsychotics

on subcortical volumes in schizophrenia was examined (Hashimoto

et al., 2018), revealing a positive association between daily antipsy-

chotic dose and left pallidum volume as well as a leftward laterality of

the pallidum. The duration of illness was positively associated with

bilateral pallidum volumes.

In the COCORO study, the HBPC database was employed to

show the clinical implications of these subcortical volume reductions.

Using this database, Koshiyama et al. (2018c) not only replicated a

hippocampal volume and memory association similar to that from pre-

vious findings (Guo et al., 2014; Herold et al., 2015; Knochel

et al., 2014), but also found that the volume of the nucleus accumbens

is associated with memory performance in 174 patients with schizo-

phrenia. Additionally, Koshiyama et al. (2018b) found a correlation

between the nucleus accumbens volume and the digit symbol coding

score, a known, distinctively characteristic index of cognitive deficits

in schizophrenia, as well as a correlation between the thalamic volume

and social function scores in 163 patients with schizophrenia. Taken

together, these results show that cortical–subcortical circuitry, which

consists of subcortical nuclei such as the nucleus accumbens and thal-

amus, may play important roles in cognitive and social functions in

schizophrenia. The next step will be to investigate the causal relation-

ship between the neural circuitry and cognitive/social consequences

by translating between animal and human studies with an aim toward

ultimately developing circuit-based intervention strategies in the

treatment of schizophrenia.

4.2 | Cortical thickness and surface alterations
in schizophrenia

The profile of cortical volume abnormalities in schizophrenia is not

fully understood, despite many published structural brain imaging

studies. In this context, van Erp et al. (2018) compared 4,474 patients

with schizophrenia and 5,098 control subjects via the ENIGMA con-

sortium (Figure 2). They revealed that individuals with schizophrenia

had a widespread thinner cortex and smaller surface area compared

to healthy subjects, with the largest effect sizes in both the frontal

and temporal lobe regions. In addition, in a multimodal study from

COCORO, an association between eye-movement characteristics and

cortical thickness in schizophrenia was reported (Morita et al., 2019b).

Furthermore, there is an ongoing research plan in COCORO to exam-

ine whether the results of van Erp et al. (2018) can be replicated in

the Japanese dataset.
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4.3 | White matter microstructural alterations
in schizophrenia

Kelly et al. (2018) performed a large-scale meta-analysis (2,359

healthy controls and 1,963 patients with schizophrenia from 29 inde-

pendent international studies; Figure 2) using the established

ENIGMA-Diffusion Tensor Imaging (ENIGMA-DTI) Working Group

protocol, which harmonized the processing of diffusion data from

multiple sites (http://enigma.usc.edu/ongoing/dti-working-group/;

Jahanshad et al., 2013; Kochunov et al., 2014, 2015) and identified

white matter microstructural alterations along with atlas-defined

regions of interest in patients with schizophrenia in the ENIGMA

Schizophrenia DTI Working Group. This study identified widespread

microstructural alterations, including the anterior corona radiata, cor-

pus callosum, cingulum, fornix and uncinate fasciculus, in schizophre-

nia. Using the ENIGMA-DTI imaging analysis protocol, a study from

COCORO on patients with schizophrenia (Koshiyama et al., 2020)

showed results similar to those of the study from Kelly et al. (2018).

The study showed alterations of white matter regions such as the

anterior corona radiata, corpus callosum, fornix and uncinate

fasciculus in patients with schizophrenia (n = 696) compared to

healthy controls (n = 1,506; Koshiyama et al., 2020). Furthermore, rel-

evant to the clinical implications of white matter microstructural alter-

ations, Koshiyama et al. (2018a) demonstrated an association

between social function and structural connectivity in the anterior

corona radiata and corpus callosum in patients with schizophrenia

(n = 149). These findings are in line with the findings of Kochunov

et al. (2017), who demonstrated the role of the anterior corona radiata

and corpus callosum on working memory and processing speed in

patients with schizophrenia (n = 166) using the ENIGMA-DTI

protocol.

4.4 | Psychiatric disorders other than
schizophrenia

The ENIGMA consortium reported subcortical volumetric characteris-

tics in various other psychiatric disorders, such as bipolar disorder

(Hibar et al., 2016), major depressive disorder (Schmaal et al., 2016),

and autism spectrum disorder (van Rooij et al., 2018). However,

F IGURE 2 Development of the Enhancing Neuroimaging Genetics through Meta-Analysis (ENIGMA) consortium studies in the Cognitive
Genetics Collaborative Research Organization (COCORO)
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similarities and differences in the subcortical volumes across these

psychiatric disorders have not yet been made clear. These concerns

are expected to be addressed soon in more detail by using a Japanese

dataset deposited in COCORO.

The ENIGMA consortium recently reported cortical volumetric

abnormalities in bipolar disorder (Hibar et al., 2018b), major depres-

sive disorder (Schmaal et al., 2017), and autism spectrum disorder (van

Rooij et al., 2018). However, cortical volumetric characteristics that

are common and specific across these psychiatric disorders have not

yet been made clear. An ongoing research project to address this mat-

ter by using a large-scale Japanese dataset that has been collected

though COCORO might elucidate the commonality and differences

among psychiatric diseases.

Recently, several studies in the ENIGMA consortium presented

white matter microstructural alterations in patients with psychiatric

disorders other than schizophrenia. Favre et al. (2019) examined indi-

vidual tensor-derived regional metrics from 26 cohorts, leading to a

sample size of n = 3,033 (1,482 patients with bipolar disorder and

1,551 healthy controls) within the ENIGMA Bipolar Disorder Working

Group; they demonstrated that altered white matter connectivity

within the corpus callosum, the cingulum and the fornix are strongly

associated with bipolar disorder. van Velzen et al. (in press) examined

white matter anisotropy and diffusivity in 1,305 major depressive dis-

order patients and 1,602 healthy controls from 20 samples worldwide

within the Major Depressive Disorder Working Group of the ENIGMA

consortium; they found the largest alterations in the corpus callosum

and corona radiata in patients compared to healthy controls.

In a COCORO study, Koshiyama et al. (2020) examined white

matter microstructural alterations across four major psychiatric disor-

ders (patients with schizophrenia [n = 696], bipolar disorder [n = 211],

autism spectrum disorder [n = 126], major depressive disorder

[n = 398] and healthy comparison subjects [n = 1,506; total n = 2,937

from 12 sites in Japan]) using mega-analysis. In comparison with

healthy subjects, they found that schizophrenia, bipolar disorder and

autism spectrum disorder share similar white matter microstructural

differences in the body of the corpus callosum and that schizophrenia

and bipolar disorder featured comparable changes in the limbic sys-

tem, such as the fornix and cingulum. By comparison, alterations in

tracts connecting neocortical areas, such as the uncinate fasciculus,

were observed only in schizophrenia. In contrast, the COCORO study

failed to show a significant difference in major depressive disorder

compared to healthy subjects, while van Velzen et al. (in press)

showed alterations in the anterior corona radiata and corpus callosum

in patients with major depressive disorder compared to healthy con-

trols. These inconsistencies may be due to the difference in sample

size; Cohen's d effect size of −0.25 for fractional anisotropy (FA) in

the anterior corona radiata in major depressive disorder (n = 921)

compared to healthy controls (n = 1,265) in the study of van Velzen

et al. (in press) was similar to the −0.19 for FA in Koshiyama

et al. (2020). In a direct comparison between schizophrenia and bipo-

lar disorder in the study of Koshiyama et al. (2020), there were no sig-

nificant differences. Thus, based on the findings from Favre

et al. (2019) and Koshiyama et al. (2020), white matter alterations in

the corpus callosum and the limbic system, such as the fornix and cin-

gulum, may be common in patients with schizophrenia and those with

bipolar disorder. Schizophrenia and bipolar disorder may have similar

pathological characteristics. In addition, interestingly, the regional

white matter alterations are similar to those of 22q11.2 deletion car-

riers (Villalon-Reina et al., in press). The 22q11 Deletion Syndrome

Working Group of the ENIGMA consortium identified widespread

white matter alterations in the corona radiata, corpus callosum, supe-

rior longitudinal fasciculus, posterior thalamic radiations, and sagittal

stratum. White matter alterations, especially in the corpus callosum,

may be widely common in individuals with psychiatric disorders and

22q11.2 deletion carriers.

5 | LIMITATIONS

There are several limitations in neuroimaging studies within

COCORO. First, sample sizes employed in COCORO are relatively

moderate compared to the large sample sizes of the ENIGMA consor-

tium. Studies with small sample sizes generally have limited statistical

power and increased false-positive rates. However, replication studies

were necessary to generalize original results from the ENIMGA con-

sortium and the results were replicated in the COCORO studies

despite the smaller sample sizes compared to those of the ENIGMA

consortium. All facilities participating in COCORO were in a single

country, in which penetration rate of MRI is high; therefore, we were

able to collect moderate size cohorts and perform replication studies.

Although the sample sizes were limited, we could successfully repli-

cate and reconfirm the results of ENIGMA consortium with high qual-

ity data and contribute to the generalization of their research findings

(Thompson et al., 2020). Second, among the facilities participating in

COCORO, Osaka university participated in the diffusion imaging

study of patients with schizophrenia by the ENIGMA Schizophrenia

DTI Working Group (Kelly et al., 2018; patients with schizophrenia,

n = 71; healthy controls, n = 249). Therefore, the participants of

patients with schizophrenia and healthy comparison subjects in the

diffusion imaging study by COCORO (Koshiyama et al., 2020) over-

lapped with the study by the ENIGMA consortium (Kelly et al., 2018).

Although careful interpretation of the results needs to be considered,

the effect may be limited because of the relatively small sample size

(7.4%) of the cohort relative to whole sample size of the ENIGMA

study. Participants did not overlap between the study of subcortical

volume in schizophrenia by ENIGMA-SZ (van Erp et al., 2016) and that

by COCORO (Okada et al., 2016).

6 | CONCLUSION

Scientific progress relies on reproducible and reliable research. How-

ever, the fact that many basic and clinical studies lack reproducibility

has become a challenge in the scientific community. The lack of repro-

ducibility of research findings may hinder clinical application and

waste valuable clinical resources. The ENIGMA consortium and

KOSHIYAMA ET AL. 189



COCORO take advantage of each other's methodological characteris-

tics to complementarily examine reproducibility and increase scientific

reliability. Further harmonized and corporative research among inter-

national consortiums is warranted in basic and clinical research.
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