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Editorial

Clinical opportunity awaits at the intersection  
of genomics and brain imaging

Carolina Makowski, PhD; Hao Wang, MD; Chi-Hua Chen, PhD

Lower costs of both genotyping and magnetic resonance 
imaging (MRI) acquisition have provided an unprecedented 
opportunity to understand how genetic factors shape brain 
morphology. These findings, in turn, may help us better 
under stand the pathophysiology of various neurologic and 
mental health disorders that pose a significant global dis-
ease burden.1

Genome-wide association studies (GWASs) scan through 
millions of common genetic variants to find loci that are sig-
nificantly linked to phenotypes of interest. These common 
variants, also known as single nucleotide polymorphisms 
(SNPs), are found in a sizable fraction (i.e., 1 % or more) of the 
population. The GWAS approach has helped the field move 
beyond classic candidate gene studies (e.g., COMT) and asso-
ciations with brain morphology and connectivity that perme-
ated the field a decade ago but have since been shown to have 
poor reproducibility.2 Multiple GWASs have recently been 
published to better understand the genetic architecture of var-
ious brain features,3,4 such as MRI-derived cortical features,5–8 
subcortical structures9 and white matter features.10,11 The cor-
tex in particular has been of utmost interest to neuroscientists 
given that its unique expansion in humans has coincided with 
the emergence of complex behaviours.12

It is well known in neuroimaging studies that different 
brain atlases, or the way different regions of interest are de-
fined, can have a significant impact on findings. This meth-
odological choice is equally important for genomic studies in-
tegrating brain imaging data. Many previous cortical GWASs 
have been successful in identifying novel genetic variants 
under lying morphological features of the brain, but typically 
define brain regions based on anatomical (e.g., sulcal/gyral) 
patterns. A recent publication from our group harnessed gen-
etic information to draw regional brain boundaries, poten-
tially improving discovery of genetic loci linked to the cortex 
compared with previous studies.5

These genetically informed brain atlases,8,13,14 comprising 
12 surface area and 12 thickness regions (Figure 1), conform 
to known patterns of genetically mediated cortical patterning 

during neurodevelopment and have been independently rep-
licated.15,16 Genetic cortical patterning includes features such 
as the anterior–posterior axis, describing developmental ef-
fects of brain expansion or surface area, as well as identifica-
tion of functional brain regions underlying complex traits in 
humans, such as the dorsolateral prefrontal cortex and its 
role in working memory. These atlases also show striking 
concordance between the genetic divisions of the brain and 
the boundaries of various functional regions that clinicians 
are already familiar with in their neuroanatomical assess-
ment of patients (e.g., orbitofrontal cortex and its links to de-
pression, anteromedial temporal cortex and epilepsy). Our 
aim in this editorial is to help clinicians sift through the 
wealth of data that GWAS provides, using the clinically 
meaningful anatomical patterns and genes described in our 
latest work as an example.

Neuroanatomy — genetic variability shapes 
regions of the brain differently

The genetically based atlas of the human cortex depicted in 
Figure 1B,8 initially derived from the MRI data of more than 
400 twins using a data-driven fuzzy clustering algorithm,13,14 
set the foundation for the discovery of 440 genetic loci (and 
nearly 800 significant loci in a meta-analysis combining total 
samples) underlying cortical surface area and thickness of the 
human brain, which we will hereafter refer to as cortical mor-
phology for brevity. As mentioned, some of the boundaries 
in our genetically based atlas follow traditional gyral-based 
patterns (e.g., inferior and parietal area), whereas some di-
verge (e.g, no distinction between dorsomedial frontal and 
orbitofrontal regions for the area atlas).13 Given the nontrivial 
nature of mapping loci to genes owing to intergenic loci and 
the complex correlated structure between SNPs, multiple 
workflows have been recommended to improve accuracy of 
identifying plausible genes. One such gene-mapping strategy 
is based on positional information with the MAGMA tool;17 
another method additionally incorporates gene expression 
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Figure 1: (A) Coronal MRI slice and inset schematic outlining the relationship between surface area, cortical thickness, and volume. (B) Gen-
etically informed brain atlases of surface area and cortical thickness. Note: these brain regions are displayed on a smooth version of the brain 
that does not delineate sulcal/gyral patterns. MRI = magnetic resonance imaging; SMA = supplementary motor area.

12. occipital

8. anteromedial temporal
3. dorsomedial frontal

11. precuneus

A

Surface area (mm2)
Cortical thickness (mm)

Volume (mm3)

8. temporal pole
7. ventral frontal1. motor–premotor–SMA

2. superior parietal

5. occipital 11. dorsolateral prefrontal

9. medial temporal

6. ventromedial occipital

3. inferior parietal
4. perisylvian

12. medial prefrontal

10. middle temporal

7. posterolateral temporal

6. superior temporal

1. motor–premotor

10. superior parietal4. orbitofrontal

2. dorsolateral prefrontal

Surface area

Cortical thickness

5. pars opercularis, subcentral

9. inferior parietal

B

7
6

2

1
10

9

5

4

12

8

3
11

10
8

11

1
3

4

5

2

7

9

12

6



Genomics and brain imaging

 J Psychiatry Neurosci 2022;47(4) E295

and other epigenomic annotations (e.g., FUMA18). In our 
study, these 2 approaches yielded 575 and 915 genes, respect-
ively, associated with cortical morphology.5 Single-cell data 
profiling accessible chromatin can also add to gene mapping 
efforts. These genes are then annotated for significant bio-
logic al pathways to help with the functional interpretation of 
significant loci that have identified pathways related to de-
velopment and morphogenesis in cortical GWASs.5,6,8 It is im-
portant to bear in mind that these mapped genes are putative 
causal genes only, given that GWAS associations do not di-
rectly yield a gene target or mechanistic insight.19,20 Mapping 
strategies to identify causal genes from GWAS has proven to 
be challenging, but is an active area of research, for instance 
by leveraging gene expression data to bring us a step closer 
to causal genetic mechanisms.19,21,22

Collectively, cortical phenotypes have moderate to high 
heritability (area 0.27; thickness 0.20 on average8), compared 
with other commonly studied phenotypes in humans (mean 
heritability of 0.22 across 28 complex phenotypes23). Herit-
ability is an estimate of the amount of variation in a pheno-
type that can be explained by genetic differences. Specifically, 
GWAS typically uses measures of SNP-based heritability to 
quantify the overall contribution of the additive effects of all 
SNPs (capturing a fraction of twin heritability). Given that 
subtle alterations in structural brain measures may reflect en-
dophenotypes of neuropsychiatric disorders,24,25 uncovering 
the genetic underpinnings of brain structure can, in turn, pro-
vide important clues into neuropsychiatric conditions.

Pathophysiological implications — genes 
related to brain structure/development are also 
related to disease

There is notable overlap between disease-related genes re-
ported previously and genes associated with cortical pheno-
types. Our recent work8 nonexhaustively included these links 
based on their genetic discovery in a supplementary table 
based on the Genetics Home Reference database. This is a 
data source similar to Online Mendelian Inheritance in Man 
(OMIM) in which many gene–phenotype associations are 
from monogenic disorders or conditions attributable to genes 
with large effects. Cortical GWAS are often conducted on 
nonclinical data; thus, discovered loci reflect genetic effects 
on normative variation of the brain. However, these loci 
could be pleiotropic between brain structure and diseases or 
point toward a continuous spectrum of genetic effects from 
normal neurodevelopment to aberrant phenotypes. We high-
light some key findings for disorders commonly encountered 
by clinicians, and add some examples from recent psychiatric 
GWASs in Table 1. Although experimental validation of the 
causal impact of many of these genes is still needed, several 
have been tied to biological processes involving brain de-
velopment, for instance through the role of PTCH1 in SHH- 
mediated signalling and regulation of neurodevelopment.26

Spontaneous mutations with congenital neuroanatomical 
anomalies also offer a natural opportunity to glean insights 
into the genetic control of cortical development. Focal poly-
microgyria is an example of a genetically determined cortical 

malformation that develops only in specific regions of the 
cortex, strongly supporting the notion of regional genetic in-
fluences on cortical area development.27 Among the identi-
fied genes in our recent work,8 TUBB was linked to postero-
lateral temporal surface area. Tubulin gene subclasses are 
widely expressed in the developing brain,28 and have also 
been linked to cortical morphology and asymmetry in previ-
ous GWASs.6,29 There was also genetic overlap with holo-
prosencephaly, a common developmental defect where the 
cerebral hemispheres fail to separate properly.30 Holoprosen-
cephaly has been attributed to a gain-of-function mutation or 
duplication of PTCH1, a gene found to be associated with oc-
cipital, posterolateral temporal, dorsomedial and orbitofron-
tal cortical morphology5,8,31 as well as microstructure of the 
uncinate fasciculus.10 Additionally, ZIC1 and ZIC4 have been 
mapped to the surface area of frontoparietal cortices.5,8 Both 
of these genes in the zinc finger protein family have been pre-
viously associated with holoprosencephaly and forebrain 
and pontocerebellar anomalies,32 notably in Dandy–Walker 
malformation.33

Beyond structural malformations, the complex genetic 
signal uncovered in cortical GWASs vary by brain region 
and may help bridge the knowledge gap between regional 
cortical morphology and diseases. This is particularly rele-
vant for neurodevelopmental disorders with subtle neuro-
imaging features, such as autism spectrum disorder (ASD). 
We highlight an example in Table 1 linking ASD to 2 genes, 
ASH1L and SYNGAP1. These genes were mapped to the 
surface area of 3 different regions, suggesting they may af-
fect some cortical regions more strongly than others. In-
triguingly, SYNGAP1 has been causally linked to various 
neurodevelopmental disorders, including ASD.34 We also 
found reduced anteromedial temporal surface area to be 
putatively causally linked to ASD,8 comprising regions that 
have also been shown to have reduced brain volume in 
SYNGAP1 heterozygous mutant mouse models.34 It should 
be acknowledged that the nonsignificant cortical–ASD pairs 
in our work may not be true negatives given that, with in-
creasing sample sizes, it is possible other regions may be-
come significant. However, the 3 regions we do find associ-
ated with ASD likely have quite large effects and warrant 
further exploration to help inform the structural basis of 
functional impairments in ASD and related disorders.

We and others5,8 have observed only some significant gen-
etic correlations between cortical morphology and neurologic, 
as well as psychiatric, disorders. This may be in part owing to 
low statistical power, the cumulative gene– environment inter-
actions underlying their complex etiology,35 as well as method-
ological limitations given that the genetic correlation calcula-
tion averages over numerous SNPs. Other statistical methods 
focusing on specific genomic compartments (e.g., regulatory 
regions) could be beneficial. These genetic correlations also 
 excluded the major histocompatibility complex (MHC), a gen-
omic region contributing to psychiatric disorders and cortical 
measures. Apart from methodological choices, some psychi-
atric disorders, such as major depressive disorder, may have 
subtle neuroanatomical phenotypes or are linked more 
strongly to functional changes in neural circuitry, which might 
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explain the challenge in observing their genetic overlap with 
gross neuroanatomical phenotypes.36 More evidence has 
emerged recently, however, for structural abnormalities in 
psychiatric disorders.3 Discovering the biological basis of these 
disorders is a problem psychiatry faces at large, given the 
blurred boundaries and heterogeneous subgroups within cur-
rent diagnostic definitions alongside the polygenic nature (i.e., 
contribution of many genetic variants each with tiny effects) of 
these disorders.37 GWAS approaches integrating brain imaging 
data may have important implications for understanding their 

pathogenesis, as well as moving toward clinical subtyping ef-
forts, particularly for disorders with neurodevelopmental ori-
gins. Methodological advances and larger sample sizes could 
also help further elucidate the genetic overlap between cortical 
morphology and psychiatric disorders. For instance, in our 
 latest work we apply Mendelian randomization21 and find a 
putative causal association between anteromedial temporal 
area and ASD.8 Multivariate techniques or polygenic scoring 
hold promise in deciphering the shared genetic architecture 
between neuroimaging and psychiatric phenotypes.38–40

Table 1: Examples of genes mapped from significant loci associated with cortical phenotypes8*

Group Gene Region(s) Disorder(s)

Brain information TUBB — Class I beta-tubulin
6p21.33

Posterolateral temporal area Complex cortical dysplasia (white matter streaks, 
dysmorphic basal ganglia, corpus callosum 

abnormalities, brainstem and cerebellar hypoplasia, 
cortical dysplasia, polymicrogyria)

PTCH1 — Patched 1 protein
9q22.32

Occipital area, posterolateral 
temporal area

Nonsyndromic holoprosencephaly

ZIC1 — Zinc family member 1
3q24

Inferior parietal area, dorsolateral 
prefrontal area

Dandy–Walker malformation

ZIC4 — Zinc family member 4
3q24

Superior parietal area, inferior 
parietal area, dorsolateral 

prefrontal area

Developmental 
disorders

ASH1L — Histone lysine methyl transferase
1q22

Anteromedial temporal area, 
occipital area

ASD

SYNGAP1 — Synaptic Ras GTPase-
activating protein 1

6p21.32

Posterolateral temporal area

CPD — Carboxypeptidase D
17q11.2

Precuneus area Nonsyndromic hearing loss

MSRB3 — Methionine sulfoxide reductase 
B3

12q14.3

Dorsomedial frontal area, 
precuneus area, posterolateral 

temporal area

MYO6 — Myosin 6
6q14.1

Perisylvian thickness

OTOGL — Otogelin-like protein
12q21.31

Precuneus area

TRIOBP — TRIO and F-actin-binding 
protein

22q13.1

Temporal pole thickness, superior 
parietal thickness

Syndromic 
disorders

RIT1 — Ras-like without CAAX 1
1q22

Anteromedial temporal area, 
occipital area

Noonan syndrome

BBS9 — Bardet–Biedl syndrome 9
7p14.3

Inferior parietal area Bardet–Biedl syndrome

BCS1L — Ubiquinol-cytochrome c 
reductase synthesis-like

2q35

Ventral frontal thickness, 
temporal pole thickness, motor-

premotor-SMA thickness

Leigh syndrome

Neurodegenerative 
disorders

GBA — Glucosylceramidase beta
1q22

Anteromedial temporal area, 
occipital area

Parkinson disease, dementia with Lewy bodies

MAPT — Microtubule associated protein 
tau

17q21.31

Anteromedial temporal area, 
orbitofrontal area, ventral frontal 
thickness, perisylvian thickness

Frontotemporal dementia with parkinsonism, 
progressive supranuclear palsy

Psychiatric 
disorders

MSRA† — Methionine sulfoxide reductase A
8p23.1

Motor-premotor area, perisylvian 
thickness

Bipolar disorder, schizophrenia, ASD, alcohol use 
disorder

MHC locus† — Major histocompatibility 
complex
6p21.3

Posterolateral temporal area Bipolar disorder, schizophrenia, major depressive 
disorder, mood disorders

ASD = autism spectrum disorder; GWAS = genome-wide association study.
*A full list of disease-related genes, defined by the NIH Genetics Home reference database (the current MedlinePlus Genetics) and the Online Mendelian Inheritance in Man (OMIM) 
catalogue, can be found in supplementary Table 11 (title: “Significant mapped genes associated with neurodevelopmental and neurodegenerative disorders, defined by the NIH Genetics 
Home reference database”) of Makowski et al.8

†Genes identified by recent GWASs.41 Gene positions are based on the Genome Reference Consortium human build 37 (GRCh37)/hg19 assembly.
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Future directions

Altogether there is a clear connection among genes, brain 
morphology and brain-related disorders in a biologically 
meaningful way. Recent brain imaging GWASs have pro-
vided new evidence to associate regional brain morphology 
with neuropsychiatric diseases. Genetic testing has already 
been successfully integrated into clinical care in several cases 
for severe neurodevelopmental disorders,42 such as FMR1 for 
Fragile X.43 However there is a need to merge our under-
standing of such disorders with the genetic architecture of 
the brain — a gap that recent work begins to address.5,8,10,31 
Similarly, for common polygenic diseases, it may be fruitful 
to consider polygenic scores, where individual small SNP 
 effects are aggregated into a single score for an individual 
based on their genotype. Combining polygenic scores de-
rived from GWAS results of brain phenotypes with poly-
genic risk scores for psychiatric/neurologic disorders may 
 offer more information to predict an individual’s risk for a 
given clinical variable.

Careful consideration of brain atlases integrated into gen-
omic work is warranted. We have highlighted one set of 
 genetically informed atlases of cortical morphology.13,14 Such 
genetically informed atlases require further replication and 
improvement, which would be a worthwhile endeavour for 
the field of imaging genetics. Following the successful efforts 
of the Human Connectome Project (HCP)44 to incorporate 
multimodal imaging into atlas generation, as well as evi-
dence for common genetic variants contributing to white 
matter and functional imaging phenotypes,45,46 we encourage 
researchers working with different imaging modalities (e.g., 
diffusion/functional MRI and positron emission tomog-
raphy) to explore genetically based parcellations and how 
they could inform associations with psychiatric disorders.

Beyond the brain imaging measures themselves, it will be 
important for the field to also replicate atlases in different 
populations. For instance, the gross cortical patterning cap-
tured by the genetic atlases we define largely remain the 
same with age,47,48 but the extent to which fine-scale re-
gional boundaries differ by factors such as age, sex or an-
cestry still remain unknown. Further, probabilistic methods 
(e.g., “fuzzy” atlases) can be employed in capturing inter-
subject variations or likelihood of regional boundaries.14,49–51 
One of the common denominators of these proposed meth-
ods is the availability of large sample sizes.52 Initiatives such 
as those led by the UK Biobank53 and ENIGMA52,54 are mov-
ing in that direction to increase imaging genetic samples, 
and ongoing harmonization work remains crucial to ad-
dress the heterogeneity present in multisite studies and 
meta-analytic approaches.

Recently discovered genomic loci and mapped genes pro-
vide a valuable resource for necessary future experiments 
and clinical studies, with the overarching goal of assisting 
clinically in evidence-based, personalized anticipatory sur-
veillance and management strategies for patients. It would be 
beneficial for clinicians to be equipped with adequate re-
sources and educational training to remain up to date with 
the latest research advances, including results coming from 

neuroimaging, GWAS and rare variant studies.55 This in turn 
would set the foundation for continued and necessary dis-
course and collaboration between clinicians and researchers 
working in imaging genetics to enhance translational work. 
The intersection of genes associated with both disorders of 
interest and their brain endophenotypes, such as the cortical 
phenotypes we describe, may have important implications 
for understanding the pathophysiology of these disorders 
and ultimately, for advancing precision medicine.

Acknowledgments: The work and authors are supported by the 
 National Institutes of Health under R01MH118281, R56AG061163 
(PI: C.-H. Chen). C. Makowski is also supported by the Canadian 
 Institutes of Health Research (CIHR) and the Kavli Institute for Brain 
and Mind (KIBM).

Affiliation: From the Center for Multimodal Imaging and Genetics, 
Department of Radiology, University of California San Diego, San 
Diego, Cali., USA.

Competing interests: None declared.

Content licence: This is an Open Access article distributed in 
accord ance with the terms of the Creative Commons Attribution 
(CC BY-NC-ND 4.0) licence, which permits use, distribution and re-
production in any medium, provided that the original publication is 
properly cited, the use is noncommercial (i.e., research or educa-
tional use), and no modifications or adaptations are made. See: 
https://creativecommons.org/licenses/by-nc-nd/4.0/

References

 1. Whiteford HA, Ferrari AJ, Degenhardt L, et al. The global burden 
of mental, neurological and substance use disorders: an analysis 
from the Global Burden of Disease Study 2010. PLoS One 2015; 
10:e0116820.

 2. Shen L, Thompson PM. Brain imaging genomics: integrated analysis 
and machine learning. Proc IEEE Inst Electr Electron Eng 2020; 108:125–62.

 3. Thompson PM, Jahanshad N, Ching CRK, et al. ENIGMA and 
global neuroscience: a decade of large-scale studies of the brain in 
health and disease across more than 40 countries. Transl Psychiatry 
2020;10:100.

 4. Smith SM, Douaud G, Chen W, et al. An expanded set of genome-
wide association studies of brain imaging phenotypes in UK Biobank. 
Nat Neurosci 2021;24:737-45.

 5. Grasby KL, Jahanshad N, Painter JN, et al. The genetic architecture 
of the human cerebral cortex. Science 2020;367:eaay6690.

 6. Shadrin AA, Kaufmann T, van der Meer D, et al. Multivariate 
 genome-wide association study identifies 1735 unique genetic loci 
associated with cortical morphology. Neuroimage 2021;244:118603.

 7. Shin J, Ma S, Hofer E, et al. Global and regional development of 
the human cerebral cortex: molecular architecture and occupa-
tional aptitudes. Cereb Cortex 2020;30:4121-39.

 8. Makowski C, van der Meer D, Dong W, et al. Discovery of gen-
omic loci of the human cerebral cortex using genetically informed 
brain atlases. Science 2022;375:522-8.

 9. Satizabal CL, Adams HHH, Hibar DP, et al. Genetic architecture of 
subcortical brain structures in 38,851 individuals. Nat Genet 2019;51: 
1624-36.

10. Zhao B, Zhang J, Ibrahim JG, et al. Large-scale GWAS reveals gen-
etic architecture of brain white matter microstructure and genetic 
overlap with cognitive and mental health traits (n = 17,706). Mol 
Psychiatry 2021;26:3943-55.

11. Fan CC, Loughnan R, Makowski C, et al. Multivariate genome-
wide association study on tissue-sensitive diffusion metrics high-
lights pathways that shape the human brain. Nat Commun 2022; 
13:2423.

12. Rakic P. Evolution of the neocortex: a perspective from develop-
mental biology. Nat Rev Neurosci 2009;10:724-35.



Makowski et al.

E298 J Psychiatry Neurosci 2022;47(4)

13. Chen C-H, Gutierrez ED, Thompson W, et al. Hierarchical genetic 
organization of human cortical surface area. Science 2012;335:1634-6.

14. Chen C-H, Fiecas M, Gutierrez ED, et al. Genetic topography of 
brain morphology. Proc Natl Acad Sci U S A 2013;110:17089-94.

15. Fan CC, Smeland OB, Schork AJ, et al. Beyond heritability: improv-
ing discoverability in imaging genetics. Hum Mol Genet 2018;27: 
R22-8.

16. Couvy-Duchesne B, Strike LT, de Zubicaray GI, et al. Lingual 
gyrus surface area is associated with anxiety-depression severity 
in young adults: a genetic clustering approach. eNeuro 2018;5: 
ENEURO.0153-17.2017.

17. de Leeuw CA, Mooij JM, Heskes T, et al. MAGMA: generalized 
gene-set analysis of GWAS data. PLOS Comput Biol 2015; 11: 
e1004219.

18. Watanabe K, Taskesen E, van Bochoven A, et al. Functional mapping 
and annotation of genetic associations with FUMA. Nat Commun 
2017;8:1826.

19. Schaid DJ, Chen W, Larson NB. From genome-wide associations to 
candidate causal variants by statistical fine-mapping. Nat Rev Genet 
2018;19:491-504.

20. MacArthur DG, Manolio TA, Dimmock DP, et al. Guidelines for in-
vestigating causality of sequence variants in human disease. Nature 
2014;508:469-76.

21. Zhu Z, Zhang F, Hu H, et al. Integration of summary data from 
GWAS and eQTL studies predicts complex trait gene targets. Nat 
Genet 2016;48:481-7.

22. Nasser J, Bergman DT, Fulco CP, et al. Genome-wide enhancer 
maps link risk variants to disease genes. Nature 2021;593:238-43.

23. Zeng J, de Vlaming R, Wu Y, et al. Signatures of negative selection 
in the genetic architecture of human complex traits. Nat Genet 
2018;50:746-53.

24. Matoba N, Love MI, Stein JL. Evaluating brain structure traits as 
endophenotypes using polygenicity and discoverability. Hum 
Brain Mapp 2022;43:329-40.

25. Almasy L, Blangero J. Endophenotypes as quantitative risk factors 
for psychiatric disease: rationale and study design. Am J Med Genet 
2001;105:42-4.

26. Garcia ADR. New tricks for an old (hedge)hog: sonic hedgehog 
regulation of astrocyte function. Cells 2021;10:1353.

27. Rakic P. Neuroscience. Genetic control of cortical convolutions. 
Science 2004;303:1983-4.

28. Romaniello R, Arrigoni F, Fry AE, et al. Tubulin genes and malfor-
mations of cortical development. Eur J Med Genet 2018;61:744-54.

29. Sha Z, Schijven D, Carrion-Castillo A, et al. The genetic architec-
ture of structural left-right asymmetry of the human brain. Nat 
Hum Behav 2021;5:1226-39.

30. Richieri-Costa A, Vendramini-Pittoli S, Kokitsu-Nakata NM, et al. 
Multisystem involvement in a patient with a PTCH1 mutation: 
clinical and imaging findings. J Pediatr Genet 2017;6:103-6.

31. Hofer E, Roshchuupkin GV, Adams HHH, et al. Genetic correla-
tions and genome-wide associations of cortical structure in general 
population samples of 22,824 adults. Nat Commun 2020;11:4796.

32. Aruga J. The role of Zic genes in neural development. Mol Cell 
Neurosci 2004;26:205-21.

33. Grinberg I, Northrup H, Ardinger H, et al. Heterozygous deletion 
of the linked genes ZIC1 and ZIC4 is involved in Dandy-Walker 
malformation. Nat Genet 2004;36:1053-5.

34. Kilinc M, Creson T, Rojas C, et al. Species-conserved SYNGAP1 
phenotypes associated with neurodevelopmental disorders. Mol 
Cell Neurosci 2018;91:140-50.

35. Polderman TJC, Benyamin B, de Leeuw CA, et al. Meta-analysis of 
the heritability of human traits based on fifty years of twin studies. 
Nat Genet 2015;47:702-9.

36. Marín O. Developmental timing and critical windows for the treat-
ment of psychiatric disorders. Nat Med 2016;22:1229-38.

37. Anttila V, Bulik-Sullivan B, Finucane HK, et al. Analysis of shared 
heritability in common disorders of the brain. Science 2018;360: 
eaap8757.

38. Grotzinger AD, Rhemtulla M, de Vlaming R, et al. Genomic struc-
tural equation modelling provides insights into the multivariate 
gen etic architecture of complex traits. Nat Hum Behav 2019;3:513-25.

39. Frei O, Holland D, Smeland OB, et al. Bivariate causal mixture 
model quantifies polygenic overlap between complex traits be-
yond genetic correlation. Nat Commun 2019;10:2417.

40. Dima D, Breen G. Polygenic risk scores in imaging genetics: use-
fulness and applications. J Psychopharmacol 2015;29:867-71.

41. Mullins N, Forstner AJ, O’Connell KS, et al. Genome-wide associa-
tion study of more than 40,000 bipolar disorder cases provides 
new insights into the underlying biology. Nat Genet 2021;53:817-29.

42. Wright CF, Fitzgerald TW, Jones WD, et al. Genetic diagnosis of 
developmental disorders in the DDD study: a scalable analysis of 
genome-wide research data. Lancet 2015;385:1305-14.

43. Monaghan KG, Lyon E, Spector EB. ACMG standards and guidelines 
for fragile X testing: a revision to the disease-specific supplements to 
the Standards and Guidelines for Clinical Genetics Laboratories of the 
American College of Medical Genetics and Genomics. Genet Med 
2013;15:575-86.

44. Glasser MF, Coalson TS, Robinson EC, et al. A multi-modal parcel-
lation of human cerebral cortex. Nature 2016;536:171-8.

45. Zhao B, Li T, Yang Y, et al. Common genetic variation influencing 
human white matter microstructure. Science 2021;372:eabf3736.

46. Zhao B, Li T, Smith SM, et al. Common variants contribute to in-
trinsic human brain functional networks. Nat Genet 2022;54:508-17.

47. Fjell AM, Grydeland H, Krogsrud SK, et al. Development and 
 aging of cortical thickness correspond to genetic organization pat-
terns. Proc Natl Acad Sci U S A 2015;112:15462-7.

48. Peng Q, Schork A, Bartsch H, et al. Conservation of distinct 
 genetically-mediated human cortical pattern. PLoS Genet 2016;12: 
e1006143.

49. Mazziotta JC, Toga AW, Evans A, et al. A probabilistic atlas of the hu-
man brain: theory and rationale for its development. The International 
Consortium for Brain Mapping (ICBM). Neuroimage 1995;2: 89-101.

50. Doucet GE, Lee WH, Frangou S. Evaluation of the spatial variabil-
ity in the major resting-state networks across human brain func-
tional atlases. Hum Brain Mapp 2019;40:4577-87.

51. Eickhoff SB, Stephan KE, Mohlberg H, et al. A new SPM toolbox 
for combining probabilistic cytoarchitectonic maps and functional 
imaging data. Neuroimage 2005;25:1325-35.

52. Medland SE, Grasby KL, Jahanshad N, et al. Ten years of enhancing 
neuro-imaging genetics through meta-analysis: an overview from the 
ENIGMA Genetics Working Group. Hum Brain Mapp 2022;43: 292-9.

53. Bycroft C, Freeman C, Petkova D, et al. The UK Biobank resource 
with deep phenotyping and genomic data. Nature 2018;562:203-9.

54. McMahon MAB, Thompson PM. Enhancing neuro imaging genet-
ics through meta analysis: global collaborations in psychiatry by 
the ENIGMA consortium. Eur Neuropsychopharmacol 2017;27:S715.

55. Nurnberger JI Jr, Austin J, Berrettini WH, et al. What should a 
psych iatrist know about genetics? Review and recommendations 
from the residency education committee of the International Soci-
ety of Psychiatric Genetics. J Clin Psychiatry 2018;80:22411.


