CARDIFF

UNIVERSITY
PRIFYSGOL

Online Research @ Cardiff <&

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository: http://orca.cf.ac.uk/130555/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Grasby, Katrina L., Jahanshad, Neda, Painter, Jodie N., Colodro-Conde, Lucia, Bralten, Janita,
Hibar, Derrek P., Lind, Penelope A., Pizzagalli, Fabrizio, Ching, Christopher R. K., McMahon,
Mary Agnes B., Shatokhina, Natalia, Zsembik, Leo C. P., Thomopoulos, Sophia I., Zhu, Alyssa H.,
Strike, Lachlan T., Agartz, Ingrid, Alhusaini, Saud, Almeida, Marcio A. A., Alnas, Dag, Amlien,
Inge K., Andersson, Micael, Ard, Tyler, Armstrong, Nicola J., Ashley-Koch, Allison, Atkins,
Joshua R., Bernard, Manon, Brouwer, Rachel M., Buimer, Elizabeth E. L., Biilow, Robin, Biirger,
Christian, Cannon, Dara M., Chakravarty, Mallar, Chen, Qiang, Cheung, Joshua W., Couvy-
Duchesne, Baptiste, Dale, Anders M., Dalvie, Shareefa, de Araujo, Tania K., de Zubicaray, Greig I.,
de Zwarte, Sonja M. C., den Braber, Anouk, Doan, Nhat Trung, Dohm, Katharina, Ehrlich, Stefan,
Engelbrecht, Hannah-Ruth, Erk, Susanne, Fan, Chun Chieh, Fedko, Iryna O., Foley, Sonya F., Ford,
Judith M., Fukunaga, Masaki, Garrett, Melanie E., Ge, Tian, Giddaluru, Sudheer, Goldman, Aaron
L., Green, Melissa J., Groenewold, Nynke A., Grotegerd, Dominik, Gurholt, Tiril P., Gutman, Boris
A., Hansell, Narelle K., Harris, Mathew A., Harrison, Marc B., Haswell, Courtney C., Hauser,
Michael, Herms, Stefan, Heslenfeld, Dirk J., Ho, New Fei, Hoehn, David, Hoffmann, Per, Holleran,
Laurena, Hoogman, Martine, Hottenga, Jouke-Jan, Ikeda, Masashi, Janowitz, Deborah, Jansen, Iris

E., Jia, Tianye, Jockwitz, Christiane, Kanai, Ryota, Karama, Sherif, Kasperaviciute, Dalia,

aufmann, Tobias, Kelly, Sinead, Kikuchi, Masataka, Klein, Marieke, Knapp, Michael, Knodt,

R Kramer, Bernd, Lam, Max, Lancaster, Thomas M., Lee, Phil H., Lett, Tristram A.,

opes-Cendes, Iscia, Luciano, Michelle, Macciardi, Fabio, Marquand, Andre F.,

Mathias, Sam Melzer, Tracy R., Milaneschi, Yuri, Mirza-Schreiber, Nazanin, Moreira, Jose

as W., Miiller-Myhsok, Bertram, Najt, Pablo, Nakahara, Soichiro, Nho,

] G ., Orfanos, Dimitri Papadopoulos, Pearson, John F., Pitcher, Toni
¥ Ragothaman, Anjanibhargavi, Rashid, Faisal M., Reay, William R.,

is

maal, Lianne, Schofield, Peter R., Secolin, Rodrigo,
\ mskaya, Elena, Sgnderby, Ida E., Sprooten, Emma,
\ \\ thu, Anbupalam, Tordesillas-Gutiérrez, Diana

\- a Ludovica, van der Mser=Pe va
\ 3. M., van_ M :
\\ > :

erhoef,

information services
gwasanaethau gwybodaeth



G., Cichon, Sven, Curran, Joanne E., Davies, Gareth E., Degenhardt, Franziska, Dennis, Michelle
F., Dietsche, Bruno, Djurovic, Srdjan, Doherty, Colin P., Espiritu, Ryan, Garijo, Daniel, Gil,
Yolanda, Gowland, Penny A., Green, Robert C., Héusler, Alexander N., Heindel, Walter, Ho, Beng-
Choon, Hoffmann, Wolfgang U., Holsboer, Florian, Homuth, Georg, Hosten, Norbert, Jack,
Clifford R., Jang, MiHyun, Jansen, Andreas, Kimbrel, Nathan A., Kolskar, Knut, Koops, Sanne,
Krug, Axel, Lim, Kelvin O., Luykx, Jurjen J., Mathalon, Daniel H., Mather, Karen A., Mattay,
Venkata S., Matthews, Sarah, Mayoral Van Son, Jaqueline, McEwen, Sarah C., Melle, Ingrid,
Morris, Derek W., Mueller, Bryon A., Nauck, Matthias, Nordvik, Jan E., Nothen, Markus M.,
O'Leary, Daniel S., Opel, Nils, Martinot, Marie-Laure Paillere, Pike, G. Bruce, Preda, Adrian,
Quinlan, Erin B., Rasser, Paul E., Ratnakar, Varun, Reppermund, Simone, Steen, Vidar M.,
Tooney, Paul A., Torres, Fabio R., Veltman, Dick J., Voyvodic, James T., Whelan, Robert, White,
Tonya, Yamamori, Hidenaga, Adams, Hieab H. H., Bis, Joshua C., Debette, Stephanie, Decarli,
Charles, Fornage, Myriam, Gudnason, Vilmundur, Hofer, Edith, Ikram, M. Arfan, Launer, Lenore,
Longstreth, W. T., Lopez, Oscar L., Mazoyer, Bernard, Mosley, Thomas H., Roshchupkin,
Gennady V., Satizabal, Claudia L., Schmidt, Reinhold, Seshadri, Sudha, Yang, Qiong, Alvim,
Marina K. M., Ames, David, Anderson, Tim J., Andreassen, Ole A., Arias-Vasquez, Alejandro,
Bastin, Mark E., Baune, Bernhard T., Beckham, Jean C., Blangero, John, Boomsma, Dorret I.,
Brodaty, Henry, Brunner, Han G., Buckner, Randy L., Buitelaar, Jan K., Bustillo, Juan R., Cahn,
Wiepke, Cairns, Murray J., Calhoun, Vince, Carr, Vaughan J., Caseras, Xavier, Caspers, Svenja,
Cavalleri, Gianpiero L., Cendes, Fernando, Corvin, Aiden, Crespo-Facorro, Benedicto, Dalrymple-
Alford, John C., Dannlowski, Udo, de Geus, Eco J. C., Deary, Ian J., Delanty, Norman, Depondt,
Chantal, Desrivieres, Sylvane, Donohoe, Gary, Espeseth, Thomas, Ferndndez, Guillén, Fisher,
Simon E., Flor, Herta, Forstner, Andreas J., Francks, Clyde, Franke, Barbara, Glahn, David C.,
Gollub, Randy L., Grabe, Hans J., Gruber, Oliver, Haberg, Asta K., Hariri, Ahmad R., Hartman,
Catharina A., Hashimoto, Ryota, Heinz, Andreas, Henskens, Frans A., Hillegers, Manon H. J.,
Hoekstra, Pieter J., Holmes, Avram J., Hong, L. Elliot, Hopkins, William D., Hulshoff Pol, Hilleke
E., Jernigan, Terry L., Jonsson, Erik G., Kahn, René S., Kennedy, Martin A., Kircher, Tilo T. J.,
Kochunov, Peter, Kwok, John B. J., Le Hellard, Stephanie, Loughland, Carmel M., Martin,
Nicholas G., Martinot, Jean-Luc, McDonald, Colm, McMahon, Katie L., Meyer-Lindenberg,
Andreas, Michie, Patricia T., Morey, Rajendra A., Mowry, Bryan, Nyberg, Lars, Oosterlaan, Jaap,
Ophoff, Roel A., Pantelis, Christos, Paus, Tomas, Pausova, Zdenka, Penninx, Brenda W. J. H.,
Polderman, Tinca J. C., Posthuma, Danielle, Rietschel, Marcella, Roffman, Joshua L., Rowland,
Laura M., Sachdev, Perminder S., Sdmann, Philipp G., Schall, Ulrich, Schumann, Gunter, Scott,
Rodney J., Sim, Kang, Sisodiya, Sanjay M., Smoller, Jordan W., Sommer, Iris E., St Pourcain,
Beate, Stein, Dan J., Toga, Arthur W., Trollor, Julian N., Van der Wee, Nic J. A., van t Ent, Dennis,
Volzke, Henry, Walter, Henrik, Weber, Bernd, Weinberger, Daniel R., Wright, Margaret J., Zhou,
Juan, Stein, Jason L., Thompson, Paul M. and Medland, Sarah E. 2020. The genetic architecture of
the human cerebral cortex. Science 367 (6484) , eaay6690. 10.1126/science.aay6690 file

Publishers page: http://dx.doi.org/10.1126/science.aay6690
<http://dx.doi.org/10.1126/science.aay6690>

Please note:

Changes made as a result of publishing processes such as copy-editing, formatting and page
numbers may not be reflected in this version. For the definitive version of this publication, please
refer to the published source. You are advised to consult the publisher’s version if you wish to cite

this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications



made available in ORCA are retained by the copyright holders.



Final Submitted Manuscript

Title: The genetic architecture of the human cerebral cortex.

Authors: Katrina L. Grasby”*, Neda Jahansh&d, Jodie N. Paintéf, Lucia Colodro-Conde"
5%, Janita Braltet"*, Derrek P. Hibar*, Penelope A. Lind*%*, Fabrizio Pizzagafli, Christopher
R.K. Ching"® Mary Agnes B. McMahof Natalia ShatokhirfaLeo C.P. Zsembik, Sophia .
Thomopoulo§ Alyssa H. Zhd, Lachlan T. Strik&, Ingrid Agart2*1¢, Saud Alhusairif 8
Marcio A.A. Almeidd®, Dag Alnae$*'4 Inge K. Amliert®, Micael Anderssoft?? Tyler Arcf3,
Nicola J. Armstrongf, Allison Ashley-KocR®, Joshua R. Atkirf§:2’, Manon Bernaré, Rachel
M. Brouwer®, Elizabeth E.L. BuiméP, Robin Biilow?, Christian Biirget, Dara M. Cannoff,
Mallar Chakravaty*334 Qiang Chef?, Joshua W. CheuRgBaptiste Couvy-Duchestte?®3!
Anders M. Dalé®3® Shareefa Dalvi€”, Tania K. de Araujt#*2 Greig |. de Zubicardy, Sonja
M.C. de Zwarté&’, Anouk den Brabéf*> Nhat Trung Doal?4 Katharina Dohrt, Stefan
Ehrlich®®, Hannah-Ruth EngelbreéhtSusanne Ef Chun Chieh Fdf, Iryna O. Fedkd,
Sonya F. Fole¥, Judith M. Ford!, Masaki Fukunagd, Melanie E. Garrett, Tian G&3>4
Sudheer Giddalurg, Aaron L. Goldmat?, Melissa J. Greéf®’, Nynke A. Groenewolty,
Dominik Grotegeréf, Tiril P. Gurholt*!®, Boris A. Gutmaa®®, Narelle K. Hanself, Mathew A.
Harris®% Marc B. Harrisoh Courtney C. Haswél®2 Michael Hausér, Stefan Hernfs$°,
Dirk J. Heslenfeléf, New Fei H8’, David Hoehf®, Per Hoffmanf?64%° Laurena Holleraf?,
Martine Hoogmah’, Jouke-Jan Hottentfa Masashi Ikedd, Deborah Janowit, Iris E.
Jansef®’4 Tianye Ji&"’, Christiane Jockwit?%°, Ryota Kandi®®3, Sherif Karam##+ Dalia
Kasperaviciuté®®’ Tobias Kaufmanit!4 Sinead Kell§®8° Masataka Kikuchi®, Marieke
Klein®"2% Michael Knapg!, Annchen R. Knodt, Bernd Krame¥%4 Max Lant”:%, Thomas M.
Lancastet’®® Phil H. Le&>" Tristram A. Lett8, Lindsay B. Lewi&%, Iscia Lopes-Cendé&s*?
Michelle Luciand®1® Fabio MacciardP!, Andre F. Marquand®2 Samuel R. Mathi&%31%4
Tracy R. Melzet®>2%7 Yuri Milanescht®, Nazanin Mirza-Schreib&'% Jose C.V.
Moreira?11% Thomas W. Miihleisé 811! Bertram Miiller-Myhso®112113 pablo Naf?,
Soichiro Nakahard'*4 Kwangsik Nhd'®, Loes M. Olde Loohut$®, Dimitri Papadopoulos
Orfanos$?’, John F. Pearsé¥1® Toni L. Pitchet®1%” Benno Put®, Yann Quidé®®’,
Anjanibhargavi Ragotham3rFaisal M. Rashfj William R. Reay®?’, Ronny Redlich, Céline
S. Reinbold*%3%4 Jonathan Repple Geneviéve Richatd!412%121 Brandalyn C. Riedét?,
Shannon L. Risach¥f, Cristiane S. RocHa*? Nina Roth Mot&’'?2 Lauren Salminen Arvin
Saremt, Andrew J. Saykitt>123 Fenja Schlalf®, Lianne Schma&t>!?’, Peter R.
Schofield?®1?° Rodrigo Secolift*2 Chin Yang Shapladé®, Li Shert®®, Jean Shif$*3! Elena
Shumskay?’ 1% Ida E. Sgnderldy'4 Emma SprootenKatherine E. Tansé&$ Alexander
Teumet®3, Anbupalam Thalamuthéf, Diana Tordesillas-Gutiérr&?*%6 Jessica A.
Turnet3"138 Anne Uhimanff13% Costanza Ludovica VallerdfaDennis van der Me&f14!
Marjolein M.J. van Donkela#t, Liza van Eijk'? Theo G.M. van Ef9%, Neeltje E.M. van
Harert®'43 Daan van Rooij!?2 Marie-José van TH* Jan H. Veldink*>, Ellen Verhoef*
Esther Waltof?"146:147 Mingyuan Wanfy, Yunpeng Want*4 Joanna M. WardIa®#100148
Wei Wert?4 Lars T. Westly&14129 Christopher D. Whelart’, Stephanie H. Witt®, Katharina
Wittfeld”%1%0 Christiane Wol°Y, Thomas Wolfer% Jing Qin W4®, Clarissa L. Yasud&'®2
Dario Zaremb#, Zuo Zhang®, Marcel P. Zwier§!°2132 Eric Artiged®4, Amelia A. Assarel¥*,
Rosa Ayesa-Arriol&®1%% Aysenil Belgett'°¢ Christine L. Brandf'4 Gregory G. Browtr”%8
Sven Cichoff®*78 Joanne E. Currdf) Gareth E. Daviés®, Franziska Degenhafdt Michelle F.
Denni$?, Bruno Dietsch¥® Srdjan Djurovié®:1%2 Colin P. Dohert}f31%5 Ryan Espiritt®,
Daniel Garijd®, Yolanda Git®®, Penny A. Gowland’, Robert C. Greef®17° Alexander N.



Final Submitted Manuscript

Hauslet’172 Walter Heindél”®, Beng-Choon HE* Wolfgang U. Hoffmant>**° Florian
Holsboef®1’> Georg Homuth®, Norbert Hostetl’, Clifford R. Jack Jt8 MiHyun Jangd®®,
Andreas Janséff1’® Nathan A. Kimbréf18% Knut Kolskat®14120121 Sanne Koops, Axel
Krug!®®, Kelvin O. Lim'®, Jurjen J. Luyk%1¥2183 Daniel H. Mathalot?*185 Karen A.
Mathet?8:134 Venkata S. Mattay-186187 Sarah Matthew4®, Jaqueline Mayoral Van St
Sarah C. McEweti®18% Ingrid Melle'®>*4 Derek W. Morrig?, Bryon A. Muellet8!, Matthias
Nauck®®!! Jan E. Nordvike!, Markus M. Nothe??, Daniel S. O'Leary4, Nils Opef!, Marie-
Laure Paillere Martind®*192 G. Bruce Pik&3 Adrian Pred&* Erin B. Quinlad®, Paul E.
Rasset”1%%1%7 varun Ratnakaf® Simone Reppermufitf1®® Vidar M. Steetf?1%° Paul A.
Tooney®19 Fabio R. Torre8*2 Dick J. Veltmat®, James T. Voyvodfté, Robert Whelat®,
Tonya Whité*32! Hidenaga Yamamaf¥, Hieab H.H. Adanm®32%, Joshua C. BfSS,
Stephanie Debett®2% Charles Decad?®, Myriam Fornag&"’, Vilmundur Gudnascit?12
Edith Hofef*24 M. Arfan Ikrant®3, Lenore Launét®, W. T. Longstretft®, Oscar L.
LopeZ®3217 Bernard Mazoyét®, Thomas H. Mosle¥'®, Gennady V. RoshchupKit#20421]
Claudia L. Satizab&®??2, Reinhold Schmidt®, Sudha Seshadff*??>2%2 Qiong Yang?* The
Alzheimer's Disease Neuroimaging Initiative#, CHARGE consortium#, EPIGEN consortium#,
IMAGEN consortium#, SYS consortium#, The Parkinson’s Progression Markers Initiative#,
Marina K.M. Alvim?*?152 David Ame$?>226 Tim J. Andersotf>1%7227 Ole A. Andreasséf’4
Alejandro Arias-VasquéZ'?2 Mark E. Bastif>'® Bernhard T. Bauri¢??¢??° Jean C.
Beckham®®23%0 John Blanger§, Dorret I. Boomsnfd, Henry Brodaty?*23% Han G.
Brunnef"?32 Randy L. Bucknéf*?®, Jan K. Buiteladrt®223¢ Juan R. Bustill®’, Wiepke
Cahrt3® Murray J. Cairn®27239 Vince Calhouf®, Vaughan J. Cait¥°"?%! Xavier Caserd,
Svenja Caspef$8%242 Gianpiero L. Cavalletf*?*4 Fernando Cend&s™>2 Aiden Corvirf*®,
Benedicto Crespo-Facof§1°>24% John C. Dalrymple-Alfortf®1°7247 Udo DannlowsKt, Eco
J.C. de Ged$, lan J. Dear}?''®°2 Norman Delanty/1®5 Chantal Depondt?, Sylvane
Desriviére$’1°3 Gary Donoho€, Thomas Espeséetht?® Guillén Fernandéz% Simon E.
Fishef'?4 Herta Flof*, Andreas J. Forstrf&t469250.251Clyde Francks'?* Barbara
Franké& 122 David C. Glah#*2°2 Randy L. GolluB”?*42%> Hans J. Graldé**® Oliver
Grubef3, Asta K. Haberg32% Ahmad R. Hariff?, Catharina A. Hartm&?®, Ryota
Hashimotd®22°6:257 Andreas Hein?®, Frans A. Henskef®2°® Manon H.J. Hilleger$3260
Pieter J. Hoekstf&!, Avram J. Holme$42%2 |, Elliot Hong?®® William D. Hopking®, Hilleke
E. Hulshoff Pot®, Terry L. Jerniga#? #1723 Erik G. Jonssoft!® René S. Kahi{2%% Martin A.
Kennedy!®, Tilo T.J. Kirchet®®, Peter Kochund¥® John B.J. Kwok?129267 Stephanie Le
Hellard®>1°® Carmel M. Loughlantd®2¢8 Nicholas G. Marti®’, Jean-Luc Martind®4, Colm
McDonald?, Katie L. McMahoR®®, Andreas Meyer-Lindenbet@, Patricia T. Michié’?,
Rajendra A. More$+®2 Bryan Mowry?272 Lars Nyberg:222"3 Jaap Oosterlaéft?’®, Roel A.
Ophoff! Christos Pantef$®2%°?7! Tomas Padé®-?®0 Zdenka Pauso%®?®% Brenda W.J.H.
Penninx®, Tinca J.C. Poldermdf) Danielle Posthunf&?®2 Marcella Rietschét®, Joshua L.
Roffmar?34 Laura M. Rowlantf3, Perminder S. Sachde&$282 Philipp G. Samarff, Ulrich
Schalf”19 Gunter Schumarin’”153284.285Rgdney J. Scoft?®8 Kang Sint®’, Sanjay M.
Sisodiy&°288 Jordan W. Smoll&#23428? |ris E. Somméf*260.261.290Begte St Pourcaif?4146
Dan J. Steif?»2°2 Arthur W. Toga®, Julian N. Trollot**1%8 Nic J.A. Van der We&®, Dennis
van 't Ent* Henry Volzké33 Henrik Waltef®, Bernd Webér1172 Daniel R. Weinbergét?%4
Margaret J. Wrigh#:2%5 Juan Zhotf®, Jason L. Stef®, Paul M. Thompsotf*, Sarah E.
Medland-3°% on behalf of the Enhancing Neurolmaging Genetics through Meta-Analysis
Consortium - Genetics working group



Final Submitted Manuscript

Affiliations:

!psychiatric Genetics, QIMR Berghofer Medical Research Institute, Brisbane, Australia
2Imaging Genetics Center, Mark and Mary Stevens Neuroimaging and Informatics Institute,
Keck School of Medicine of USC, University of Southern California, Los Angeles, USA
3School of Psychology, University of Queensland, Brisbane, Australia

4School of Biomedical Sciences, Queensland University of Technology, Brisbane, Australia
SFaculty of Psychology, University of Murcia, Murcia, Spain

®Department of Human Genetics, Radboud university medical center, Nijmegen, The
Netherlands

'Donders Institute for Brain, Cognition and Behaviour, Radboud University, Nijmegen, The
Netherlands

8Personalized Healthcare, Genentech, Inc., South San Francisco, USA

Faculty of Medicine, University of Queensland, Brisbane, Australia

Graduate Interdepartmental Program in Neuroscience, University of California Los Angeles,
Los Angeles, USA

"pepartment of Genetics & UNC Neuroscience Center, University of North Carolina at Chapel
Hill, Chapel Hill, USA

12Queensland Brain Institute, University of Queensland, St Lucia, Australia

I3SNORMENT - K.G. Jebsen Centre for Psychosis Research, Division of Mental Health and
Addiction, Oslo University Hospital, Oslo, Norway

YNORMENT - K.G. Jebsen Centre for Psychosis Research, Institute of Clinical Medicine,
University of Oslo, Oslo, Norway

5Department of Psychiatric Research, Diakonhjemmet Hospital, Oslo, Norway

18Centre for Psychiatric Research, Department of Clinical Neuroscience, Karolinska Institutet,
Stockholm, Sweden

"Department of Molecular and Cellular Therapeutics, Royal College of Surgeons in Ireland,
Dublin, Ireland

18Neurology Department, Yale School of Medicine, New Haven, USA

%Department of Human Genetics and South Texas Diabetes and Obesity Institute, University of
Texas Rio Grande Valley School of Medicine, Brownsville,. USA

20Centre for Lifespan Changes in Brain and Cognition, Department of Psychology, University of
Oslo, Oslo, Norway

2IDepartment of Integrative Medical Biology, Umea University, Umed, Sweden

22Umed Center for Functional Brain Imaging, Umed& University, Umed, Sweden

23_aboratory of Neuro Imaging, Mark and Mary Stevens Neuroimaging and Informatics
Institute, Keck School of Medicine of the University of Southern California, Los Angeles, USA
2“Mathematics and Statistics, Murdoch University, Murdoch, Australia

2Duke Molecular Physiology Institute, Duke University Medical Center, Durham, USA
26School of Biomedical Sciences and Pharmacy, University of Newcastle, Callaghan, Australia
2’Priority Centre for Brain and Mental Health Research, University of Newcastle, Callaghan,
Australia

8The Hospital for Sick Children, University of Toronto, Toronto, Canada

2Department of Psychiatry, Brain Center Rudolf Magnus, University Medical Center Utrecht,
Utrecht University, Utrecht, The Netherlands

39 nstitute for Radiology and Neuroradiology, University Medicine, Ernst-Moritz-Arndt
University, Greifswald, Germany



Final Submitted Manuscript

3Department of Psychiatry, University of Miinster, Miinster, Germany

32Centre for Neuroimaging & Cognitive Genomics, National University of Ireland Galway,
Galway, Ireland

33Douglas Mental Health University Institute, McGill University, Montreal, Canada
34Departments of Psychiatry and Biological and Biomedical Engineering, McGill University,
Montreal, Canada

3L ieber Institute for Brain Development, Baltimore, USA

%9nstitute for Molecular Bioscience, The University of Queensland, Brisbane, Australia
3/Genetic Epidemiology, QIMR Berghofer Medical Research Institute, Brisbane, Australia
38Department of Neurosciences, University of California, San Diego, La Jolla, USA
3Department of Radiology, University of California San Diego, San Diego, USA
4Department of Psychiatry and Mental Health, University of Cape Town, Cape Town, South
Africa.

“IDepartment of Medical Genetics and Genomic Medicine, School of Medical Sciences,
University of Campinas - UNICAMP, Campinas, Brazil

42BRAINN - Brazilian Institute of Neuroscience and Neurotechnology, Campinas, Brazil
43Faculty of Health, Institute of Health and Biomedical Innovation, Queensland University of
Technology, Brisbane, Australia

44Department of Biological Psychology, Vrije Universiteit Amsterdam, Amsterdam, The
Netherlands

4°Alzheimer Center Amsterdam, Department of Neurology, Amsterdam Neuroscience, Vrije
Universiteit Amsterdam, Amsterdam UMC, Amsterdam, The Netherlands

“4éDjvision of Psychological & Social Medicine and Developmental Neurosciences, Faculty of
Medicine, Technische Universitat Dresden, Dresden, Germany

4Division of Human Genetics, Institute of Infectious Disease and Molecular Medicine,
University of Cape Town, Cape Town, South Africa

“48Djvision of Mind and Brain Research, Department of Psychiatry and Psychotherapy, Campus
Charité Mitte, Charité - Universitatsmedizin Berlin corporate member of Freie Universitat
Berlin, Humboldt-Universitat zu Berlin, and Berlin Institute of Health, Berlin, Germany
4*Department of Cognitive Science, University of California San Diego, San Diego, USA
S0Cardiff University Brain Research Imaging Centre, Cardiff University, Cardiff, UK

®1San Francisco Veterans Administration Medical Center, San Francisca, USA

5?Division of Cerebral Integration, National Institute for Physiological Sciences, Okazaki,
Japan

S3psychiatric and Neurodevelopmental Genetics Unit, Center for Genomic Medicine,
Massachusetts General Hospital, Boston, USA

SAthinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital,
Boston, USA

S>NORMENT - K.G. Jebsen Centre for Psychosis Research, Department of Clinical Science,
University of Bergen, Bergen, Norway

6School of Psychiatry, University of New South Wales, Sydney, Australia

>'Neuroscience Research Australia, Sydney, New South Wales, Australia

*8Department of Biomedical Engineering, lllinois Institute of Technology, Chicaga, USA
®SCentre for Clinical Brain Sciences and Edinburgh Imaging, University of Edinburgh,
Edinburgh, UK

®0Division of Psychiatry, University of Edinburgh, Edinburgh, UK



Final Submitted Manuscript

6IDuke UNC Brain Imaging and Analysis Center, Duke University Medical Center, Durham,
USA

®2Mental lliness Research Education and Clinical Center for Post Deployment Mental Health,
Durham VA Medical Center, Durham, USA

®3Department of Biomedicine, University of Basel, Basel, Switzerland

®4Institute of Medical Genetics and Pathology, University Hospital Basel, Basel, Switzerland
®Department of Genomics, Life & Brain Research Center, University of Bonn, Bonn, Germany
%Department of Cognitive and Clinical Neuropsychology, Vrije Universiteit Amsterdam,
Amsterdam, The Netherlands

®’Research Division, Institute of Mental Health, Singapore, Singapore

®&\Max Planck Institute of Psychiatry, Munich, Germany

®IInstitute of Human Genetics, University of Bonn, School of Medicine & University Hospital
Bonn, Bonn, Germany

0Centre for Neuroimaging & Cognitive Genomics, School of Psychology, National University of
Ireland Galway, Galway, Ireland

"IDepartment of Psychiatry, Fujita Health University School of Medicine, Toyoake,.Japan
?Department of Psychiatry and Psychotherapy, University Medicine Greifswald, Greifswald,
Germany

*Complex Trait Genetics, Center for Neurogenomics and Cognitive Research, Vrije Universiteit
Amsterdam, Amsterdam, The Netherlands

"“Department of Neurology, Alzheimer Center, Amsterdam Neuroscience, Vrije Universiteit
Medical Center, Vrije Universiteit Amsterdam, Amsterdam, The Netherlands

Institute of Science and Technology for Brain-Inspired Intelligence, Fudan University,
Shanghai, China

"®Key Laboratory of Computational Neuroscience and Brain-Inspired Intelligence (Fudan
University), Ministry of Education, Shanghai, China

""Centre for Population Neuroscience and Precision Medicine (PONS), Institute of Psychiatry,
Psychology and Neuroscience, King's College London, London, UK

" nstitute of Neuroscience and Medicine (INM-1), Research Centre Jiilich, Jilich, Germany
®Department of Psychiatry, Psychotherapy and Psychosomatics, Medical Faculty, RWTH
Aachen University, Aachen, Germany

80JARA-BRAIN, Jiilich-Aachen Research Alliance, Julich, Germany

81Department of Neuroinformatics, Araya, Inc., Tokyo, Japan

82Sackler Centre for Consciousness Science, School of Psychology, University of Sussex, Falmer,
UK.

8Earth-Life Science Institute, Tokyo Institute of Technology, Tokyo, Japan

8Department of Psychiatry, McGill University, Montreal, Canada

8McConnell Brain Imaging Center, Montreal Neurological Institute, Montreal, Canada
8Department of Clinical and Experimental Epilepsy, UCL Queen Square Institute of Neurology,
London, UK

8Genomics England, Queen Mary University of London, London, UK

8public Psychiatry Division, Massachusetts Mental Health Center, Beth Israel Deaconess
Medical Center, Harvard Medical School, Boston, USA

8psychiatry Neuroimaging Laboratory, Department of Psychiatry, Brigham and Women’s

Hospital, Harvard Medical School, Boston, USA



Final Submitted Manuscript

%Department of Genome Informatics, Graduate School of Medicine, Osaka University, Suita,
Japan

9Department of Medical Biometry, Informatics and Epidemiology, University Hospital Bonn,
Germany

9?Department of Psychology and Neuroscience, Duke University, Durham, USA

93Section for Experimental Psychopathology and Neuroimaging, Department of General
Psychiatry, Heidelberg University Hospital, Heidelberg, Germany

%Centre for Translational Research in Systems Neuroscience and Psychiatry, Department of
Psychiatry & Psychotherapy, University Medical Center Gottingen, Goéttingen, Germany
%Human Genetics, Genome Institute of Singapore, Singapore, Singapore

9%MRC Centre for Neuropsychiatric Genetics and Genomics, Cardiff University, Cardiff, UK
9Department of Psychiatry, Harvard Medical School, Boston,.USA

%McGill Centre for Integrative Neuroscience, McGill University, Montreal, Canada
%Department of Psychology, University of Edinburgh, Edinburgh, UK

109%Centre for Cognitive Ageing and Cognitive Epidemiology, University of Edinburgh,
Edinburgh, UK

0Ipepartment of Psychiatry and Human Behavior, School of Medicine University of California,
Irvine, Irvine, USA

102Department of Cognitive Neuroscience, Radboud university medical center, Nijmegen, The
Netherlands

103pepartment of Psychiatry, Yale University School of Medicine, New Haven, USA

1040lin Neuropsychiatric Research Center, Institute of Living, Hartford Hospital, Hartford, USA
10%pepartment of Medicine, University of Otago, Christchurch, Christchurch, New Zealand
1%é\ew Zealand Brain Research Institute, Christchurch, New Zealand

107Brain Research New Zealand - Rangahau Roro Aotearoa, Christchurch, New Zealand

%8 epartment of Psychiatry, Amsterdam Public Health and Amsterdam Neuroscience,
Amsterdam UMC/Vrije Universiteit & GGZ inGeest, Amsterdam, Netherlands

99 nstitute of Neurogenomics, Helmholtz Zentrudinbhen, German Research Centre for
Environmental Health, Neuherberg, Germany

H19C - Institute of Computing, Campinas, Brazil

111cécile and Oskar Vogt Institute of Brain Research, Medical Faculty, Heinrich Heine
University, Dusseldorf, Germany

12Munich Cluster for Systems Neurology (SyNergy), Munich, Germany

13 nstitute of Translational Medicine, Liverpool, UK

14Drug Discovery Research, Astellas Pharmaceuticals, 21 Miyukigaoka, Tsukuba, Ibaraki 305-
8585, Japan

1Department of Radiology and Imaging Sciences, Indiana University School of Medicine,
Indianapolis, USA

18Center for Neurobehavioral Genetics, University of California Los Angeles, Los Angeles,
USA

11’NeuroSpin, CEA, Université Paris-Saclay, Gif-sur-Yvette, France

8Bjostatistics and Computational Biology Unit, University of Otago, Christchurch,
Christchurch, New Zealand

1¥Department of Pathology and Biomedical Science, University of Otago, Christchurch,
Christchurch, New Zealand

12Department of Psychology, University of Oslo, Oslo, Norway



Final Submitted Manuscript

21ISynnaas Rehabilitation Hospital HT, Nesodden, Norway

122Department of Psychiatry, Radboud university medical center, Nijmegen, The Netherlands
123pepartment of Medical and Molecular Genetics, Indiana University School of Medicine,
Indianapolis, USA

124 anguage and Genetics Department, Max Planck Institute for Psycholinguistics, Nijmegen,
The Netherlands

12%0rygen, The National Centre of Excellence for Youth Mental Health, Melbourne, Australia
126The Centre for Youth Mental Health, University of Melbourne, Melbourne, Australia
2/Department of Psychiatry, Vrije Universiteit University Medical Center, Vrije Universiteit
Amsterdam, Amsterdam, The Netherlands

128\ euroscience Research Australia, Sydney, Australia

1295chool of Medical Sciences, University of New South Wales, Sydney, Australia
B3%Department of Biostatistics, Epidemiology and Informatics, University of Pennsylvania,
Philadelphia, USA

Blpopulation Neuroscience & Developmental Neuroimaging, Bloorview Research Institute,
University of Toronto, East York, Canada

132Donders Centre for Cognitive Neuroimaging, Radboud University, Nijmegen, The
Netherlands

133 nstitute for Community Medicine, University Medicine Greifswald, Greifswald, Germany
134Centre for Healthy Brain Ageing, University of New South Wales, Sydney, Australia
13%Neuroimaging Unit, Technological Facilities, Valdecilla Biomedical Research Institute
IDIVAL, Santander, Spain

138Centro Investigacion Biomedica en Red Salud Mental, Santander, Spain

13'Department of Psychology, Georgia State University, Atlanta, USA

138vind Research Network, Albuquerque, USA

13%Department of Psychiatry, University of Vermont, Burlington, USA

4INORMENT, Division of Mental Health and Addiction, Oslo University Hospital & Institute of
Clinical Medicine, University of Oslo, Oslo, Norway

41School of Mental Health and Neuroscience, Faculty of Health, Medicine and Life Sciences,
Maastricht University, Maastricht, The Netherlands

42vax Planck Institute for Psycholinguistics, Nijmegen, The Netherlands

43pepartment of Child and Adolescent Psychiatry/Psychology, Erasmus Medical Center-Sophia
Children’s Hospital, Rotterdam, The Netherlands.

144Cognitive Neuroscience Center, Department of Biomedical Sciences of Cells and Systems,
University Medical Center Groningen, University of Groningen, Groningen, the Netherlands
14Department of Neurology, Brain Center Rudolf Magnus, University Medical Center Utrecht,
Utrecht University, Utrecht, The Netherlands

148MRC Integrative Epidemiology Unit, Department of Population Health Sciences, Bristol
Medical School, Bristol, UK

14Department of Psychology, University of Bath, Bath, UK

148K Dementia Research Institute, The University of Edinburgh, Edinburgh, UK
“4PDepartment of Genetic Epidemiology in Psychiatry, Central Institute of Mental Health,
Medical Faculty Mannheim, Heidelberg University, Mannheim, Germany

15%German Center for Neurodegenerative Diseases Rostock/Greifswald, Greifswald, Germany
Bipepartment of Psychiatry, Psychosomatics and Psychotherapy, University of Wiirzburg,
Wirzburg, Germany



Final Submitted Manuscript

152Department of Neurology, FCM, UNICAMP, Campinas, Brazil

153350cial, Genetic and Developmental Psychiatry Centre, Institute of Psychiatry, Psychology &
Neuroscience, King’s College London, London, UK.

1S4NSERM Unit 1000 - Neuroimaging & Psychiatry, Paris Saclay University,Gif sur Yvette,
France

15Department of Psychiatry, University Hospital Marqués de Valdecilla, School of Medicine,
University of CantabrialDIVAL, Santander, Spain

15pepartment of Psychiatry and Frank Porter Graham Child Development Institute, University
of North Carolina at Chapel Hill, Chapel Hill, USA

15Department of Psychiatry, University of California San Diego, San Diego, USA

158/A San Diego Healthcare System, San Diego,.USA

15%vera Institute for Human Genetics, Sioux Falls, USA

189Department of Psychiatry and Psychotherapy, Philipps-University Marburg, Marburg,
Germany

18Ipepartment of Medical Genetics, Oslo University Hospital, Oslo, Narway

182N\ORMENT, Department of Clinical Science, University of Bergen, Bergen, Norway
183pepartment of Neurology, St James's Hospital, Dublin, Ireland

184academic Unit of Neurology, TBSI, Dublin, Ireland

18%Future Neuro, Royal College of Surgeons in Ireland, Dublin, Ireland

188 nhformation Sciences Institute, University of Southern California, Los Angeles, USA

167Sir Peter Mansfield Imaging Centre, University of Nottingham, Nottingham, UK

168 righam and Women's Hospital, Boston, USA

169The Broad Institute, Boston, USA

1"%arvard Medical School, Boston, USA

17iCenter for Economics and Neuroscience, University of Bonn, Bonn, Germany

nstitute of Experimental Epileptology and Cognition Research, University Hospital Bonn,
Germany

17Department of Clinical Radiology, University of Munster, Miinster, Germany
174pepartment of Psychiatry, University of lowa College of Medicine, lowa City, USA
1™MMNC Holding GmbH, Munich, Germany

17%yniversity Medicine Greifswald, Interfaculty Institute for Genetics and Functional Genomics,
Department of Functional Genomics, Greifswald, Germany

nstitute of Diagnostic Radiology and Neuroradiology, Greifswald, Germany

178Dept of Radiology, Mayo Clinic, Rochester, USA

17%Core-Unit Brainimaging, Faculty of Medicine, University of Marburg, Marburg, Germany
18%Department of Psychiatry and Behavioral Sciences, Duke University School of Medicine,
Durham, USA

181pepartment of Psychiatry, University of Minnesota, Minneapolis,.USA

182Department of Translational Neuroscience, UMC Utrecht Brain Center, University Medical
Center Utrecht, Utrecht University, Utrecht, The Netherlands

1835GNet Mental Health, Apeldoorn, The Netherlands

184Department of Psychiatry and Weill Institute for Neurosciences, University of California San
Francisco, San Francisco, USA

185Mental Health Service 116d, Veterans Affairs San Francisco Healthcare System, San
Francisco, USA

18Department of Neurology, Johns Hopkins University, Baltimore,.USA



Final Submitted Manuscript

18’Department of Radiology, Johns Hopkins University, Baltimore,.USA

188pacific Brain Health Center, Santa Monica, USA

189John Wayne Cancer Institute, Santa Monica, USA

199 nstitute of Clinical Chemistry and Laboratory Medicine, University Medicine Greifswald,
Greifswald, Germany

191German Centre for Cardiovascular Research, Greifswald, Germany

192Child and adolescent psychiatry department, APHP Pitié Salpétriére hospital, Paris, France
19%Radiology and Clinical Neurosciences, Hotchkiss Brain Institute, University of Calgary,
Calgary, Canada

1945chool of Medicine, University of California Irvine, Irvine, USA

1955chool of Medicine and Public Health, University of Newcastle, Callaghan, Australia
19priority Centre for Stroke and Brain Injury, University of Newcastle, Callaghan, Australia
9"Hunter Medical Research Institute, Newcastle, Australia

198pepartment of Developmental Disability Neuropsychiatry, University of New South Wales,
Sydney, Australia

199Dy, Einar Martens Research Group for Biological Psychiatry, Center for Medical Genetics
and Molecular Medicine, Haukeland University Hospital, Bergen, Norway

2005chool of Psychology, Trinity College Dublin, Dublin, Ireland

20lpepartment of Radiology, Erasmus University Medical Centre, Rotterdam, The Netherlands
202Department of Psychiatry, Osaka University Graduate School of Medicine, Suita, Japan
203pepartment of Epidemiology, Erasmus MC Medical Center, Rotterdam, The Netherlands
204Department of Radiology and Nuclear Medicine, Erasmus MC Medical Center, Rotterdam,
The Netherlands

205Department of Clinical Genetics, Erasmus MC Medical Center, Rotterdam, The Netherlands
205Cardiovascular Health Research Unit, Department of Medicine, University of Washington,
Seattle, USA

207Inserm, Bordeaux Population Health Research Center, team VINTAGE, UMR 1219,
University of Bordeaux, Bordeaux, France

208pepartment of Neurology, CHU de Bordeaux, Bordeaux, France

2MDepartment of Neurology, University of California, Davis, Sacramento, USA

2 nstitute of Molecular Medicine, University of Texas Health Science Center at Houston,
Houston, USA

2Ycelandic Heart Association, Kopavogur, Iceland

21%Faculty of Medicine, University of Iceland, Reykjavik, Iceland

21%Clinical Division of Neurogeriatrics, Department of Neurology, Medical University of Graz,
Graz, Austria

24 nstitute for Medical Informatics, Statistics and Documentation, Medical University of Graz,
Graz, Austria

213 aboratory of Epidemiology and Population Sciences, Intramural Research Program,
National Institute on Aging, Bethesda, USA

218pepartments of Neurology and Epidemiology, University of Washington, Seattle, USA
21’Medical Informatics, Erasmus MC Medical Center, Rotterdam, The Netherlands

218\ eurodegeneratives Diseases Institute UMR 5293, CNRS, CEA, University of Bordeaux,
Bordeaux, France

219MIND Center, University of Mississippi Medical Center, Jackson, .USA



Final Submitted Manuscript

220Glenn Biggdnstitute for Alzheimer’s and Neurodegenerative Diseases, University of Texas
Health Sciences Center, San Antonio, USA

22Ipepartment of Epidemiology & Biostatistics, University of Texas Health Sciences Center, San
Antonio, USA

222Department of Neurology, Boston University School of Medicine, Boston, USA
223Framingham Heart Study and Department of Neurology, Boston University School of
Medicine, Boston, USA

224Department of Biostatistics, Boston University School of Public Health, Boston, USA
225Academic Unit for Psychiatry of Old Age, University of Melbourne, Melbourne, Australia
225N ational Ageing Research Institute, Melbourne, Australia

22Department of Neurology, Canterbury District Health Board, Christchurch, New Zealand
228Department of Psychiatry, Melbourne Medical School, The University of Melbourne,
Melbourne, Australia

22%|orey Institute of Neuroscience and Mental Health, University of Melbourne, Parkville,
Australia

Z30/A Mid-Atlantic Mental lliness Research Education and Clinical Center for Post Deployment
Mental Health, Durham, VA Healthcare System, Durham,.USA

ZIDementia Centre for Research Collaboration, University of New South Wales, Sydney,
Australia

Z3Department of Clinical Genetics and School for Oncology & Developmental Biolog
(GROW), Maastricht University Medical Center, Maastricht, The Netherlands
Z33pepartment of Psychology and Center for Brain Science, Harvard University, Boston, USA
Z3pepartment of Psychiatry, Massachusetts General Hospital, Boston, USA

Z3Department of Radiology, Massachusetts General Hospital, Boston, USA

2% arakter Child and Adolescent Psychiatry University Center, Nijmegen, The Netherlands
Z3’Department of Psychiatry, University of New Mexico, Albuquerque, USA

23pepartment of Psychiatry, University Medical Center Utrecht, Utrecht University, Utrecht,
The Netherlands

2395 chizophrenia Research Institute, Randwick, Australia

20T ri-institutional Center for Translational Research in Neuroimaging and Data Science
(TReNDS), Georgia State University, Georgia Institute of Technology, Emory University,
Atlanta, USA

24Ipepartment of Psychiatry, Monash University, Clayton, Australia

242 nstitute for Anatomy |, Medical Faculty, Heinrich-Heine University, Diisseldorf, Germany
243\lolecular and Cellular Therapeutics, The Royal College of Surgeons In Ireland, Dublin,
Ireland.

244The SFI FutureNeuro Research Centre, Dublin, Ireland

24Department of Psychiatry, Trinity College Dublin, Dublin, Ireland

248 ospital Universitario Virgen Del Rocio, IBiS, Universidad De Sevilla, Sevilla, Spain
24’School of Psychology, Speech and Hearing, University of Canterbury, Christchurch, New
Zealand

248Department of Neurology, Hopital Erasme, Université Libre de Bruxelles, Brussels, Belgium
24Ppepartment of Cognitive and Clinical Neuroscience, Central Institute of Mental Health,
Medical Faculty Mannheim, Heidelberg University, Mannheim, Germany

2Department of Psychiatry (UPK), University of Basel, Basel, Switzerland

2ICentre for Human Genetics, University of Marburg, Marburg, Germany

10



Final Submitted Manuscript

252Tommy Fuss Center for Neuropsychiatric Disease Research, Boston Children’s Hospital and
Department of Psychiatry, Harvard Medical School, Boston, . USA

253pepartment of Neuroscience, Norwegian University of Science and Technology, Trondheim,
Norway:.

24pepartment of Radiology and Nuclear medicine, St. Olavs University Hospital, Trondheim,
Norway:.

2SUniversity of Groningen, University Medical Center Groningen, Department of Psychiatry,
Groningen, The Netherlands

28V folecular Research Center for Children’s Mental Development, United Graduate School of

Child Development, Osaka University, Suita, Japan

2Department of Pathology of Mental Diseases, National Institute of Mental Health, National
Center of Neurology and Psychiatry, Tokyo, Japan

28Department of Psychiatry and Psychotherapy, Charité Campus Mitte, Charité -
Universitatsmedizin Berlin, Berlin, Germany

25%Health Behaviour Research Group, University of Newcastle, Callaghan, Australia

260Brain Center Rudolf Magnus, University Medical Center Utrecht, Utrecht University, Utrecht,
The Netherlands

26IDepartment of Psychiatry, University Medical Center Groningen, University of Groningen,
Groningen, The Netherlands

262Department of Psychology, Yale University, New Haven, USA

283\iaryland Psychiatry Research Center, Department of Psychiatry, University of Maryland
School of Medicine, Baltimore, USA

284Department of Comparative Medicine, The University of Texas MD Anderson Cancer Center,
Bastrop, USA

265Center for Human Development, University of California San Diego, La Jolla, USA
288Department of Psychiatry, Icahn School of Medicine at Mount Sinai, New York, USA
26’Neurogenetics and Epigenetics, Brain and Mind Centre, The University of Sydney, Sydney,
Australia

2884unter New England Mental Health Service, Newcastle, Australia

28%Herston Imaging Research Facility, School of Clinical Sciences, Queensland University of
Technology, Brisbane, Australia

2"Department of Psychiatry and Psychotherapy, Central Institute of Mental Health, Medical
Faculty Mannheim, Heidelberg University, Mannheim, Germany

2711School of Psychology, University of Newcastle, Callaghan, Australia

2"?Queensland Centre for Mental Health Research, The University of Queensland, Brisbane,
Australia

2"3Department of Radiation Sciences, Umed University, Ume&, Sweden

2“Emma Children's Hospital Academic Medical Center, Amsterdam, The Netherlands
2Department of Pediatrics, Vrije Universiteit Medical Center, Vrije Universiteit Amsterdam,
Amsterdam, The Netherlands

278Clinical Neuropsychology section, Vrije Universiteit Amsterdam, Amsterdam, The
Netherlands

2""NorthWestern Mental Health, Sunshine Hospital, St Albans, Australia

2788loorview Research Institute, University of Toronto, Toronto, Canada

2"Departments of Psychology and Psychiatry, University of Toronto, Toronto, Canada
280Centre for Developing Brain, Child Mind Institute, New York City, USA

11



Final Submitted Manuscript

28IDepartment of Physiology, University of Toronto, Toronto, Canada

282Department of Clinical Genetics, Vrije Universiteit Medical Centre, Vrije Universiteit
Amsterdam, Amsterdam, The Netherlands

283\ europsychiatric Institute, The Prince of Wales Hospital, Sydney, Australia

284PONS Research Group, Department of Psychiatry and Psychotherapie, Charité Campus
Mitte, Humboldt University Berlin, Berlin, Germany

28 _eibniz Institute for Neurobiology, Magdeburg, Germany

28Djvision of Molecular Medicine, John Hunter Hospital, New Lambton Heights, Australia
28/General Psychiatry, Institute of Mental Health, Singapore, Singapore

28%Chalfont Centre for Epilepsy, Chalfont-St-Peter,.UK

289Stanley Center for Psychiatric Research, Broad Institute, Boston, USA

29Department of Medical and Biological Psychology, University of Bergen, Bergen, Norway
2lpepartment of Psychiatry and Neuroscience Institute, University of Cape Town, Cape Town,
South Africa

29\IRC Unit on Risk & Resilience in Mental Disorders, University of Cape Town, Cape Town,
South Africa

293Department of Psychiatry, Leiden University Medical Center, Leiden, The Netherlands
2%9psychiatry, Neurology, Neuroscience, Genetics, Johns Hopkins University, Baltimore, USA
29Centre for Advanced Imaging, University of Queensland, Brisbane, Australia

2%Center for Cognitive Neuroscience, Neuroscience and behavioral disorders program, Duke-
National University of Singapore Medical School, Singapore, Singapore

12



Final Submitted Manuscript

Abstract: The cerebral cortex underlies our complex cognitive capabilities, yet we knaw littl
about the specific genetic loci influencing human cortical structure. To identify genetic variants
impacting cortical structure, we conducted a genome-wide association meta-analysis of brain
MRI data from 51,665 individuals. We analyzed the surface area and average thickness of the
whole cortex and 34 regions with known functional specializations. We identified 199 significant
loci and found significant enrichment for loci influencing total surface area within regulatory
elements active during prenatal cortical development, supporting the radial unit hypothesis. Loci
impacting regional surface area cluster near genes in Wnt signaling pathways, which influence
progenitor expansion and areal identity. Variation in cortical structure is genetically correlated
with cognitive function, Parkinson’s disease, insomnia, depression, neuroticism, and ADHD.

One Sentence Summary: Common genetic variation is associated with inter-individual
variation in the structure of the human cortex, both globally and within specific regions, and is
shared with genetic risk factors for some neuropsychiatric disorders.

Main Text: The human cerebral cortex is the outer grey matter layer of the brain, which is
implicated in multiple aspects of higher cognitive function. Its distinct folding pattern is
characterized by convexgyral) and concavesglcal) regions. Computational brain mapping
approaches use the consistent folding patterns across individual cortices to label brain regions
(2). During fetal development excitatory neurons, the predominant neuronal cell-type in the
cortex, are generated from neural progenitor cells in the developing germinaRxortee(radial

unit hypothesis 3) posits that the expansion of cortical surface area (SA) is driven by the
proliferation of these neural progenitor cells, whereas thickness (TH) is determined by the
number of their neurogenic divisions. Variation in global and regional measures of cortical SA
and TH have been reliably associated with neuropsychiatric disorders and psychologicd) traits (
(table S1). Twin and family-based brain imaging studies indicate that SA and TH measurements
are highly heritable and are influenced by largely different genetic fackery. Oespite
extensive studies of genes impacting cortical structure in model organisms, our current
understanding of the genetic variation impacting human cortical size and patterning is limited to
rare, highly penetrant variant8, (9. These variants often disrupt cortical development, leading

to altered postnatal structure. However, little is known about how common genetic variants
impact human cortical SA and TH.

To identify genetic loci associated with variation in the human cortex we conducted genome-
wide association meta-analyses of cortical SA and TH measures in 51,665 individuals from 60
cohorts from around the world, who were primarily of European descent (~94%; tab%%$).S2
Cortical measures were extracted from structural brain MRI scans in 34 regions defined by the
commonly used Desikan-Killiany atlas, which establishes coarse partitions of the cortex. The
regional boundaries are based on gyral anatomy labeled from between the depths of th@ sulci (
11). We analyzed two global measures, total SA and average TH, and SA and TH for the 34
regions averaged across both hemispheres, yielding 70 distinct phenotypes (Fig. 1A; table S1).

Within each cohort genome-wide association (GWAS) for each of the 70 phenotypes was
conducted using an additive model. To identify genetic influences specific to each region, the
primary GWAS of regional measures included the global measure of SA or TH as a covariate.
To estimate the multiple testing burden associated with analyzing 70 phenotypes we used matrix
spectral decomposition1l®), which yielded 60 independent traits, and a multiple-testing
significance threshold d? < 8.3 x 1071°,
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The principal meta-analysis comprised results from 33,992 participants of European ancestry
(23,909 from 49 cohorts participating in ENIGMA and 10,083 from the UK Biobank). We
sought replication for loci reaching genome-wide significariee 6 x 10®) in an additional
ENIGMA cohort (777 participants) and with the CHARGE consortiuf8) ((13,952
participants). In addition, we meta-analyzed eight cohorts of non-European ancestry (2,944
participants) to examine the generalization of these effects across ancestries. High genetic
correlations were observed between the meta-analyzed ENIGMA European cohorts and the UK
Biobank cohort using LD-score regression (totalr§4 1.00,Z-scorePrg = 2.7 x 1%/, average

TH re = 0.91,Z-scorePrc = 1.7 x 10", indicating consistent genetic architecture between the 49
ENIGMA cohorts and data collected from a single scanner at the primary UK Biobank imaging
site.

Across the 70 cortical phenotypes we identified 306 loci that were genome-wide significant in
the principal meta-analysi (< 5 x 108, Fig. 1B; table S5). Of these, 118 have not been
previously associated with either intracranial volume or cortical SA, TH, or volaag.

Twenty of these were insertions or deletions (INDELS). Eleven INDELs had a proxy single
nucleotide polymorphism (SNP) available in the European replication data; no proxies were
available for six INDELs and one SNP. Of the 299 loci for which the SNP or a proxy was
available, 255 (SA: 241, TH: 14) remained genome-wide significant when the replication data
were included in the meta-analysis, with 199 passing multiple testing correetiodiy x 107

SA: 187, TH: 12). Of the 255 loci, 244 were available in the meta-analysis of non-European
cohorts. The 95% confidence intervals around the non-European meta-analysis effect sizes
included those from the European meta-analysis for 241 of these loci. Of the 244 loci available
in the non-European cohorts, 189 had effects in the same direction in both the European and non-
European metaralyses, and 111 became more significant when the whole sample was meta-
analyzed (table S5; fig. S1). Variability in effects across ancestry may be due to differences in
allele frequency; however, the power for these comparisons is limited and further comparisons
with larger non-European cohorts will help clarify the generalizability of these effects (table S5).
We examined geneased effects (allowing for a 50 kb window around genes), and found
significant associations for 253 genes across the 70 cortical phenotypes (table S6). The meta-
analytic results are summarized as Manhattan, QQ, Forest, and LocusZoom plots«{889. S2

Genetics of total SA and average TH

Common variants explained 34%HK = 3%) of the variation in total SA and 26%HK= 2%) in

average TH. These estimates account for more than a third of the heritability estimated from the
QTIM twin sample (91% for total SA and 64% for average TH; table S7), indicating that more
genetic variants, including rare variants, are yet to be identified. To examine the extent to which
our results could predict SA and TH, we derived polygenic scores (PRS) from the principal
meta-analysis results. These scores significantly predicted SA and TH in an independent sample
of 5,095 European participants, explaining betweeBf2 of the trait variance (given a PRS
threshold ofP < 0.01 R%sa= 0.029, linear regression coefficigntestP = 6.54 x 1% Ry =
0.022,t-testP = 3.34 x 10° table S8).

We observed a significant negative genetic correlation between total SA and average=FH (
0.32, SE = 0.05, Z-score P, = 6.5 x 10'%4 Fig. 2A), which persisted after excluding the
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chromosome 17 inversion region known to influence brain di4e((c = -0.31,SE = 0.05,Z-
scorePrc = 3.3 x 10'9). Genetic correlations could indicate causal relationships between traits,
pleiotropy, or a genetic mediator influencing both traits. Latent causal variable (LCV) analysis,
which tests for causality using genome-wide da&), (showed no evidence of causation (LCV
genetic causality proportion gcp = 0.@destPycp=0 = 0.729). The negative correlation suggests
that genetic influences have opposing effects on SA and TH, which may result from pleiotropic
effects or genetic effects on a mediating trait that, for example, might constrain total cortical
volume. The absence of causality and the small magnitude of this correlation is consistent with
the radial unit hypothesis3), whereby different developmental mechanisms promote SA
expansion and increases in TH.

As expected, total SA showed a positive genetic correlation with intracranial volume (ICV); this
correlation remained after controlling for height demonstrating that this relationship is not solely
driven by body size (Fig. 2A; table S8). The global cortical measures did not show significant
genetic correlations with the volumes of major subcortical structures (Fig. 2A) except for total
SA and the hippocampus, consistent with their shared telencephalic developmental origin.

To identify if common variation associated with cortical structure relate to gene regulation
within a given tissue type, developmental time period, or cell-type, we performed partitioned
heritability analyses20) using sets of gene regulatory annotations from adult and fetal brain
tissues 21, 229. Total SA and average TH showed the strongest enrichment of heritability within
genomic regions of active gene regulation (promoters and enhancers) in brain tissueitand

neural models derived from stem cell differentiation (Fig. 288;$6A). To examine temporally
specific regulatory elements, we selected those active regulatory elements specifically present in
either mid-fetal brain or adult cortex. Total SA showed significant enrichment of heritability only
within mid-fetal specific active regulatory elements, whereas average TH showed significant
enrichment only within adult specific active regulatory elements (Fig. 2C, fig S6B). Stronger
enrichment was found in regions of the fetal cortex with more accessible chromatin in the neural
progenitor-enriched germinal zone than in the neuron-enriched cortical plate (fig. S6C), similar
to a previous analysis for intracranial volun2d)( We then performed an additional partitioned
heritability enrichment analysis using regulatory elements associated with cell-type specific gene
expression derived from a large single-cell RNA-seq study of the human fetal 28pif I{is
analysis revealed significant enrichment of total SA heritability in all progenitor cell-types
including those in active phases of mitosis as well as three different classes of progenitor cells
including outer radial glia cells, a cell-type associated with expansion of cortical surface area in
human evolution2) (Fig 2D, fig S6D). We also identified significant enrichments in upper layer
excitatory neurons, oligodendrocyte progenitor cells, and microglia. These findings suggest that
total SA is influenced by common genetic variants that may alter gene regulatory activity in
neural progenitor cells during fetal development, supporting the radial unit hypotBedis (
contrast, the strongest evidence of enrichment for average TH was found in active regulatory
elements in the adult brain samples, which may reflect processes occurring after mid-fetal
development, such as myelination, branching, or pruridg (

We conducted pathway analyses to determine if there was enrichment of association near genes

in known biological pathway2p). We found 91 significant gene-sets for total SA and four for
average TH (table S9). Gene-sets associated with total SA included chromatin binding, a process
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guiding neurodevelopmental fate decisioB6) (table S9, fig. S7A). In addition, consistent with
the partitioned heritability analyses implicating neural progenitor cells in total SA, gene ontology
terms relevant to cell-cycle also showed significant enrichment in these analyses.

Loci influencing total SA and average TH

Seventeen of the 255 replicated loci were associated with total SA; 12 survived correction for
multiple testing (Fig. 2E, table S5). Eight loci influencing total SA have been previously
associated with ICV1@). These include rs79600142 (principal meta-analpsis= 2.3 x 16°%
replicationPrep = 3.5 x 10*3, P-values reported from all meta-analytic results wereZfscores

from fixed-effect meta-analyses), in the highly pleiotropic chromosome 17g21.31 inversion
region, which has been associated with Parkinson’s disease (27), educational attainmenfg),

and neuroticism29). On 10q24.33, rs1628768-6corePwa = 1.7 X 10'%, Prep = 1.0 x 10*) was

shown by our bioinformatic annotatior®0) to be an expression quantitative trait locus (eQTL)
influencing expression levels of thBA gene and of the schizophrenia candidate gergd3 (
AS3MT NT5C2 and WBPI1L (linear regression coefficiertttest false discovery rate (FDR)
correctedP-value for the association of rs1628768 with expression data from surrounding genes
FDRcommonMind consoriumcmcs 1.0 X 10%; tables S11S12). This region has been associated with
schizophrenia, however, rs1628768 is in low linkage disequilibrit®) (with the
schizophrenia-associated SNP rs11191439 0.15; 82)). The 6921 locus influencing total SA

is intronic to FOXO3 (which also showed a significant gene-based association with total SA,
table S6). The major allele of the lead variant rs2802295 is associated with larger tofal SA (
scorePya = 2.5 X 10'% Pp = 2.5 x 10" and is in complete LD with rs2490272, a SNP
previously associated with higher general cognitive func& (

One locus not previously associated with ICV was rs11171Z-38d¢rePua = 8.4 x 10'% Prep =

8.1 x 10'Y on 12g13.2. This SNP is in high LD with SNPs associated with educational
attainment28), and is an eQTL foRPS26n fetal 34) and adult cortex30)(t-test of Pearson’s r
FDRreTaL= 2.0 x 1074 empiricalt-test of Pearson’s I FDRGenotype-Tissue Expression(GTEx) 3.3 X 10%;

tables S11S12). On 3p24.1, rs12630663-§corePua = 1.3 x 10% Prp = 1.4 x 1) is of
interest due to its proximity (~200kb) ®#OMES (also known asTBR2, which is expressed
specifically in intermediate progenitor cells in the developing fetal coBBKx (s12630663 is
located in a chromosomal region with chromatin accessibility specific to the germinal zone in the
human fetal cortex2(l). Putatively causal SNPs in this region (table S13) show significant
chromatin interactions with thEOMES promoter 86). The region also contains numerous
regulatory elements that when excised via CRISPR/Cas9 in differentiating neural progenitor
cells significantly reducedEOMES expression 41). A rare homozygous chromosomal
translocation in the region separating the regulatory elementsBE@MES (fig. S8) silences
EOMESexpression and causes microcephdy),(demonstrating that rare and common non-
coding variation can have similar phenotypic consequences, but to different degrees.

The two replicated loci associated with average TH, neither of which have been previously
identified, survived correction for multiple testing (Fig. 2E; table S5). On 3p22.1, rs538577 (
scorePwa = 8.4 x 10'%; Prep = 3.7 x 109 is a fetal cortex eQTLi¢estFDRreta= 1.8 x 10%) for
RPSA,encoding a 40S ribosomal protein with a potential role as a laminin rec&&or (
Laminins are major constituents of extracellular matrix, and have critical roles in neurogenesis,
neuronal differentiation and migratioB89). On 2g11.2, rs1169243%-6corePua = 3.2 x 10,
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Prep = 4.5 x 10'% encodes a missense variant (p.A143V) predicted to impact ACTR1B protein
function @0), and is arACTR1BeQTL in fetal cortext{testFDRretaL = 3.9 x 17) (tables S11
S12).ACTR1Bis a subunit of the dynactin complex involved in microtubule remodeling, which
is important for neuronal migratiod1).

Genetics of regional SA and TH

The amount of phenotypic variance explained by common variants was higher for38A0(8

than TH (:13%) for each of the specific cortical regions (Fig—BAtable S7). To focus on
region specific influences we controlled for global measures in the regional GWAS, which
reduced the covariance between the regional measures (table&s1S14Similar to the genetic
correlation between global SA and TH, when significant, genetic correlations between regional
SA and TH within the same region were moderate and negative (tableS15)4This suggests

that genetic variants contributing to the expansion of SA in a specific region tend to also
contribute to thinner TH in that region.

Genetic correlations between regions were calculated separately for SA and TH. Most genetic
correlations between regions did not survive multiple testing correction. For SA significant
positive genetic correlations were generally found between physically adjacent regions and
negative correlations between more distal regions (Fig. 3A). This pattern mirrored the
phenotypic correlations between regions and was also observed for TH (FR). onsistent

with this, hierarchical clustering of the genetic correlations resulted in a general grouping by
physical proximity (fig. S9). These positive genetic correlations were strongest between SA of
regions surrounding the major, early forming sulci (e.g., pericalcarine, lingual, cuneus, and
lateral occipital regions surrounding the calcarine sulcus), which may potentially reflect genetic
effects acting on the development of the suld).(

To further investigate biological pathways influencing areal (regional) identity, we aggregated
association statistics using multivariate GWAS analy4@sseparately for regional SA and TH.
These analyses identify variants shared across regions and those within specific regions while
accounting for the phenotypic correlations between regions. Pathway analyses of the multivariate
SA results showed significant enrichment for 903 gene sets (table S10), many of which are
involved in Wnt signaling, with the canonical Wnt signaling pathway showing the strongest
enrichment Z-score,P = 8.8 x 10'). Wnt proteins regulate neural progenitor fate decisidBs (

44) and are expressed in spatially specific manners influencing areal idetdjityPathway
analyses of the multivariate TH results did not yield any findings that survived multiple testing
correction.

Loci influencing regional SA and TH

A total of 224 loci were nominally associated with regional SA and 12 with regional TH; of
these 175 SA and 10 TH loci survived multiple testing correction (table S5). As shown in Fig.
1B, most loci were associated with a single cortical region. Of the loci influencing regional
measures, few were also associated with global measures. Those that were showed effects in the
same direction, implying that the significant regional loci were not due to colliderd@agig.

S10.
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The strongest regional association was observed on chromosome 1514 with the precentral SA
(rs1080066Z-scorePua = 1.8 x 10", Prep = 4.6 x 10'%% variance explained = 1.03%; Fig. 4A).
Across 11 traits we observed 41 independent significant associations from 18 LD bfocks (
threshold< 0.02; see Fig. 4B, table S5). As we observed strong association with the SA of both
pre- and post-central gyri (Fig. 4C), we localized the association within the central sulcus in
5,993 unrelated individuals from the UK Biobank. The most significant association between
rs1080066 and sulcal depth was observed aroundplthée passage fronto-pariétal moyen
(linear regression coefficiertttestP = 7.9 x 10?%), a region associated with hand fine-motor
function in humans4(7), which shows distinct depth patterns across different species of primates
(48) (Fig. 4D). rs1080066 is a fetal cortex eQTL for a downstream g#R2AK4 (t-test
FDReetaL = 4.8 x 10) encoding the GCN2 protein, which is a negative regulator of synaptic
plasticity, memory and neuritogenesié9) The functional data also highligftHBS1 via
chromatin interaction between the rs1080066 region and the promoter in neural progenitor cells
and an eQTL effect in whole blood-6mre FDRsiosgeneleve= 6.1 X 10°). THBS1has roles in
synaptogenesis and the maintenance of synaptic integojty (

Consistent with enrichment in the pathway analyses, a number of other loci were located in
regions with functional links to genes involved in Wnt signaling (figB)$ including 1p13.2,
where rs2999158 (lingual S&;scorePua = 1.9 x 101, Prep = 3.0 x 10'%; pericalcarine SAZ-
scorePua = 1.9 x 10'; Prep = 9.9 x 10%9) is an eQTL forST7LandWNT2B(t-test FDRwc < 1.0

x 10?) in adult cortex (tables S1$12). On 14023.1, we observed 20 significant loci (table S5)
from four LD blocks. Our strongest association here was for the precuneus SA (rs73Z:3052:
scorePva = 1.1 x 10%%; Prep = 2.2 x 10%). These loci are located nddACT1andDAAMY, both
involved in synapse formation and critical members of the Wnt signaling casshdé?
rs73313052 and high LD proxies are eQTLs BsxAM1 (ttestFDRcwc < 1.0 x 1) in adult

cortex (tables S11512).

Several of our regional associations occur near genes with known roles in brain development.
For example, on chromosome 1p22.2, rs1413536 (associated with the inferior pariefal SA:
scorePua = 1.6 x 10'% Prep = 3.1 x 10" is an eQTL in adult cortex farMO4 (t-testFDRcuc <

1.0 x 10%, with chromatin interactions between the region housing both this SNP and
rs59373415 (which is associated with the precuneusZSaorePua = 1.6 x 10, Prep = 5.3 X

1012 and theLMO4 promoter in neural progenitor cells (table S312).Lmo4is one of the few

genes already known to be involved in areal identity specification in the mammaliarbjain (

Genetic relationships with other traits

To examine shared genetic effects between cortical structure and other traits, waquerfo
genetic correlation analyses with GWAS summary statistics from 23 selected traits. We observed
significant positive genetic correlations between total SA and general cognitive furtetjon (
educational attainmen®2®), and Parkinson’s disease (27), indicating that allelic influences
resulting in larger total SA are in part shared with those influencing greater cognitive capabilities
as well as an increased risk fearkinson’s disease. For total SA, significant negative genetic
correlations were detected with insomnbd)( attention deficit hyperactivity disorder (ADHD;

56), depressive symptom&7), major depressive disordesg), and neuroticism29) (Fig. 5A,

table S16), again indicating that allelic influences resulting in smaller total SA are in part shared
with those influencing an increased risk for these disorders and traits. To map the magnitude of
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these effects across the brain, we calculated the genetic correlations across the cortical regions
without correction for the global measures (Fig. 5B). Genetic correlations with average TH did
not survive multiple testing correction, perhaps due to the weaker genetic associations detected
in the TH analyses. At the regional level, significant genetic correlations were observed between
precentral thickness and general cognitive functien=(0.27, Z-scorePc = 2.5 x 1&) and
educational attainmentd = 0.25,Z-scorePc = 4.0 x 10%) as well as between the inferior
parietal thickness and educational attainmest=(-0.19, Z-scoreP:¢ = 5.0 x 10%). To confirm

these correlations were not driven by the presence of cases within the meta-analysis, genetic
correlations were recalculated from a meta-analysis of GWAS from population-based cohorts
and GWAS of controls from the case-control cohorts (N = 28,503). All genetic correlations
remained significant with the exception of the genetic correlation between total SA and
depressive symptoms (table S17).

We performed bidirectional Mendelian randomization (M#®) and LCV (9) analyses to
investigate potential causal relationships underlying the observed genetic correlations with total
SA. Both methods provided evidence of a causal effect of total SA on general cognitive function
(inverse variance weighted MBRrvw = 0.15, SE = 0.01Z-scoreP = 4.6 x 1&; LCV gcp =

0.40, 95% Cls [0.23).57], t-testPycp=0 = 1.4 x 1) and educational attainmetig.vw = 0.12,

SE = 0.01Z-scoreP = 2.1 x 10?%; gcp = 0.49, 95% Cls [0.26.72], t-test Pgcp=0 = 8.0 x 1)

(table S18S19). The MR analyses also indicated association in the reverse direction for both
general cognitive function and education years (table S18); however, this was not supported by
the LCV analyses (table S19). There was limited to no support for a causal relationship in either
direction between total SA and the six other traits that showed significant genetic correlations
(table S18S19). Taken together these findings suggest that the previously reported phenotypic
relationships between cortical surface area and general cognitive furGiofl( may in part

reflect underlying causal processes.

Discussion

Here we present a large-scale collaborative investigation of the effects of common genetic
variation on human cortical structure using data from 51,665 individuals from 60 cohorts.
Current knowledge of genes impacting cortical structure has been derived largely from creating
mutations in model systems, such as the mouse, and observing impacts on brain sBucture (
Given the differences between mouse and human cortical strud@eth(s study provides an
important genome-wide insight into human variation and genes impacting a characteristically
human phenotype. Previous studies have identified rare variants that have large effects on
cortical structure in humans$)( and this study adds to the catalog of the type of variation that
impacts human cortical structure.

We show that the genetic architecture of the cortex is highly polygenic and that variants often

have a specific effect on individual cortical regions. This suggests that there are distinct genes
involved in the development of specific cortical areas and raises the possibility of developmental
and regional specificity in eQTL effects. We also find that rare variants and common variants in

similar locations in the genome can lead to similar effects on brain structure, though to different

degrees. For example, a balanced chromosomal translocatice@EESleads to microcephaly

in a region abutting a common variant signal associated with small changes in cortical surface
area (fig. SR
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We provide evidence that genetic variation impacting gene regulation in progenitor cell-types,
present in fetal development, impacts adult cortical surface area. This is consistent with the radial
unit hypothesis, which states that an increase in proliferative divisions of neural progenitor cells
leads to an expansion of the pool of progenitors resulting in increases in neuronal production and
cortical surface are&8(62. Notably, we see an enrichment of heritability in cortical surface area
within regulatory elements that influence outer radial glia cells, this cell-type is considerably
more prevalent in gyrencephalic species such as humans and has been hypothesized to account
for the increased progenitor pool size in huma)s (

We also find that Wnt signaling genes influence areal expansion in humans, as previously
reported in model organisms such as mits).(Cortical thickness was associated with loci near
genes implicated in cell differentiation, migration, adhesion, and myelination. Consequently,
molecular studies in the appropriate tissues, such as neural progenitor cells and their
differentiated neurons, will be critical to map the involvement of specific genes.

We demonstrate that genetic variation associated with brain structure also impacts general
cognitive function, Parkinson’s disease, depression, neuroticism, ADHD, and insomnia. This
implies that genetic variants impacting brain structure also impact brain function. While most of
the structural differences in the cortex observed in these disorders have been reported for
thickness, our results show significant genetic correlations in surface area. This might suggest
the phenotypic differences observed in cortical thickness (table S1) partially reflect
environmental influences, effects of illness or of treatment. We find evidence that brain structure
is an important phenotype along the causal pathway leading from genetic variation to differences
in general cognitive function and educational attainment.

In summary, this work identifies genome-wide significant loci associated with cortical surface
area and thickness and provides a deeper understanding of the genetic architecture of the human
cerebral cortex and its patterning.

Materialsand Methods Summary:

Participants

Participants were genotyped individuals with cortical MRI data, from 60 cohorts. Participants in
all cohorts in this study gave written informed consent and each site obtained approval from
local research ethics committees or Institutional Review Boards. Ethics approval for the meta-
analysis was granted by the QIMR Berghofer Medical Research Institute Human Research Ethics
Committee (approvaP2204.

Imaging

Measures of cortical SA antH were derived fronin vivo whole brain T1-weighted MRI scans
using FreeSurfer MRI processing softwafig. (SA and TH were quantified for each subject
across the whole cortex and within 34 distinct gyral-defined regions according to the Desikan-
Killiany atlas averaged across both hemisphet8p (
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Genetic association analyses

Within each cohort, GWAS were conducted on each of the 70 imaging phenotypes. After quality
control, these data were meta-analyzed using MET&H). (nitially the GWAS from European
cohorts were meta-analyzed together, yielding the principal results that were used in all
subsequent analyses. We sought replication of the genome-wide significant loci with data from
the CHARGE consortium. To examine generalization of effects, the GWAS from the non-
European cohorts were meta-analyzed together, and finally vzeama&lyzed the European with

the non-European results. Polygenic scores were derived from the principal meta-analysis and
used to predict the amount of variance explained by the association of common genetic variants
with the cortical SA and TH in an independent sample.

SNP heritability and tests for genetic correlations and causation

Heritability explained by common genetic variants (SNP heritability) was estimated using LD
score regressior6d). Genetic correlations between cortical regions were estimated using cross-
trait LD score regressior6%). To examine genetic relationships with other traits, we estimated
genetic correlations using cross-trait LD score regression; to determine if these correlations were
causal we used Mendelian randomizati®®) @nd latent causal variable analysES).(

Partitioned heritability

Partitioned heritability analysis was used to estimate the percentage of heritability explained by
annotated regions of the genont6)( Heritability enrichment was first estimated in active
regulatory elements across tissues and cell tyzis2Q). Secondly, heritability enrichment was
estimated in mid-fetal specific active regulatory elements and adult cortext specific active
regulatory elements. Thirdly, heritability enrichment was estimated in regulatory elements of
cell-type specific genes in fetal brad].

Functional follow-up

The principal meta-analytic results were followed up with gene-based association analysis using
MAGMA (67). A multivariate analysis of the regional association results was conducted using
TATES (42). Pathway analyses were conducted on the global measures and the results from the
multivariate analyses using DEPICT to identify enrichment of association in known genetic
functional pathways26). To identify putatively causal variants we performed fine-mapping with
CAVIAR (68). Potential functional impact was investigated using FUIB@,(which annotates

the SNP location, nearby enhancers or promoters, chromatin state, associated eQTLs, and the
potential for functional effects through predicted effects.
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Fig. 1. Regions of the human cortex and associated genetic loci. (A) The 34 cortical regions
defined by the Desikan-Killiany atlaB) Ideogram of loci influencing cortical SA and TH.

Fig. 2. Genetics of Global Measures. (A) Genetic correlations between global measures and
selected traits (red indicates significant correlation, FDR < 0.@).Partioned heritability
enrichment in active regulatory elements across tissues and cell @p&sar{ioned heritability
enrichment in temporally specific active regulatory eleme®) Partioned heritability
enrichment in regulatory elements of cell-type specific genes in fetal bEiiMgnhattan plot

of loci associated with total SAop) and TH potton), green diamonds indicate lead SNP in the
principal meta-analysis, black diamonds indicate change-walue after replication, dashed
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horizontal line is genome-wide significance, solid horizontal line is multiple-testing correction
threshold.

Fig 3. Genetic and Phenotypic Correlations Between Cortical Regions. (A) Surface Area.R)
Thickness. The regions are numbered according to the legend of Fig. 1A. The proportion of
variance accounted for by common genetic variants is shown in the first cohfemg). (
Phenotypic correlations from the UK Biobank are in the upper triangle. Genetic correlations
from the principal meta-analysis are in the lower triangle. Only significant correlations are
shown.

Fig 4. Genetics of Regional Measures. (A) Regional plot for rs1080066, including additional
lead SNPs within the LD block and surrounding genes, chromatin interactions in neural
progenitor cells, chromatin state in RoadMap brain tissues*, and BRAINSPAN candidate gene
expression in brain tissue**BjJ Ideogram of 15914, detailing the significant independent loci
and cortical regions.q) rs1080066 (G allele) association with SA of regiom). (51080066
association with central sulcus depth and depth of several primate species *TssA:Active
Transcription Start Site (TSS); TssAFInk:Flanking Active TSS; TxFInk:Transcription at gene 5'
and 3'; Tx:Strong transcription; TxWk:Weak transcription; EnhG:Genic enhancers;
Enh:Enhancers; Het:Heterochromatin; TssBiv:Bivalent/Poised TSS; BivFInk:Flanking Bivalent
TSS/Enhancer; EnhBiv:Bivalent Enhancer; ReprPC:Repressed; PolyComb; ReprPCWk:Weak
Repressed PolyComb; Quies:Quiescent/Low. **DFC:dorsolateral prefrontal ;cortex
VFC:ventrolateral prefrontal corteMFC:anterior cingulate cortexXOFC:orbital frontal cortex
M1C:primary motor cortexM1C-S1C:primary motor-sensory corteRCx:parietal neocortex
S1C:primary somatosensory cortdlRC:posteroventral parietal corteR1C:primary auditory
cortex TCx:temporal neocortexSTC:posterior superior temporal cortel C:inferolateral
temporal cortexOcx:occipital neocortexX/1C:primary visual cortex.

Fig 5. Genetic correlations with neuropsychiatric and psychological traits. (A) Genetic
correlations with total SA and average TH positive correlations are shown in red, while negative
correlations are shown in blueB)(Regional variation in the strength of genetic correlations
between regional surface area (without correction for total surface area) and traits showing
significant genetic correlations with total surface area.
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