
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Cheon, EJ;Bearden, CE;Sun, D;Ching, CRK;Andreassen, OA;Schmaal, L;Veltman,
DJ;Thomopoulos, SI;Kochunov, P;Jahanshad, N;Thompson, PM;Turner, JA;van Erp, TGM

Title:
Cross disorder comparisons of brain structure in schizophrenia, bipolar disorder, major
depressive disorder, and q. deletion syndrome: A review of ENIGMA findings

Date:
--

Citation:
Cheon, E. J., Bearden, C. E., Sun, D., Ching, C. R. K., Andreassen, O. A., Schmaal, L.,
Veltman, D. J., Thomopoulos, S. I., Kochunov, P., Jahanshad, N., Thompson, P. M.,
Turner, J. A. & van Erp, T. G. M. (). Cross disorder comparisons of brain structure
in schizophrenia, bipolar disorder, major depressive disorder, and q. deletion
syndrome: A review of ENIGMA findings. Psychiatry and Clinical Neurosciences,  (),
pp.-. https://doi.org/./pcn..

Persistent Link:
https://hdl.handle.net//



van Erp Theo GM (Orcid ID: 0000-0002-2465-2797) 
 
 

Cross Disorder Comparisons of Brain Structure in Schizophrenia, Bipolar Disorder, Major 
Depressive Disorder, and 22q11.2 Deletion Syndrome: A Review of ENIGMA Findings 

 
Eun-Jin Cheon1,2, Carrie E. Bearden3, Daqiang Sun3,4, Christopher R. K. Ching5, Ole A. 

Andreassen6,7, Lianne Schmaal8,9, Dick J. Veltman10, Sophia I. Thomopoulos5, Peter 
Kochunov11, Neda Jahanshad5, Paul M. Thompson5, Jessica A. Turner12, Theo G.M. van Erp1,13 

 
1. Clinical Translational Neuroscience Laboratory, Department of Psychiatry and Human 
Behavior, University of California Irvine, 5251 California Ave, Irvine, CA, 92617, USA 
2. Department of Psychiatry, Yeungnam University College of Medicine, Yeungnam University 
Medical Center, Daegu, Republic of Korea  
3. Departments of Psychiatry and Biobehavioral Sciences and Psychology, Semel Institute for 
Neuroscience and Human Behavior, University of California, Los Angeles 
4. Department of Mental Health, Veterans Affairs Greater Los Angeles Healthcare System, Los 
Angeles, CA, USA 
5. Imaging Genetics Center, Mark and Mary Stevens Neuroimaging and Informatics Institute, 
Keck School of Medicine, University of Southern California, Los Angeles, CA, USA 
6. NORMENT Centre, Institute of Clinical Medicine, University of Oslo and Division of Mental 
Health and Addiction, Oslo University Hospital, Oslo, Norway 
7. KG Jebsen Centre for Neurodevelopmental disorders, University of Oslo and Oslo University 
Hospital, Oslo, Norway 
8. Centre for Youth Mental Health, The University of Melbourne, Melbourne, Australia 
9. Orygen, Parkville, Australia 
10. Department of Psychiatry, Amsterdam UMC, location VUMC, Amsterdam Neuroscience, 
Amsterdam, the Netherlands 
11. Maryland Psychiatric Research Center, Department of Psychiatry, University of Maryland 
School of Medicine, Baltimore, MD, USA 
12. Psychology Department and Neuroscience Institute, Georgia State University, Atlant, GA, 
USA 
13. Center for the Neurobiology of Learning and Memory, University of California Irvine, 309 
Qureshey Research Lab, Irvine, CA, 92697, USA 
 
Word count abstract: 247 
Word count manuscript: 7,776 
Tables: 1 
Figures: 5 
 
Corresponding Author: 
Theo G.M. van Erp, PhD 
Clinical Translational Neuroscience Laboratory 

This is the author manuscript accepted for publication and has undergone full peer review but has
not been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as doi:
10.1111/pcn.13337

This article is protected by copyright. All rights reserved.

http://orcid.org/0000-0002-2465-2797
http://dx.doi.org/10.1111/pcn.13337
http://dx.doi.org/10.1111/pcn.13337
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fpcn.13337&domain=pdf&date_stamp=2022-02-26


Department of Psychiatry and Human Behavior 
School of Medicine 
University of California, Irvine 
Irvine Hall (Building 835), Room 109 
Irvine, CA, 92697-3950 
Voice: (949) 824-3331 
E-mail: tvanerp@uci.edu 
 
Keywords: ENIGMA, Schizophrenia, Bipolar Disorder, Major Depressive Disorder, 
Velocardiofacial, 22q, meta-analysis, mega-analysis, subcortical, thickness, surface area, 
fractional anisotropy 
 
 
 
 
  

 14401819, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pcn.13337 by T

he U
niversity O

f M
elbourne, W

iley O
nline L

ibrary on [15/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

mailto:tvanerp@uci.edu


Abstract 
 
This review compares the main brain abnormalities in schizophrenia (SZ), bipolar disorder (BD), 
major depressive disorder (MDD), and 22q11.2 Deletion Syndrome (22q11DS) determined by 
ENIGMA (Enhancing Neuro Imaging Genetics through Meta Analysis) consortium investigations. 
We obtained ranked effect sizes for subcortical volumes, regional cortical thickness, cortical 
surface area, and diffusion tensor imaging abnormalities, comparing each of these disorders 
relative to healthy controls. In addition, the studies report on significant associations between brain 
imaging metrics and disorder-related factors such as symptom severity and treatments. Visual 
comparison of effect size profiles shows that effect sizes are generally in the same direction and 
scale in severity with the disorders (in the order SZ>BD>MDD). The effect sizes for 22q11DS, a 
rare genetic syndrome that increases the risk for psychiatric disorders, appear to be much larger 
than for either of the complex psychiatric disorders. This is consistent with the idea of generally 
larger effects on the brain of rare compared to common genetic variants. Cortical thickness and 
surface area effect sizes for 22q11DS with psychosis compared to 22q11DS without psychosis are 
more similar to those of SZ and BD than those of MDD; a pattern not observed for subcortical 
brain structures and fractional anisotropy effect sizes. The observed similarities in effect size 
profiles for cortical measures across the psychiatric disorders mimic those observed for shared 
genetic variance between these disorders reported based on family and genetic studies and are 
consistent with shared genetic risk for SZ and BD and structural brain phenotypes. 
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Introduction 
 
Neuroimaging studies have been subject to scrutiny with regard to reproducibility, and numerous 
publications have described a crisis in replicable findings in psychiatry and neuroscience1–5. 
Differences in samples (e.g,. inclusion/exclusion criteria), data acquisition (e.g., scanner hardware, 
field strength, sequence etc.), and image analysis methods (e.g., segmentation protocols) across 
studies and small sample sizes can result in false-positive and false-negative findings in 
neuroimaging research6. Collaborative, large-scale, coordinated data analyses offer an approach to 
tackle the crisis in reproducibility and increase the robustness of findings based on already 
collected data6. A key to the Enhancing Neuro Imaging Genetics through Meta-Analysis 
(ENIGMA) consortium’s  approach is to conduct meta- and mega-analyses, that harmonize image 
analysis, quality assurance, and statistical analyses procedures across contributing samples, 
mitigating errors and biases produced by individual studies. This approach maximizes statistical 
power by pooling data through collaborative analysis efforts. Development and sharing of high-
quality image analysis pipelines, by ENIGMA (http://enigma.ini.usc.edu/protocols) and others7,8, 
that can be used by the research community also greatly facilitates replicable findings. 
Complementary approaches include conducting well-powered, large-scale prospective studies; 
methods employed by projects such as the ABCD study9,10 and UK Biobank (UKB)11–13. All these 
efforts are enhanced by the development of tools and data warehouses that enable open access data 
sharing to promote reproducible neuroimaging science (e.g., www.repronim.org, nidm.nidash.org, 
nda.nih.gov, etc.)14–17.  

The ENIGMA project started in 2009 with the initial aim of aggregating brain imaging and 
genetic data across research centers in order to identify the predominantly small effects of common 
genetic variations in the brain. ENIGMA’s first imaging genetics publication yielded the first 
genome-wide significant genetic loci associated with hippocampal and intracranial volumes based 
on data obtained from 21,151 and 15,782 individuals, in collaboration with the CHARGE (Cohorts 
of Heart and Aging Research in Genomic Epidemiology) consortium18. A subsequent study, 
examining subcortical brain structures, identified genome-wide significant loci associated with 
putamen and caudate volumes in data obtained from 30,717 individuals19. A top-up study analysis 
of hippocampal volumes, in collaboration with the CHARGE consortium, identified 6 genome-
wide significant loci, based on data obtained from 33,536 individuals19. A subsequent analysis of 
the seven subcortical structures (excluding the hippocampus), combining ENIGMA, CHARGE 
and also UKB data, found 48 loci (40 novel)20. More recent analyses, based on merging ENIGMA-
CHARGE-UKB samples (N>55,000 & N>66,000) identified more than 400 and 553 genome-wide 
significant genetic loci for subcortical structures, respectively21,22. 

Finally, ENIGMA’s most recent imaging genetics study identified 175 genome-wide 
significant loci associated with cortical surface area and 46 loci associated with cortical thickness23 
based on data from 33,992 individuals along with a replication sample of 14,792 individuals24. 
Together, these studies exemplify a success story of bringing together scientists globally to answer 
questions about the brain that are difficult, if not impossible, to address by any single research 
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group in the world. Similar to the case-control GWAS (genome-wide association study) findings 
reported by the Psychiatric Genomics Consortium25,26, ENIGMA is generating imaging-genetics 
findings that replicate previously identified genetic loci and yield new loci with ongoing increases 
in sample size18,24. 

In 2014, the ENIGMA project was funded by a National Institutes of Health (NIH) Big 
Data to Knowledge (BD2K) award and grew to include 12 methods Development Working groups 
and 9 disorder Working Groups. The objectives of the disorder Working Groups were to compare 
findings across disorders, rank the magnitude of case-control (disorder-related) effect sizes of brain 
measures, and investigate factors that moderate these effect sizes. The collaboration has produced 
some of the largest neuroimaging studies in psychiatric disorders to date, and has grown to include 
more than 50 Working Groups and more than 2,000 researchers from more than 400 institutions 
from over 45 countries across the globe6.  

The ENIGMA consortium has produced several reviews detailing its progress6,27–37. This 
review summarizes the main findings from the schizophrenia, bipolar disorder, major depressive 
disorder, and 22q11DS Working Groups published to date and performs some initial cross-disorder 
comparisons based on the published effect sizes. More formal, direct comparisons based on cross-
disorder mega-analyses are underway, and will enable the determination of disorder-related and 
disorder-specific brain abnormalities to advance our understanding of psychiatric disorder 
pathogenesis and physiology. 

The ENIGMA Schizophrenia (SZ), Bipolar Disorder (BD), Major Depressive Disorder 
(MDD) and 22q11DS Working Groups coordinate analyses using harmonized image analysis, 
quality assurance, and statistical analysis procedures. The T1-weighted image analyses have 
examined subcortical volumes as well as both global and regional measures of cortical thickness 
and surface area obtained from Desikan-Killiany atlas regions of interest (ROIs)38. ENIGMA opted 
to study cortical thickness and surface area, rather than cortical volume, which is their product, 
given that they are thought to be influenced by separate sets of genes39,40, during different stages 
of development41–43, and may thus be differentially affected in different disorders. The white 
matter microstructural analyses, based on diffusion tensor imaging (DTI) data, have examined 
fractional anisotropy (FA), as well as axial (AD), radial (RD), and mean diffusivity (MD) obtained 
from JHU atlas regions44 using the ENIGMA DTI analysis protocol45. FA represents the degree to 
which diffusion is anisotropic and MD characterizes the magnitude of the water diffusion 
irrespective of directionality42. AD is the rate of diffusion in the principal diffusion direction and 
RA is the rate of diffusion perpendicular to the principal diffusion direction43. The underlying 
pathology associated with each of these imaging measures is multifactorial, may differ by disorder, 
and continues to be an active area of research; for detailed review of these measures, see44. 

For their initial studies, the SZ, BD, and MDD groups used the meta-analytic method, 
where each site analyses their own data and a leading site conducts the meta-analysis based on 
each site’s results. The 22q11DS group was able to conduct mega-analyses, which pooled data 
from all sites for combined analyses while statistically adjusting for effects of scanner (site)46–49. 
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Both analysis approaches, also referred to as two-stage and one-stage meta-analyses in the 
statistical literature50, have advantages and disadvantages; for a review and a comparison, see29.  

This review largely follows the chronological order in which the groups have produced 
their findings, starting with findings on subcortical brain structures, followed by cortical thickness 
and surface area, diffusion tensor imaging, and the most recent subcortical structure shape analysis 
findings; details of reported studies are summarized in Table 1. After reviewing the findings, cross 
disorder effect size profiles and cross disorder effect size correlations are compared. 
 
Subcortical Structures 
 
Subcortical structures in schizophrenia 
 
Van Erp and colleagues’ 2016 meta-analysis reported the rank order of case-control effect sizes 
for deep brain structure volumes comparing data from 2,028 individuals with schizophrenia with 
2,540 healthy controls obtained from 15 centers worldwide51. They found significantly smaller 
hippocampus, amygdala, thalamus, nucleus accumbens, and intracranial volumes and larger 
pallidum and lateral ventricle volumes in individuals with schizophrenia compared to controls 
(Figure 1A). Meta-regressions also showed positive associations between putamen and pallidum 
volumes and duration of illness and age at scan, while hippocampal volumes were negatively 
associated with the proportion of unmedicated patients (assessed for each cohort).  

In addition to the reported case-control effect sizes, Franke and colleagues evaluated 
genome-wide overlap between genetic effects on schizophrenia and subcortical structure volumes 
by integrating genetic results from (common variant) a case-control GWAS of schizophrenia, from 
a meta-analysis by the Psychiatric Genomics Consortium (33,636 cases, 43,008 controls), and a 
GWAS of the volumes of brain structures that show abnormalities in schizophrenia, from a meta-
analyses by the ENIGMA consortium (at the time, the total sample size was 11,840 subjects)52. 
They reported no significant genetic correlations at the level of overall common variant genetic 
architecture or for single genetic markers. The lack of overlap in genetic influences on 
schizophrenia and deep brain structure volumes found by Franke and colleagues52 was surprising 
and also found by a second study11. However, a study with a larger imaging sample size 
(N>26,000) did find polygenic overlap between schizophrenia and hippocampus, putamen and 
intracranial volume53. In addition, a more recent SNP effect concordance analysis (SECA) also 
found overlap in genetic risk for cross-disorder vulnerability to mental disorders and genetic risk 
for subcortical brain volume54. These findings may suggest that the earlier GWAS subcortical 
findings may not have been sufficiently robust to detect the more recently observed genetic overlap 
based on the larger samples. 

  
Subcortical structures in bipolar disorder 
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Hibar and colleagues’ 2016 meta-analysis reported the rank order of case-control effect sizes for 
deep brain structure volumes comparing data from 1,710 individuals with bipolar disorder to data 
from 2,594 healthy controls obtained from 15 centers worldwide55. They reported significantly 
lower hippocampus and thalamus volumes and higher lateral ventricle volumes in individuals with 
bipolar disorder compared to controls (Figure 1A). Direct comparisons of deep brain volumes 
between individuals with Bipolar I disorder (BDI; n=1,100) and Bipolar II disorder (BDII; n=360) 
showed no significant differences between the subtypes; though only individuals with BDI showed 
lower hippocampal and amygdala volumes and higher ventricle volumes when compared to 
controls and the the magnitude of differences between the patient and the control group was larger 
for BDI (d=-0.203, -0.117, and 0.251, respectively) than for BDII (d=-0.134, -0.012, and 0.096, 
respectively). The study also found possible opposing effects of anti-epileptic and lithium 
medication treatments on structural brain measures. More specifically, patients taking anti-
epileptics had significantly smaller hippocampal volumes than patients not taking anti-epileptic 
medications, while patients not taking lithium had significantly smaller hippocampal volumes than 
patients taking lithium. 

Haukvik and colleagues’ 2020 mega-analysis reported the rank order of case-control effect 
sizes for hippocampal subfields comparing data from 1472 individuals with BD and 3226 healthy 
controls from 23 countries worldwide56. They found that BD had widespread smaller hippocampal 
subfield volumes (in nine of twelve regions). Here also, lithium was associated with protective 
effects, whereas antipsychotics and antiepileptics were associated with smaller hippocampal 
subfield volumes.  
 McWhinney and colleagues investigated the effects of obesity on subcortical volumes from 
1134 individuals with BD and 1601 healthy controls from 13 countries worldwide57. They found 
that 18.4 % of the total association between BD and ventricular volume was explained by a higher 
body mass index (BMI) in BD. Other subcortical regions, including the hippocampus, caudate and 
thalamus, were robustly associated with BD even after controlling BMI, and there was no 
interaction between BD and BMI in predicting subcortical brain volumes. 
 
Subcortical structures in major depressive disorder 
 
Schmaal and colleagues’ 2016 meta-analysis reported the rank order of case-control effect sizes 
for deep brain structure volumes comparing data from the 1,728 MDD patients and 7,199 controls 
from 15 research samples worldwide58. Individuals with MDD showed slightly lower hippocampal 
volume compared to controls (Figure 1A). Of note, this effect was present in recurrent depressive 
disorder but was not present in first onset depressive disorder. Moreover, smaller hippocampal and 
amygdala volumes and larger lateral ventricle volumes were observed in those with early onset 
age (≤21 years) but not adult onset age (>21 years). In addition to the effects of MDD on deep 
brain structures, two subsequent studies evaluated the effects of suicidal thoughts and behaviors 
and childhood maltreatment on subcortical volumes in MDD. 
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Renteria and colleagues examined the effects of suicidal ideation or behaviour in a meta-
analysis of 3,097 participants including 1,101 individuals with MDD (451 of whom reported 
suicidal ideation or behaviour) and 1,996 healthy controls based on 20 samples worldwide59. MDD 
patients who reported suicide plans or attempted suicide had smaller intracranial volume compared 
to controls. No significant differences were reported between MDD patients with and without 
suicidal symptoms for one of the deep brain structural volumes. However, more recently Campos 
and colleagues pooled subcortical, cortical thickness and surface area data from 18,925 
individuals, of which 694 individuals with MDD and a history of suicide attempts, 5754 
individuals with MDD without a history of suicide attempts, and 12,377 healthy comparison 
subjects from 18 samples worldwide60. In this much larger study, they found smaller right and left 
thalamus and right pallidum volumes in MDD with versus without suicide attempts. These findings 
underscore the possible involvement of the thalamus, a widely connected relay center of the brain, 
and the pallidum, an area involved in reward, motivation and positive affect.  

Frodl and colleagues conducted a mega-analysis investigating the effect of childhood 
adversity and its interactions with MDD diagnosis and sex on deep brain structure volumes in 958 
MDD patients and 2,078 healthy controls46. The severity of adversity in childhood was 
significantly associated with smaller left and right caudate volumes in women but not in men. No 
diagnosis by childhood adversity interaction effect was found for any of the subcortical structure 
volumes. Hence the study did not observe a hypothesized more notable effect of childhood 
adversity on brain volume in MDD patients compared to healthy individuals. MDD is a 
heterogeneous disorder, and many efforts have been made to find subtypes that will help predict 
disease progression and plan treatment. Overall, the results suggest that smaller hippocampal 
volume may be due to stress-induced mechanisms directly related to MDD, whereas caudate 
nucleus volume may be related to exposure to stress during sensitive period development common 
across individuals with and without MDD.  

More recently, Ho and colleagues performed a meta-analysis of subcortical shape in the 
ENIGMA MDD Working Group. Their study included 1,781 individuals with MDD and 2,953 
healthy controls61. Individuals with early-onset MDD (≤ 21 years) had thinner cortex and surface 
area of the subiculum, cornu ammonis (CA) 1 of the hippocampus and basolateral amygdala, 
compared to healthy controls. Consistent with, and in addition to the volumetric findings, 
individuals with recurrent MDD had lower hippocampal CA1 and basal amygdala thickness and 
surface area compared with individuals with first episode MDD. These findings are consistent with 
those reported for total deep brain structure volumes and may provide more specific anatomical 
localization of the observed effects. 

In addition to suicide and childhood adversity, the ENIGMA MDD Working Group also 
investigated associations between brain structure and obesity; a physical condition that is highly 
prevalent in neuropsychiatric disorder and has a significant impact on neurophysiology. Opel and 
colleagues examined structural MRI data from 6,420 participants (3,519 healthy controls and 2,901 
MDD patients from 28 sites) along with genetic data from 3,907 participants62. This study found 
that obesity, independent from MDD diagnosis, was associated with larger amygdala, thalamus, 
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and nucleus accumbens volumes. However, a polygenic risk score for obesity was not found to be 
associated with any of the subcortical volumes.  

 
Subcortical structures in 22q11DS 
 
Ching and colleagues63 reported on subcortical volumes and shape in a sample of 533 individuals 
with 22q11DS and 330 matched healthy controls. Compared to the control group, the 22q11DS 
group showed smaller thalamus, putamen, hippocampus, amygdala, and intracranial volume (ICV) 
and larger lateral ventricle, caudate, and accumbens volumes (Figure 1A). Subcortical shape 
analysis showed complex local morphometry differences between 22q11DS participants and 
healthy participants covering the majority of the subcortical areas of interest; differences that 
cannot be identified using traditional total volume analysis. The authors found extensive 
abnormalities in subcortical brain structure, influenced by deletion size and psychosis. Compared 
to subcortical results from other neuropsychiatric disorders studied by the ENIGMA consortium, 
significant overlap was found between 22q11DS-related psychosis (Figure 1A), idiopathic 
schizophrenia, and other severe neuropsychiatric disorders63.  
 

--- Table 1 and Figure 1 about here --- 
 
Cortical Thickness 
 
Cortical thickness in schizophrenia 
 
Van Erp and colleagues’ 2018 meta-analysis reported the rank order of case-control effect sizes 
for cortical thickness comparing data from 4,474 individuals with schizophrenia compared to 
5,098 healthy controls obtained from 39 centers worldwide64. Individuals with schizophrenia 
showed thinner cortex compared to healthy volunteers, with maximum effect sizes in frontal and 
temporal lobe regions (Figure 1B). Cortical thickness abnormalities in schizophrenia were found 
to be regionally specific based on an analysis that controlled for mean thickness. In addition, the 
effect sizes for thinner cortex in schizophrenia scaled with antipsychotic medication treatment. 
Compared to the unmedicated group, effect sizes were about 2 to 3 times higher for the group on 
second-generation and first-generation antipsychotic drugs, respectively. The negative correlation 
between age and bilateral temporal pole thickness was higher in individuals with schizophrenia 
than healthy participants. Insula thickness had positive correlation with onset age and negative 
correlation with illness duration. Regional cortical thickness also showed significant negative 
correlations symptom severity, and with standardized medication dosage; the latter even when 
controlling with for duration of illness and severity of symptoms. Two additional studies 
specifically focused on relationships between cortical thickness and severity of negative and 
positive symptoms in schizophrenia. 
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Walton and colleagues’ 2017 meta-analysis, including 1,987 individuals with 
schizophrenia from 17 centers, reported that the severity of positive symptoms was negatively 
associated with bilateral superior temporal gyrus thickness when adjusted for age, sex, and 
scanner65. This effect remained significant in the model, even when accounting for potentially 
confounding covariates such as duration of the illness, antipsychotics treatment or handedness. 
The superior temporal gyrus has been implicated in auditory processing, language comprehension 
and self-monitoring. Altered superior temporal gyrus neural activity has been related to positive 
symptoms such as hallucinations and delusions.  

Walton and colleagues’ 2018 meta-analysis, including 1,985 individuals with 
schizophrenia from 17 research groups around the world, found that left but not right hemisphere 
medial orbitofrontal cortex thickness was significantly associated with the severity of negative 
symptoms, when statistically adjusting for age, sex, and scanner66. This effect remained stable in 
a model that included overall symptom severity. Using these large samples and the meta-analytic 
approach, their findings show an association between prefrontal cortex thickness in schizophrenia 
and the severity of negative symptoms. The discovery of a negative association between left medial 
orbitofrontal cortex thickness and negative symptoms underscores the significance of this region 
in motivational and executive function, which are known areas of deficiency in individuals of 
schizophrenia61. 

The sample sizes for both symptom association studies were 10 times larger than any prior 
study. This made it possible to identify these relatively small effects and investigate contributions 
of potentially confounding variables. The findings provide insight into the neurobiology of 
schizophrenia symptoms.  
 
Cortical thickness in bipolar disorder 
 
Hibar and colleagues performed a meta-analysis of cortical gray matter thickness obtained from 
6,503 individuals with BD, which included 1,837 adults with BD and 2,582 healthy controls67. 
They reported a significant and universal pattern of thinner cortex in BD (Figure 1B). Thinner 
cortex was observed in bilateral frontal, temporal and parietal regions, with maximum effects in 
the left cerebral hemisphere, left fusiform gyrus, and left rostral prefrontal cortex. No significant 
differences in cortical thickness were reported between BDI and BDII subtypes. Thinner cortex in 
frontal, medial parietal and occipital regions was associated with longer duration of illness. Similar 
to the pattern observed for some of the deep brain structures, thicker cortex was observed in bipolar 
disorder patients taking lithium compared to those not taking lithium, and thinner cortex was 
observed in bipolar disorder patients who were taking anti-epileptic medications compared to those 
not taking antiepileptic medications. Lithium showed the largest effect in the left paracentral gyrus 
and the left and right superior parietal gyrus and antiepileptics showed the largest effects in the left 
and right lateral occipital gyrus and the right paracentral gyrus.  
 
Cortical thickness in major depressive disorder 
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Schmaal and colleagues’ 2017 meta-analysis evaluated cortical structural alterations in MDD from 
2,148 MDD patients and 7,957 healthy controls at 20 sites around the world68. Compared to 
controls, they found significantly thinner orbitofrontal cortex (OFC), anterior and posterior 
cingulate, insula and temporal lobes in adult individuals with MDD (age > 21 years; Figure 1B) 
but not adolescent individuals with MDD (age<=21). Consistent with no cortical thickness 
abnormalities in adolescent patients with MDD, only patients with adult-onset MDD, but not adults 
with adolescent onset MDD showed thinner cortex. It is important to note that thinner cortex was 
observed in adult individuals with MDD who were taking antidepressants when compared to 
controls but not in those not taking antidepressants compared to controls. This could in part reflect 
the severity of depression - but also suggests that treatment effects may contribute. 

Tozzi and colleagues conducted a mega-analysis investigating associations between the 
type (no, abuse only, neglect only, or both) and severity (total score of childhood trauma 
questionnaire) of childhood maltreatment and brain structural abnormalities in a sample of 3,872 
individuals with MDD49. They found that only individuals with a history of both childhood neglect 
and abuse had thinner cortex in the banks of the superior temporal sulcus, inferior parietal lobe, 
middle temporal lobe, precuneus, and supramarginal gyrus, compared with participants with no 
history of childhood maltreatment. In addition, severity of childhood maltreatment was associated 
with thinner cortex of the banks of the superior temporal sulcus and supramarginal gyrus. They 
also reported significant interactions between childhood maltreatment and age in predicting 
cortical thickness in several frontal, temporal, and posterior parietal regions. These findings 
suggest that childhood maltreatment may affect brain maturation with age, especially in areas 
relevant to default mode network, perception and theory of mind. 

A mega-analysis by Han and colleagues’ (2020) compared estimated ‘brain age’ between 
individuals with MDD and healthy volunteers69. Brain age is the chronological age as predicted 
by brain imaging data and was in this study based on a model derived from subcortical and 
intracranial brain volumes, cortical thickness, and surface area data. They found that individuals 
with MDD had a higher brain-predicted age difference (brain age - chronological age) of +1.08 
years when compared to controls. 

In addition to effects on subcortical volumes, Opel and colleagues’ (2021) reported that 
obesity was associated with thinner cortex, predominantly in the temporal and frontal lobes, while 
statistically controlling for antidepressant medication and mean cortical thickness62. The effect of 
obesity also interacted with age in predicting cortical thickness with a larger effect in older 
compared to younger individuals. Obesity may be a significant contributor to brain structural 
abnormalities in psychiatric disorders including depression, and warrants further investigation.  
 
Cortical thickness in 22q11DS  
 
Sun and colleagues investigated cortical abnormalities from 474 subjects with 22q11DS and 315 
typically developing and matched controls from 10 centers worldwide70. Compared to healthy 
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controls, individuals with 22q11DS showed an extensively thicker cortex bilaterally, with the 
exception of thinner cortex in the superior temporal, cingulate and parahippocampal regions 
(Figure 1B). Of note, 22q11DS participants with psychosis had significantly thinner cortex 
compared to participants without psychosis, with strongest effects in the frontotemporal region, 
similar to that observed in idiopathic psychosis (Figure 1B).  
 
Surface Area 
 
Surface area in schizophrenia 
 
Van Erp and colleagues analyzed surface area abnormalities using data from 4,474 participants 
with schizophrenia and 5,098 healthy volunteers obtained with harmonized methods from 39 
centers worldwide64. Participants with schizophrenia showed widespread smaller regional cortical 
surface areas compared to healthy volunteers with maximum effect size in both the frontal and 
temporal lobe regions (Figure 1C). The effect sizes for surface area were about half those observed 
for cortical thickness and no regional specificity was found for surface area based on an analysis 
that statistically controlled for total surface area. In spite of the highly powered study’s ability to 
find small effects, antipsychotic treatment and other clinical variables were not significantly 
related to cortical surface area. These results suggest that genetic association studies of 
schizophrenia employing cortical surface area as a quantitative trait, in contrast to those employing 
cortical thickness, may not be confounded by the effects of antipsychotic treatments.  
 
Surface area in bipolar disorder 
 
Hibar and colleagues performed meta-analysis on surface area measurements from 6,503 
individuals with BD, which included 1,837 adults with BD and 2,582 healthy controls67. They 
found no significant differences in cortical surface area between individuals with BD and healthy 
controls (Figure 1C) andno significant surface area differences between BDI and BDII subtypes. 
Smaller cortical surface area in BD patients was associated with a history of psychosis, but not 
with mood state at the time of scanning. They also found larger left paracentral lobule surface area 
in individuals with BD on lithium treatment compared to those not on lithium treatment. In 
addition, larger cortical surface area was associated with typical antipsychotic treatment in the left 
middle temporal gyrus, left inferior parietal gyrus and right temporal pole, while lower cortical 
surface area was associated with atypical antipsychotic treatment in the right rostral middle frontal 
gyrus and right superior frontal gyrus. In contrast to the findings on deep brain structures and 
cortical thickness, no effects of anti-epileptic medications on surface area were observed.  
 
Surface area in major depressive disorder 
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Schmaal and colleagues performed a meta-analysis on regional cortical surface area measurements 
from 2,148 MDD patients and 7,957 healthy controls68. The total surface area of the left and right 
hemispheres was smaller in adolescent and young adult patients with MDD (age ≤ 21 years) 
compared to adolescent controls - with higher effect sizes than those observed for cortical thickness 
in adult patients with MDD. Lower surface area was found in medial OFC and superior frontal 
gyrus as well as primary and higher-order visual, somatosensory and motor areas. The strongest 
effects were found in recurrent adolescent patients. No surface area abnormalities were observed 
in adult MDD patients (Figure 1C) or adult MDD patients with an adolescent or young adulthood 
age of onset. Of note, across all ENIGMA MDD Working Group papers, cortical thickness 
findings are more pronounced in adults/advanced aging, while surface area and subcortical 
volumes are more predominant in young people. These findings suggest that cortical thickness 
may be more reflective of an adult onset MDD subtype and chronicity, while smaller cortical 
surface area may reflect an early developmental subtype of depressive disorder, induced by genetic 
factors or early life adversity29. We speculative that the observed presence of cortical thickness 
deficiencies in the adult but not adolescent MDD sample may be due to the older mean age of the 
adult than adolescent MDD sample, and may be suggestive of a more pronounced effect of aging 
on cortical thickness in MDD versus controls69; though longitudinal studies are needed to test the 
hypothesis72. 

In addition to the cortical thickness effects, the ENIGMA MDD Working Group studies 
found that childhood maltreatment severity was associated with smaller middle temporal lobe 
surface area49, that individuals with MDD who attempted suicide versus those who did not had 
smaller left inferior parietal lobe surface area60, and that a higher polygenic risk score for obesity 
correlates significantly with a smaller occipital lobe surface area71.  

Leerssen and colleagues investigated whether insomnia severity was associated with global 
and regional differences in cortical thickness, cortical surface areas, and volumes of subcortical 
regions in a sample of 1,053 individuals with MDD from 15 cohorts worldwide72. Only cortical 
surface area, and neither subcortical volumes or cortical thickness, was predictive of insomnia 
severity in MDD. Regionally, insomnia severity was associated with smaller right insula, left 
inferior frontal gyrus pars triangularis, left frontal pole, right superior parietal cortex, right medial 
orbitofrontal cortex, and right supramarginal gyrus surface area.  

 
Surface area in 22q11DS 
 
Sun and colleagues collected imaging data from 474 subjects with 22q11DS and 315 typically 
developing, matched controls from 10 centers worldwide and investigated distinct neuroanatomic 
signatures of 22q11DS70. Compared to healthy controls, individuals with 22q11DS showed 
widespread smaller cortical surface area that was almost twice the effect size of that observed for 
cortical thickness; with the largest effect sizes observed in the parieto-occipital and anterior 
cingulate regions (Figure 1C). Larger deletion size was associated with significantly smaller 
cortical surface area.  
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To examine how precisely 22q11DS subjects could be differentiated from controls based 
upon cortical measures, a machine-learning based classification analysis was also performed. 
Cases and controls with 22q11DS were classified with an accuracy of 93.8% based on 
neuroanatomical patterns; the top five features contributing to the classification were surface area 
in the left caudal anterior cingulate, precentral gyrus, and bilateral cuneus, and cortical thickness 
in the left insula. 
 
White Matter 
 
Diffusion tensor imaging in schizophrenia 
  
Kelly and colleagues performed a meta-analysis of white matter (WM) abnormalities based on 
diffusion tensor imaging (DTI) data from 1,963 individuals with schizophrenia and 2,359 healthy 
controls based on 29 international samples73. Individuals with schizophrenia showed widespread 
lower fractional anisotropy (FA) compared to healthy controls; with the largest effect size for 
global average FA, followed by the anterior corona radiata, the whole corpus callosum (CC) and 
its body (BCC) and genu (GCC). Regional specificity was examined by statistically controlling 
for mean FA in the entire TBSS skeleton, mean FA in JHU (Johns Hopkins University) atlas ROIs 
(core), and mean FA outside the JHU atlas ROIs (periphery). When statistically controlling for 
mean FA in the entire TBSS skeleton or mean FA in the periphery, individuals with schizophrenia 
no longer showed significantly lower FA that survived multiple comparisons in any of the JHU 
ROIs. These findings suggest predominantly global rather than regional effects of schizophrenia 
diagnosis on FA. Compared to controls, individuals with schizophrenia showed significantly 
higher mean diffusivity (MD) and significantly higher radial diffusivity (RD) overall. The 
observed effects were greater and most widespread for RD. No significant association was 
observed between FA and age of onset, severity of symptoms, or medication dosage. 
 
Diffusion tensor imaging in bipolar disorder 
 
Favre and colleagues reported on a mega- and meta-analysis of white matter (WM) abnormalities 
based on diffusion tensor imaging (DTI) data from 1,482 individuals with bipolar disorder (BD) 
and 1551 healthy controls from 26 samples worldwide47. The mega-analysis found significantly 
lower FA in individuals with BD compared to healthy controls in 29 out of 43 JHU atlas ROIs 
with the largest effect sizes in the whole corpus callosum (CC), followed by the body and genu of 
the CC and the bilateral cingula. The meta-analysis found very similar effects but with somewhat 
lower effect sizes. Within the patients, lithium intake, later onset, and shorter disease duration were 
associated with higher FA in multiple ROIs.  
 
Diffusion tensor imaging in major depressive disorder 
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Van Velzen and colleagues investigated white matter alterations in 1,305 MDD patients and 1,602 
healthy controls from 20 cohorts worldwide74. This analysis included both adults and adolescents 
with MDD. They reported subtle, but distributed, lower fractional anisotropy (FA) in adult MDD 
patients compared with healthy volunteers in 16 out of 25 regions of interest. The regions that 
contributed most strongly to the overall effect of the lower FA were the corona radiata and corpus 
callosum. Widespread higher radial diffusivity (RD) was also found. The WM abnormalities in 
adult MDD appeared to be driven by patients with multiple depressive episodes and adult age of 
onset. After false discovery rate (FDR) correction, no significant differences were found in FA, 
axial diffusivity (AD), mean diffusivity (MD), or RD between adolescents with MDD and healthy 
volunteers.  
 
Diffusion tensor imaging in 22q11DS 
 
Villalón-Reina and colleagues investigated WM microstructure alterations in 22q11DS using a 
meta- and mega- analysis based on ENIGMA’s harmonized analysis protocol in a sample of 334 
participants with 22q11DS and 260 healthy volunteers48. The mega- and meta-analysis showed 
almost identical results for overall 22q11DS-related abnormalities in FA, MD, AD and RD. 
Compared to healthy controls, individuals with 22q11DS had lower MD, AD, and RD, with the 
largest effect sizes in regions with major cortico-cortical and cortico-thalamic fibers: the corona 
radiata, corpus callosum, superior longitudinal fasciculus, posterior thalamic radiations, and 
sagittal stratum. Higher AD in patients with 22q11DS was detected only in the posterior limbs of 
the internal capsule (IC). Patients with 22q11DS had higher mean FA in the corpus callosum and 
projection fibers (IC and corona radiata) compared to controls, but lower FA than controls 
primarily in areas with associative fibers. Of note, the WM microstructural changes in 22q11DS 
with psychosis had a pattern opposite to that seen in idiopathic schizophrenia, with predominantly 
higher FA (not lower) and lower diffusivities (rather than higher). No consistent effect of deletion 
size on WM architecture was detected. Also, the relationship between WM microstructure and IQ 
was similar between the 22q11DS participants and healthy volunteers.  
 
Cross Disorder Comparisons 
 
The use of the same analysis methods across the different disorder Working groups in ENIGMA 
allows for the comparison of the patterns of brain abnormalities across disorders. These 
comparisons can be performed by comparing meta-analysis findings as well as by pooling 
individual subject-level data across disorders for cross disorder mega-analyses.  

Family and genetic studies have shown larger overlap between schizophrenia and bipolar 
disorder than between schizophrenia or bipolar disorder and major depressive disorder75–77. In 
addition, a 22q11DS diagnosis is associated with a 20-30% increased risk for psychosis78. Based 
on these findings, one may predict more similar brain abnormalities between schizophrenia and 
bipolar disorder, and schizophrenia and 22q11DS, than between schizophrenia, bipolar disorder, 
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or 22q11DS and major depressive disorder in brain imaging measures that share genetic liability 
for these disorders.  

Here we graphically represent the overlap in patterns of brain abnormalities between the 
disorders - using profile plots, similar to those used for neuropsychological profiles79. The 
presented case-control Cohen’s d effect size profile plots are sorted based on the observed effect 
sizes in schizophrenia. All plots were produced separately for subcortical volumes, regional 
cortical thickness, surface area, and fractional anisotropy. We also present cross disorder Spearman 
rank correlations for each of these brain measures separately. Given that cortical data is non-
independent, due to surface-based smoothing, the significance of the between disorder Spearman 
rank correlations was tested using the spin test80, while the significance of deep brain structure 
volumes and regional FA were tested using the ‘shuf’ test (1,000 rotations or permutations each); 
both implemented in the ENIGMA Toolbox81. For comparison purposes, permutation testing was 
only completed between groups with complete effect size data for all regions of interest (i.e., 
correlations with 22q11DS FA were excluded from permutation testing). 

In general, the effect size profiles of deep brain structure abnormalities show larger effects 
for SZ than for BD and MDD. In contrast to MDD, both schizophrenia and bipolar disorder are 
associated with larger lateral ventricle volume. The 22q11DS profile shows a substantially 
different profile from the other groups with significantly larger nucleus accumbens and caudate 
volumes that were not observed in any of the other groups, as well as a very large effect size for 
the lateral ventricles. However, the profile of 22q11DS subjects with psychosis (22qP) versus those 
without psychosis (22qNP) is more severe but highly similar to that of schizophrenia, with the 
exception of the lateral ventricles which were not significantly larger in 22q11DS subjects with 
versus without psychosis. In terms of Spearman rank order correlations, SZ, BD, MDD and 22qP 
showed very high correlations (r range: 0.88-0.98, all p=0.001) while correlations between all the 
groups with 22q were moderate (r range: 0.52-0.63; p(22q-22qP)=0.049, all other p> 0.05; see 
Figure 2). 

 
--- insert Figure 2 about here --- 

 
The effect size profiles of cortical thickness abnormalities also show more severe effects 

for schizophrenia than for bipolar disorder and major depressive disorder. Again, the 22q11DS 
(22q) profile shows a substantially different profile from all the other groups, while the profile of 
22qP, is most similar to that of SZ and BD. In terms of Spearman rank order correlations, the 
profiles of SZ and BD show a more than two times higher correlation (r=0.75; p=0.001) than those 
between SZ and MDD and BD and MDD (r=0.29, p=0.045 and 0.28, p=0.026, respectively). The 
correlations between 22q11DS and the other groups range from -0.29 to 0.15 [p(22q-BD=0.019, 
all other p>0.05]. 22qP was positively correlated with both SZ and BD (both r=0.48, p=0.003 and 
0.005, respectively) but not MDD (r=-0.4; p>0.05; see Figure 3). 

 
--- insert Figure 3 about here --- 
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The effect size profiles for cortical surface abnormalities also show more severe effects for 

SZ than for BD and MDD. The effect size profiles for 22q11DS (22q) are highly variable and 
those for 22qP also show more variability than those for SZ, BD, and MDD. The Spearman 
correlation between the SZ and BD profile (r=0.3; p=0.006) is 6 times higher than between the SZ 
and MDD profiles (r=0.05; p>0.05) and almost 3 times higher than between the BD and MDD 
profiles (r=0.11; p>0.05). The correlations between 22q11DS and the other groups range from -
0.17 to 0.16 (p>0.05). The 22qP profile showed small positive correlations with those of SZ and 
BD (r=0.18; p>0.05 and 0.21; p=0.0485, respectively) that, while not statistically significant, are 
almost twice as large as the correlation with the MDD profile (r=0.10; p>0.05; see Figure 4). 

 
--- insert Figure 4 about here --- 

 
The effect size profiles of fractional anisotropy abnormalities show more severe effects for 

schizophrenia than for major depressive disorder with more variable effect sizes in bipolar 
disorder; some of the effect sizes in bipolar disorder are similar or stronger than those in 
schizophrenia, while others are similar or less severe than those reported in MDD. In terms of 
Spearman rank correlations the SZ effect size profile showed an almost 3 times higher correlation 
with BD and MDD (r=0.66; p=0.001, and 0.72; p=0.001, respectively) than between BD and MDD 
(r=0.24, p>0.05). The higher variable profile for 22q11DS showed near 0 correlations with all 
three disorders (r range: -0.06-0.02; no shuf test was performed due to missing data for some 
regions of interest; see Figure 5). 
 

--- insert Figure 5 about here --- 
 

Discussion 
 
In this cross-disorder review of ENIGMA findings, we separately compared effect size profiles for 
subcortical volumes, cortical thickness, cortical surface area, and regional fractional anisotropy 
across three neuropsychiatric disorders and one rare genetic disorder that is associated with 
increased risk for several neuropsychiatric illnesses; in particular psychosis. We found that the 
severity of brain abnormalities generally scales across psychiatric disorders (in the order 
SZ>BD>MDD) and is the largest in 22q11DS. Most case-control effect sizes are in the same 
direction, with the notable exception of the predominantly thicker cortex in 22q11DS. While 
perhaps somewhat surprising given that 22q11DS is associated with increased risk for several 
neuropsychiatric disorders, thicker cortex is observed in several other severe developmental 
disorders with a genetic basis82–84. Though, influences on the brain are multifactorial, and for 
example in 22q11DS also include deleterious effects of disorder-related congenital heart disease 
on cortical thickness85. Moreover, the disorders studied here show varying levels of similarity in 
the pattern of regional distribution. More specifically, while subcortical volumes are more affected 
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in SZ>BD>MDD, their cross-region effect sizes show very high correlations within these three 
disorders and even moderate correlations with those of 22q11DS. The fractional anisotropy effect 
size profiles show that BD is similar to SZ for some regions and similar to MDD in other regions. 
In addition, the pattern of fractional anisotropy effect sizes appears more similar between SZ and 
MDD, than either one of these disorders and BD, and for each of these disorders is very different 
from those reported for 22q11DS. Regional cortical thickness and surface area show between  a 
2.6 to 6 times higher correlation between SZ and BD than between SZ or BD and MDD (see 
Figures 3b & 4b). Likewise, the effect sizes of cortical thickness and surface area of 22q11DS with 
psychosis compared to 22q11DS without psychosis were more comparable to the effect sizes of 
cortical thickness and surface area of SZ and BD than MDD. Both these findings are consistent 
with the substantial genetic overlap between SZ and BD reported in large-scale psychiatric 
genomics studies76. The studies reviewed also suggest significant medication effects, with lithium 
generally associated with larger regional volumes and thicker cortex, antipsychotics and 
anticonvulsants associated with smaller volumes and cortical thickness, and antidepressants 
associated with minimal effects on brain structure; though none of these findings can be interpreted 
as direct effects as they are based on cross sectional data and await confirmation via randomized 
clinical trials. Taken together, these novel insights have been obtained from the systematic 
application of standardized analytical protocols established through the ENIGMA project. 

Comparisons of within-disorder case-control effect sizes from independent studies have 
reported high correlations. For instance, correlations of schizophrenia versus control deep brain 
structure effect size profiles based on three independent reports -the ENIGMA Schizophrenia 
Working Group51, Cognitive Genetics Collaborative Research Organization (COCORO)86,87, and 
a third independent cohort11- showed correlations of about 0.98; for review see88. Similarly, case-
control fractional anisotropy effect sizes based on ENIGMA47,73,74 and COCORO89 studies showed 
high (schizophrenia=0.94; bipolar disorder=0.79) to moderate correlations (MDD r=0.47); for 
review see32. These findings suggest that large meta- and mega-analyses can generate reproducible 
structural image profiles for neuropsychiatric disorders.  
 Several studies have compared effect sizes for neuroanatomical abnormalities between 
disorders6,63,70,90. Similar to the current review, Opel and colleagues (2020) performed a cross-
disorder analysis of brain structure differences between healthy volunteers and individuals with a 
psychiatric disorder based upon regional effect sizes. In their cross disorder analysis, they 
computed correlations between combined effect sizes of both regional cortical thickness and 
subcortical volumes acquired from mega- and meta-analyses published by the ENIGMA 
consortium90; though they combined subcortical volumes and cortical thickness and the type of 
correlation reported (e.g., Pearson or Spearman) is unclear. They found that brain structural 
abnormalities in BD, SZ and obsessive-compulsive disorder were highly correlated. The most 
pronounced correlations observed were similar to those observed in our cross-disorder analysis, 
namely between BD and SZ. Our review adds to the findings by Opel and colleagues (2020) in 
that it reports separate Spearman correlations for deep brain structures and cortical thickness as 
well as for surface area and fractional anisotropy and that it included effect sizes for 22q11DS 
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versus controls and 22q11DS with versus without psychosis. More recently, Koshiyama et al.89 
reported cross-disorder analysis of white matter abnormalities. Consistent with our between-
disorder comparisons of case-control group differences in effect sizes in fractional anisotropy, they 
found that SZ and BD showed more severe effects than MDD when compared to controls. 
However, our Spearman rank correlations suggest more overlap in the overall brain pattern of 
white matter structural abnormalities between SZ and MDD than between BD and either SZ or 
MDD; perhaps because some of the regions of interest in BD show similar effect sizes to those 
observed in SZ, while others show similar effect sizes to those observed in MDD.  

Overall, our findings suggest that mean multivariate patterns of brain abnormalities in 
psychiatric disorders provide additional information beyond the comparisons of individual brain 
regions between disorders. For instance, the pattern of higher similarity in cortical thickness and 
surface area between SZ and BD than between either disorder and MDD mimics the level of 
genetic overlap between these three disorders. This overlap is consistent with prior findings that 
have directly tested genetic overlap in risk for SZ and brain structure. Direct assessments of 
pleiotropy for disorders and brain structure have found evidence for the shared genetic basis of SZ 
and regional cortical thickness and surface area91,92 and are starting to examine such contributions 
based on cross disorder data92. However, it is unknown whether group-level multivariate patterns 
of brain abnormalities are informative with regard to identifying individuals or clusters of 
individuals who may be more similar, either genetically, with regard to symptom profiles, 
treatment, or prognosis.  

Several studies have started assessing individual subject level multivariate structural brain 
patterns either based on the modeling of data of individual samples93–97 or by making use of 
expected patterns of abnormalities reported in meta- and mega-analyses32,98. What these studies 
seem to suggest is that while mean patterns within a disorder appear to be highly replicable, there 
is substantial heterogeneity among patients within each of these diagnostic categories. More work 
is needed to identify the most informative multivariate brain pattern measures for different brain 
imaging modalities or whether multivariate brain patterns can help identify new genetic risk loci. 
In addition, more work is needed to determine whether multivariate brain patterns map onto 
Research Domain Criteria (RDoC) dimensions that may move us away from treating categorical 
diagnosis to treating dimensions of psychopathology99,100. Our ability to ultimately make 
individual level predictions of outcomes or prognosis, is particularly relevant in the area of clinical 
high risk for psychosis101. This type of individual-level predictions will require resolution of this 
heterogeneity either through identification of clusters of patients with similar genetic, behavioral, 
and/or brain profiles or the use of more advanced models. Those models will ideally make use of 
objective data; possibly including genomic and multi-modal imaging data and also taking 
advantage of developments in classification and predictive capabilities provided by machine and 
deep learning, and Bayesian statistics. 

One strength of the study is that the effect sizes used for the cross disorder comparisons 
are based on some of the largest meta- and mega- analyses published to date, which have shown 
highly replicable results. Another strength is that the effect sizes of each disorder were obtained 
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using similar imaging, quality assurance, and statistical methods and that the figures presented are 
all on the same scale, which facilitates comparisons between groups. Finally, this study compared 
the effect sizes from all the structural phenotypes for these four disorders from ENIGMA meta- 
and mega-analyses published to date. 

Several weaknesses should be noted. First, given that we set out to rank order effect sizes 
of brain abnormalities within each disorder, we based our current between-disorder comparisons 
on visual review of the effect size patterns and Spearman rank correlations. The advantage of 
Spearman rank correlations is that they avoid assumptions of normal distribution of data. However, 
comparisons using Pearson’s correlations, intraclass correlations (consistency, or absolute 
agreement), or similarity/dissimilarity matrices could yield additional insights and should be 
explored in future work. Second, the effect sizes compared in the current review are mostly based 
on individuals with disorders who were medicated and thus the findings may be confounded by 
treatment. More reports on effect sizes for unmedicated or mediation-naive patient groups are 
needed in order to compare morphological similarities and differences between disorders 
independent of treatment effects. Third, this study does not take into account possible overlap in 
controls between some of the ENIGMA studies. Though, an ongoing cross-disorder mega-analyses 
is removing any overlapping controls from its analysis. Fourth, the profiles reported in this review 
are based on data from regions of interest (ROI) and it is likely that profiles based on voxel wise 
or vertex wise analysis (e.g., cortical or deep brain structure shape, once completed by all Working 
Groups) will provide additional information. Finally, a limitation of the ENIGMA studies thus far 
has been that the analysis pipelines have predominantly relied on FreeSurfer102 and FSL’s 
TBSS103,104. These analysis platforms produce highly reliable brain measures but replication of 
findings using additional imaging methods could guard against possible biases in image analysis 
software.  
 In conclusion, this study reviewed the patterns of effect sizes for structural brain 
abnormalities in psychiatric disorders as well as influences of illness characteristics (e.g., recurrent 
depressive episodes, symptom severity) and their treatments; sometimes in opposing directions. 
While deep brain structure volumes are more affected in SZ>BD>MDD, their cross-region effect 
sizes rankings are very highly correlated within these three disorders and even moderately 
correlated with those of 22q11DS. The ranking of fractional anisotropy effect sizes appears more 
similar between schizophrenia and MDD, than either one of these disorders and bipolar disorder, 
and for each of these disorders is very different from those reported for 22q11DS. Finally, regional 
cortical thickness and surface area show higher correlation between SZ (idiopathic and 22q11DS 
psychosis) and BD, than between SZ or BD and MDD, consistent with shared genetic or 
environmental influences for SZ and BD. 
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Figure Legends 
 
Figure 1. Maps of Case-control Effect Sizes by Disorder 
 
A. Subcortical structures, B. Cortical Thickness, C. Cortical Surface Area.  
SZ = Schizophrenia, BD = Bipolar Disorder, MDD = Major Depressive Disorder, 22q = 22q11.2 
deletion syndrome, 22qP = 22q11.2 deletion syndrome with Psychosis. 
 
Figure 2. Profile and Spearman Correlation Plots for Case-control Subcortical Volume Effect 
Sizes across Disorders  
 
A. Effect size profiles by disorder; B. Between disorder Spearman rank correlations. SZ = 
Schizophrenia, BD = Bipolar Disorder, MDD = Major Depressive Disorder, 22q = 22q11.2 
deletion syndrome, 22qP = 22q11.2 deletion syndrome with Psychosis. Effect sizes for mean 
subcortical volumes were reported for SZ, BD, and MDD. The BD and MDD studies did not 
report effect sizes by hemisphere. The 22q11DS study only reported effect sizes for the left and 
right hemispheres separately and these were averaged.  
 
Figure 3. Profile and Spearman Correlation Plots for Case-control Cortical Thickness Effect Sizes 
across Disorders 
 
A. Effect size profiles by disorder; B. Between disorder Spearman rank correlations. SZ = 
Schizophrenia, BD = Bipolar Disorder, MDD = Major Depressive Disorder, 22q = 22q11.2 
deletion syndrome, 22qP = 22q11.2 deletion syndrome with Psychosis. 
 
Figure 4. Profile and Spearman Correlation Plots for Case-control Surface Area Effect Sizes 
across Disorders 
  
A. Effect size profiles by disorder; B. Between disorder Spearman rank correlations. SZ = 
Schizophrenia, BD = Bipolar Disorder, MDD = Major Depressive Disorder, 22q = 22q11.2 
deletion syndrome. 
 
Figure 5. Profile and Spearman Correlation Plots for Case-control Fractional Anisotropy Effect 
Sizes across Disorders  
 
A. Effect size profiles by disorder; B. Between disorder Spearman rank correlations. SZ = 
Schizophrenia, BD = Bipolar Disorder, MDD = Major Depressive Disorder, 22q = 22q11.2 
deletion syndrome. Effect sizes for several regions of interest were not computed in the 22q11.2 
deletion syndrome study.  
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Figure 1. Maps of Case-control Effect Sizes by Disorder 
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Figure 2. Profile and Spearman Correlation Plots for Case-control Subcortical Volume Effect Sizes across Disorders 
A       B 
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Figure 3. Profile and Spearman Correlation Plots for Case-control Cortical Thickness Effect Sizes across Disorders 
A                  B 
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Figure 4. Profile and Spearman Correlation Plots for Case-control Surface Area Effect Sizes across Disorders 
A                    B 
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Figure 5. Profile and Spearman Correlation Plots for Case-control Fractional Anisotropy Effect Sizes across Disorders 
A             B 
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Table 1. Studies of ENIGMA SZ, BD, MDD, and 22q11DS Disorder Working Groups 
Working 
Group 

Study 
(author, 

year) 

Cohort N Age Range 
(Years) 

Imaging 
Modality 

Main Findings 

SZ van Erp et 
al. 201651 

15 SZ:2028 
HC:2540 

SZ:23-42 
HC:22-43 

sMRI(FreeSur
fer subcortical 

volume) 

SZ had smaller hippocampus (Cohen’s d = -0.46), amygdala (d = -0.31), thalamus 
(d = -0.31), accumbens (d = -0.25) and intracranial volumes (d = -0.12), as well as 
larger pallidum (d = 0.21) and lateral ventricle volumes (d = 0.37). 

Kelly et al. 
201773 
 
 

29 SZ:1963 
HC:2359 

SZ:18-77 
HC:18-86 

DTI (FA, RD, 
MD and AD) 

SZ had a widespread, significant reduction in FA. Effect size was the greatest for 
the entire WM skeleton (d = 0.42), anterior corona radiata (d = 0.40) and corpus 
callosum (d = 0.39). 
This study shows robust and widespread WM changes in schizophrenia. 

Walton et 
al. 201765 

17 SZ:1987 SZ:28–43 sMRI(FreeSur
fer superior 
temporal 
gyrus 
thickness) 

Severity of positive symptoms was negatively associated with superior temporal 
gyrus thickness of both hemispheres(ßstd = -0.052; P = 0.021; right: ßstd= -0.073; 
P = 0.001), controlling for age, sex, and site. 

Walton et 
al 201866 

17 SZ:1985 SZ:28–43 sMRI(FreeSur
fer medial 
orbitofrontal 
cortex 
thickness) 

Severity of negative symptoms was negatively associated with medial 
orbitofrontal cortex thickness(βstd = -0.075; p = 0.019), controlling for age, sex, 
and site 

van Erp et 
al. 201864 

39 SZ:4474 
HC:5098 

SZ:11-78 
HC:10-87 

sMRI(FreeSur
fer cortical 
thickness and 
surface area) 

SZ had a widespread reduction in cortical thickness (left/right 
hemisphere:Cohen’s d = -0.530/-0.516) and surface area(left/right 
hemisphere:Cohen’s d = -0.251/-0.254) with the greatest effect sizes for both in 
frontal and temporal lobe regions. 

Holleran et 
al. 2020105 

11 SZ:760 
HC:957 

NA DTI(gFA, LA-
gFA) 

gFA explained a significant amount of cognitive variation and similar effect sizes 
were observed in both patients (effect size = 0.20) and healthy participant groups 
(effect size = 0.32). Comparable patterns of association were also observed 
between LA-gFA and cognition. However, this association was unrelated to 
diagnosis. 
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BD Hibar et al. 
201655 

20 BD: 1710 
HC: 2594 

NA sMRI(FreeSur
fer subcortical 
volume and 
intracranial 
volume) 

BD had a significant volume reduction for mean hippocampus (Cohen’s d = -
0.232) and thalamus(d = -0.148) and enlarged lateral ventricles (d = -0.260). No 
significant differences in volume between bipolar subtypes with greater 
magnitude differences for BDI with controls. Lithium treatment related to larger 
thalamic volumes. 

Hibar et al 
2018.67 

28 BD:2447 
( adult BD: 
1837) 
HC:4056 
( HC: 2582) 

NA sMRI 
(FreeSurfer 
cortical 
thickness and 
surface area)) 

BD had a thinner cortex in frontal, temporal, parietal regions in both hemispheres 
with greatest effect sizes for left pars opercularis(cohen d = -0.293), left fusiform 
gyrus(cohen d = -0.288) and left rostral middle frontal cortex (cohen d = -0.276). 
A longer duration of illness was associated with a decrease in cortical thickness in 
the frontal, medial parietal and occipital regions. Lithium intake was associated 
with increased cortical thickness and had the largest effects in the left paracentral 
gyrus and the left and right superior parietal gyrus. 

Favre et al. 
201947 

26 BD:1482 
HC:1551 

18-65 for 
both groups 

DTI (FA) BD had a significantly lower FA in 29 regions with greatest effect for the corpus 
callosum (R2 = 0.041, Pcorr < 0.001) and cingulum (right: R2 = 0.041, left: R2 = 
0.040, Pcorr < 0.001). Lithium medication, later onset and shorter disease 
duration were related to higher FA. 

Nunes et al. 
2020106 

13 BD:853 
HC:2167 

NA sMRI 
(regional 
cortical 
thickness, 
surface area, 
subcortical 
volumes) 

Applying machine learning to structural MRI data for differentiating bipolar 
disorders, accuracies ranged from 45.23% to 81.07% according to sites. 
Aggregate subject-level analyses showed the highest accuracy(65.23%).There 
was a substantive agreement between the best performing sites and regions that 
helped identify BD participants in aggregated datasets (Cohen's Kappa = 0.83) 

Haukvik et 
al. 202056 

23 BD:1472 
HC:3226 
 

NA sMRI(FreeSur
fer 
hippocampal 
subfield 
segmentation 
algorithm) 

BD had smaller  hippocampus (Cohen's d = -0.20), cornu ammonis (CA)1 (d = -
0.18), CA2/3(d = -0.11), CA4 (d = -0.19), molecular layer (d = -0.21), granule 
cell layer of dentate gyrus (d = -0.21), hippocampal tail (d = -0.10), subiculum (d 
= -0.15), presubiculum(d = -0.18), and hippocampal amygdala transition area (d = 
-0.17). Lithium use was associated with larger volumes whereas antipsychotic or 
antiepileptic medication use was associated with smaller subfield volumes. 
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McWhinne
y et al. 
202157 

17 BD:1134 
HC: 1601 

NA sMRI(Free 
surfer 
subcortical 
volume, 
lateral 
ventricles 
volume) 

 

BD had  higher body mass index(BMI), larger lateral ventricular volume, and 
smaller volumes of amygdala, hippocampus, pallidum, caudate, and thalamus. 
BMI was positively associated with ventricular and amygdala and negatively with 
pallidal volumes. 18.4 % of the total association between BD and ventricular 
volume was related to the higher body mass index (BMI) in BD (Z = 2.73, p = 
0.006). Other subcortical areas were robustly associated with BD even after 
controlling BMI, and there was no interaction between BD and BMI in relation to 
subcortical brain volume. 

MDD Schmaal et 
al. 201658 

15 MDD:1728 
HC:7199 

NA sMRI 
(FreeSurfer 
subcortical 

volume) 

MDD had a reduced hippocampal volume(Cohen’s d = -0.14, % difference = -
1.24). This effect is largely attributed to recurrent depression(Cohen’s d = -0.17, 
% difference = -1.44) not first onset MDD. Earlier onset age was associated with 
smaller hippocampal (Cohen’s d = -0.20, % difference = -1.85) and amygdala 
volume (Cohen’s d = -0.11, % difference = -1.23) and larger lateral ventricle 
volume (Cohen’s d = 0.12, % difference = 5.11). 

Schmaal et 
al. 201768 

20 MDD:2148 
HC:7957 

NA sMRI(FreeSur
fer cortical 
thickness and 
surface area) 

MDD had a reduced cortical volume in the orbitofrontal cortex, anterior and 
posterior cingulate, insula and temporal lobes (Cohen’s d effect sizes: -0.10 to -
0.14). Patients with the first episode and adult onset showed more pronounced 
cortical thinning in these areas. There was no difference in cortical thickness 
between adolescent patients and controls. The total surface area of the left and 
right hemispheres was smaller in adolescent major depressive disorder. 

Frodl et al. 
201746 

9 MDD:958 
HC:2078 

NA sMRI(FreeSur
fer subcortical 
gray matter 
volume,lateral 
ventricles, and 
total 
intracranial 
volume) 

Significant interactions between childhood adversity, MDD diagnosis, gender, 
and site were apparent. The caudate volume is lower in females, independent of 
MDD, which was associated with increased exposure to adversity in 
childhood(right caudate: F=10.7, p< 0.001, Bonferroni correction: pcorr<0.007; 
left caudate F=13.4, p<0.001, pcorr <0.005). All subcategories of childhood 
adversity were negatively associated with the caudate volume, in females, 
especially emotional and physical negligence (regardless of age, ICV, imaging 
site, MDD diagnosis). 
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Renteria et 
al. 201759 

 MDD with 
suicide 
:451 
MDD 
no 
suicide:650 
HC:1996 

NA sMRI 
(FreeSurfer 
subcortical 
gray matter 
volume, 
lateral 
ventricles, and 
total 
intracranial 
volume) 

MDD with suicidal symptoms had a reduced intracranial volume (P = 4.12 × 10-3) 
or a 2.87% volume reduction (Cohen’s d = -0.284) compared to controls. 

van Velzen 
et al 2018.74 

20 MDD:1305 
HC:1602 

12-88 for 
both groups 

DTI (FA, RD) MDD had a widespread lower FA in 16 out of 25 WM tracts of interest (Cohen’s 
d: 0.12 to 0.26). The most contributing regions were corona radiata and corpus 
callosum regions. Depressive patients also had a widespread higher RD (Cohen’s 
d: 0.12 to 0.18). These effects are largely explained by recurrent depression and 
adult onset depression. 

Tozzi et al 
202049 

12 MDD:1284 
HC:2588 

13-89 for 
both groups 

sMRI 
(FreeSurfer 
cortical 
thickness and 
surface area) 

Childhood maltreatment was inversely related to cortical thickness in the banks of 
the superior temporal sulcus (Wald χ2 = 14.583, p FDR = 0.033, B = -0.001) and 
supramarginal gyrus (Wald χ2= 8.889, p FDR = 0.049, B = -0.001). A significant 
negative effect on the surface area of the middle temporal lobe was also reported 
(Wald χ2 = 12.368, p FDR = 0.015, B = -1.504). Individuals with a history of both 
childhood neglect and abuse were associated with reduced cortical thickness in 
the inferior parietal lobe (Wald χ2 = 15.273, p FDR = 0.023), middle temporal 
lobe (Wald χ2 = 15.273, p FDR = 0.023) and precuneus (Wald χ2 = 15.325, p FDR 
= 0.023). 

Han et al. 
2020107 

19 MDD:2675  
HC:4314  

18-75 for 
both groups 

sMRI(FreeSur
fer cortical 
thickness, 
surface area, 
lateral 
ventricles and 
total 
intracranial 

MDD had a higher brain-predicted age difference (brain PAD) of +1.08 (SE 0.22) 
years (Cohen’s d = 0.14, 95% CI 0.08-0.20).  
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volume) 

de Kovel et 
al. 2019 108 

31(Corti
cal 

regions), 
32(Subc
ortical 

regions) 

Cortical 
regions- 
MDD:2256 
HC:3504 
Subcortical 
regions-
MDD: 
2540 
HC:4230 

NA sMRI(FreeSur
fer subcortical 
volumes, 
cortical 
thickness and 
surface area) 

No significant effects of MDD diagnosis were found for any of the cortical 
thickness, cortical surface, or subcortical volume asymmetry index (AI) after 
correction for multiple testing. The strongest effect of diagnosis involved a 
Cohen’s d value of 0.085 for the superior temporal gyrus thickness AI, which was 
not significant after adjustment for multiple testing. 

Ho et al. 
202061 

10 MDD:1781 
HC: 2953 

NA sMRI (shape 
metrics 
(thickness and 
surface area) 
on the surface 
of seven 
bilateral 
subcortical 
structures: 
nucleus 
accumbens, 
amygdala, 
caudate, 
hippocampus, 
pallidum, 
putamen, and 

Adolescent-onset MDD (≤21 years) had a reduced thickness 

and surface area of hippocampal ammonis cornea (CA) 1 and 

basolateral amygdala (Cohen's d = -0.164 to -0.180). 

Patients with recurrent MDD had lower hippocampal CA1 

and basolateral amygdala thickness and surface area 

(Cohen's d = -0.173 to -0.184) compared to the first 

episode of MDD. 
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thalamus) 

Leerssen et 
al. 202072 

15 MDD:1053 
HC:2108 
BD(clinical 
control):26
0 

13-79 sMRI(cortical 
thickness, 
surface area 
and 
subcortical 
volumes) 

MDD patients with more severe insomnia had a smaller surface area of the right 
insula( f2= 0.02, ΔR2 = 1.5%, pcorr= 0.031), left inferior frontal gyrus pars 
triangularis (f2 = 0.02, ΔR2 = 1.8%, pcorr = 0.018), the left frontal pole (f2 = 0.01, 
ΔR2 =0.6%, pcorr = 0.031), right superior parietal cortex 
(f2 = 0.02, ΔR2 = 1.6%, pcorrected = 0.026), right medial OFC (f2 = 0.02, ΔR2 = 
1.3%, pcorr = 0.031), and the right supramarginal gyrus (f2 = 0.02, ΔR2 = 1.3%, 
pcorrected = 0.031). Associations were specific for insomnia severity and MDD 
diagnosis (not for overall depression severity, HC, BD) 

Opel et al. 
202071 

28 MDD:2901 
HC:3519 

NA sMRI(total 
and regional 
cortical 
thickness and 
surface area 
and measures 
of subcortical 
and 
intracranial 
volumes) 

Obesity was associated with lower cortical thickness (most pronounced in the 
temporo-frontal lobe, maximum Cohen ́s d (left fusiform gyrus) = -0.33), 
regionally specific cortical surface area alterations, and increased subcortical 
volume in the amygdala, the thalamus and the nucleus accumbens. 
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Campos et 
al. 202160 

18 MDD:6448 
(of whom, 
attempted 
suicide:694
) HC:12477 

NA sMRI(regional 
cortical 
thickness and 
surface area 
and measures 
of subcortical, 
lateral 
ventricular, 
and 
intracranial 
volumes) 

Depressed suicidal attempters had smaller volumes in the left and right thalamus 
and right pallidum compared with both clinical (Cohen’s d = -0.13, -0.14, and -
0.12, respectively) and healthy control. Attempeters also had smaller surface area 
in the left inferior parietal lobe after multiple correction when compared with 
clinical control(Cohen’s d = -0.12). 

22q11DS Sun et al. 
201870 

10 22q11DS:4
74 
HC:315 

NA sMRI(FreeSur
fer cortical 
thickness and 
surface area) 

22q11DS had thicker cortical gray matter overall (left/right hemispheres: Cohen’s 
d = 0.61/0.65), but thinner temporal and cingulate cortex. 22q11DS had a smaller 
surface area (left/right hemispheres: d = -1.01/-1.02). These neuroanatomic 
patterns could differentiate 22q11DS with 93.8% accuracy. 22q11DS subjects 
with psychosis showed thinner cortex compared to those without psychosis and 
22q11DS-psychosis and idiopathic schizophrenia showed significant convergence 
of affected brain regions, especially in the frontotemporal cortex. Results showed 
a strong effect of deletion size on local cortical surface area, most notably in the 
frontal and parietal lobes. 

Villalón-
Reina et al. 
201948 

10 22q11DS: 
334 
HC:260 

6-52 for 
both groups 

DTI(FA, MD, 
RD, AD) 

22q11DS had widespread smaller MD, RD, AD, most prominent in areas with 
major cortico-cortical and cortico-thalamic fibers (Cohen’s d= -0.9 to -1.3). 
22q11DS showed higher mean partial anisotropy (FA) in the corpus callosum and 
projection fibers (internal capsule and corona radiata) compared to controls, but 
lower FA than controls primarily in areas with associative fibers. Psychosis of 
22q11DS was associated with a more substantial reduction in diffusion coefficient 
in multiple regions. 

Ching et al. 
202063 

11 22q11DS: 
533 
HC: 330 

6-56 for 
both groups 

sMRI(gross 
volume and 
subcortical 
shape 
morphometry) 

22q11DS had a lower intracranial volume (ICV), thalamus, putamen, 
hippocampus, and amygdala volume and larger lateral ventricles, caudate nucleus, 
and nucleus accumbens (Cohen's d=-0.90-0.93). Results showed widespread 
subcortical structure changes, affected by deletion size and psychotic illness. 
22q11DS with psychosis demonstrated significant convergence with idiopathic 
schizophrenia, and other severe neuropsychiatric illnesses. 
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N, Number; SZ, Schizophrenia; BD, bipolar disorder; MDD, major depressive disorder; 22q11.2 Deletion Syndrome, 22q11DS; HC, Healthy Control; NA, not 
available; DTI, diffusion tensor imaging; FA, fractional anisotropy; RD, radial diffusivity; MD, mean diffusivity; AD, axial diffusivity; gFA, global fractional 
anisotropy component; LA-gFA, fractional anisotropy component for six long association tracts. 
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