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Summary and concluding
statement

Adam D. Tarnoki?, David L. Tarnoki?, Jennifer R. Harris”, Nancy L. Segal®
“Medical Imaging Centre, Semmelweis University, Hungarian Twin Registry, Budapest, Hungary
bCentre for Fertility and Health, The Norwegian Institute of Public Health, Oslo, Norway
“Department of Psychology, California State University, Fullerton, CA, United States

In the introduction to this book, we noted that this is a very exciting time to be
involved in the study of twins. It is also an exciting time to look to the future of twin
research.

Important findings and breakthroughs are happening all the time. You have read
about some of them in the different chapters of this book, but some stories are worth
retelling—and when the history of twins is written again, even more chapters will
be added.

Throughout the years, twin registries have grown to occupy a special niche in
science, particularly because new technologies and analytical approaches have of-
ten enhanced the known advantages of twin designs. For example, epigenetic analy-
ses are informing us about factors affecting behavior and disease in identical twins
who differ with regards to environmental exposures, life-style factors, and/or medi-
cal life histories. Comparing the microbiomes of MZ (identical) and DZ (fraternal)
twins also promises to uncover new and important findings regarding the onset and
progression of human disease. Moreover, twin registries are valuable resources for
helping us find answers to significant public health challenges. This is illustrated,
for example, by the number of twins studies that could rapidly investigate various
aspects of the coronavirus (COVID-19) pandemic and were featured in the 19th In-
ternational Congress on Twin Studies that took place in Budapest in 2021.

Twin researchers have further enriched their data through the addition of new
types of genetic, omics, imaging, and environmental measures. This has laid a strong
foundation for new knowledge generation. We foresee that today’s twin-based re-
search programs will continue to grow and provide new opportunities in which twin
research will contribute to breakthroughs across a wide field of scientific inquiry.

Twin registries are also growing in size, number and specificity, owing to in-
creased twinning rates. Although we have described factors that increase the chance
of DZ twinning, research on th causes of MZ twinning is still underway with prom-
ising results. We still have a great deal to learn about many aspects of twins and
twin-ning, so it is not surprising that new twin registries are emerging in the world,
and more investigators are implementing twin research designs into their research
programs. Physicians are also better able to detect and manage multiple birth preg-
nancies which are generally riskier than singleton pregnancies, for both mothers and
infants. In our modern, changing world, psychologists are also continually adapting
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and developing new suggestions for parenting twins. Areas of special interest con-
cern placing twins in the same or separate classrooms and identifying the best in-
terventions for improving twins’ average language difficulties. Communication be-
tween researchers and parents is also critical, representing a subject of renewed focus
within the International Society of Twin Studies.

Beyond the scientific promise and progress of twin studies, meeting and observ-
ing twins up close and personally provides a unique and fascinating experience. Each
twin pair reflects a distinctive story about human developmental processes. Think
about the twins you know, and this will become clear.

In the future, twin studies will continue to play an important role, along with
emerging genome and molecular research methods, in shedding light on answers to
big questions. Findings from these studies will continue to elucidate the reasons why
people differ in the ways they develop and age, identify factors affecting health and
well-being, and explain how environmental and genetic factors combine to affect hu-
man behaviors, physical traits, and diseases.

Thank you for reading our book in which we shared current information with you
on the current state of twin-based science. In closing, we hope that you have gained
appreciation for the valuable contributions that twin research have made to our un-
derstanding of individual differences in health, disease, and development. If so, then
our mission as editors has been accomplished. We thank the authors of the chapters,
the experts who reviewed them, and the publisher Elsevier, who allowed us to share
this information with you. Finally, we thank twins worldwide for their participation
in research and for sharing their stories with us.
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International Society for Twin Studies.
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International Twins Association (ITA).
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Twiniversity.

https://www.twiniversity.com/

Twin Mom. twinmom.com

Twin Loss Support Groups.

Twinless Twins. twinlesstwins.org

The Twins Trust Bereavement Support Group (BSG). twinstrust.org/bereavement.html

691


https://www.cambridge.org/core/journals/twin-research-and-human-genetics
http://bga.org/journal/
https://twinsmagazine.com/
https://twinstudies.org/
https://issidorg.com/
https://multiplesofamerica.org/
http://www.intltwins.org/index.php/en/
https://www.twiniversity.com/




Index

Page numbers followed by “f”” and “¢” indicate, figures and tables respectively.

A

Aalen-Clayton equation, 500

Abdominal aortic aneurysm (AAA) formation, 406
Adolescence, 135

Adulthood morbidity and survival, 448

Adult twins, 136

Alcohol, 637

Allergic diseases, 432

Alzheimer’s disease and related dementias (ADRD)

age at onset, 532
conceptualization, 538
co-twin control studies, 534
future directions, 540
genetic and environmental influences, 5307
opposite sex twins, 537
phenotypes, 533
risk and protective factors, 534
sex differences, 531
Anemia-polycythemia sequence (TAPS), 74
Antenatal care, 67 See also Twin pregnancies
chromosomal screening, 69
diagnosis and chorionicity, 67
laboratory investigations, 70
monitoring, 69
nutritional advice, 68
Antenatal complications, 70
chorionicity, 70
fetal growth restriction, 71
Antenatal preventive interventions, 76 See also
Twin pregnancies
Anthropometric measures, 393
Antisocial behavior (AB), 345-346
Antisocial personality disorder, 338, 343, 345
Artificial reproductive techniques (ART), 15
Asthma, 407408
Attention deficit hyperactivity disorder (ADHD),
217,277-278, 632
epigenetic twin studies, 514
Autism spectrum disorder, 633
Autism spectrum disorder (ASD), 217, 277-278
epigenetic twin studies, 513
Autoimmune disorders, 433
Average age of the mother at childbirth, 12

Beckwith-Wiedemann syndrome, 674
Big Five theory, 331

Biologic metrics, 492¢

Biometrical model, 189

Bipolar disorders, 219, 220, 343

Blood pressure components, 404

Body mass index, 392, 397-398
development of, 395-396

Bradford Hill’s, 237

Breast mammography, 421-422

Brisbane Longitudinal Twin Study (BTNS),

39-40

C
Calcified aortic plaque, 406
California Twin Program, 498
Cardiovascular parameters, 415-420
Cardiovascular twin study, 119
Carotid atherosclerosis, 405
Celiac disease, 433
Cell free DNA analysis, 69
Cerebral palsy, 443, 632
epigenetic twin studies, 517
risk, 75
Childhood psychiatric disorders
environmental influences, 284
genetic contributions, 280
implications, 287
and population traits, 279
and traits, 277, 282
Chimera, 62
Chorionicity, 70
Chromosomal abnormalities (CA), 665
Chronic bronchitis, 407
Chronic inflammatory disease of the airways,
407-408
Chronic obstructive pulmonary disease (COPD),
407
Classical twin design (CTD), 192-193
Classic multivariate twin model (CMTM), 239
Cognitive
aging, 352-353
development, twin studies, 515
domains, 353-354
Colombian twins, 147
Comorbidity, 433-434
Computed tomography, 423
Congenital heart diseases, 442
Congenital malformations, 442

693



Index

Conjoined twins, 62

classification, 93

defined, 951961

development, 92

embryology, 92

epidemiology, 103

ethnicity, 104

etiology, 102

fission theory, 92

formation, 1027

fusion of two embryos, 92

history, 85

in plants and animals, 91

prevalence, 1037

records, 871891

separation, 105

ventrally, 95f
Copy number variations (CNV), 674
Coronary heart disease (CHD), 405-406
Cotwin control

design, 482

twin in space, 619

twins reared apart and together, 617
Cultural transmission, 378-379

DeFries-Fulker extremes analysis, 279-280
Depressive disorders, 342-343
Developmental origins of health and disease
(DOHaD), 439
hypothesis, 510, 625-626
Direction of causation (DoC), 240
Dizygotic twins, 54, 55-56, 124, 445
mean milk consumption, 58f
personal background, 124
professional activities, 126
professional history, 126
DNA methylation, 494-495, 586,
603, 605-606
data, 604-605
in diseases and traits, 587
genetic effects, 588
DNA sequencing technology, 657
Doubly switched Colombian twins, 146/
Dual-energy X-ray absorptiometry
(DEXA), 421
Duchenne muscular dystrophy (DMD), 673

E

East Flanders Prospective Twin Study, 415
Epidemiologists, 488-489

Epigenetics, 378-379, 585, 590-591
aging, 602-603, 606-607
data, 590-591
marks, 589, 593
mechanism, 585-586
challenges in, 589
schematic representation, 586/
research, 590-591
statistical analysis of, 605
twin studies, 607
value of twins in, 590-591

Epigenome-wide association study (EWAS), 513

Epilepsy, 634

epigenetic twin studies, 518
Equal environments assumption (EEA), 139
Estimate of the fetal weight (EFW), 71-72
Exhaled biomarkers, 408

F

Fagerstrom test, 376
Fetal-fetal transfusion syndrome (TTTS), 72
Fetal growth restriction (FGR), 71
defined, 72
Fetal origins hypothesis, 432

Fluorescent in situ hybridization (FISH), 667-668

Follicle stimulating hormone (FSH), 59-60
Fraternal twins, 3

G

Gene-environment interactions, 396-397

Generalized estimating equations (GEE), 239

Genetic relatedness matrices (GRM), 569

Genetic variants, 488

Genome-wide association study (GWAS), 219,
325-327,532

Greater Montreal area of Quebec Newborn Twin

Study., 39
Growth hormone (GH), 57
Guinness World Records, 145

H

Hardy-Weinberg equilibrium, 190

Hay fever, 432

Height and body mass index, 387

Hellin’s law, 9—-10

Hemato-oncological disorders, 433-434

Hensel twins, 107

Heterotopic twin pregnancy, 63—-64

HEXACO paradigm, 325-327

Higher-order personality traits
genetic structure of, 328/

Histone modifications, 588



Human Microbiome Project (HMP), 657
Hungarian Twin Registry (HTR), 115
Hygiene hypothesis, 432

Hypertension, 404

Hypertensive disorders, 636

Identical twins, 115
Infantile leukemia
metastasis of, 494-495

Inflammatory bowel disease, 433

Inflammatory cytokines, 635

Insulin-like growth factor-1 (IGF1), 57

International Clearinghouse for Birth Defects
Surveillance and Research (ICBDSR), 103

Interplay of Genes and Environment across Multiple
Studies (IGEMS), 354

Intrauterine growth, 440

Inverted arterial perfusion sequence (TRAP
sequence), 74

L

Leukemia, 493

Longitudinal Israeli Study of Twins (LIST), 41
Longitudinal Twin Study (LTS), 458

Lung function, 407

M

Magnetic resonance imaging (MRI), 420421, 423
Major depressive disorder (MDD), 219
Maternal hypertension, 636
Maternal immune activation (MIA), 634-635
Maternal obesity, 635
Maternal smoking, 636-637
Mendelian randomization (MR), 238
Meta-Analysis of Twin Correlations and Heritability
(MATCH), 216-217

Microbiome studies, 652

twin research, 656
Minnesota Study of Twins Reared Apart

(MISTRA), 37

Minnesota Twin Family Study (MTES), 464-465
Molar pregnancy, 62—63
Monoamniotic twins and cord entanglement, 74
Monochorionic-monoamniotic pregnancy, 69
Monozygotic and dizygotic twin pairs, 478
Monozygotic twins, 54, 115, 119, 481

gender ratio, 58

pregnancies, 440
Mosaicism, 666—667

Index

Multifetal gestations
maternal dietary factors, 57
Multi-omics
dizygotic twins, 552
epigenetic variation, 554
epigenomics, 553
gene expression levels, 557
genomics, 549
measure the genome, 549
metabolite levels, 563
metabolomics, 562
monozygotic twins, 550
MZ discordant design, 555
transcriptomics, 557
transcriptomics studies, 559, 561, 566
twin studies, 567
Multivariate genetic analysis, 325-327
Multivariate models of positive psychological
traits, 309
Musculoskeletal disorders, 475
cotwin control design in, 479
twin designs in, 476-477, 476t

Natural twinning

biological factors, 59

complications, 61

conception issues, 55

defining factors, 54

maternal physical factors, 58

maternal risks, 64

prospectus, 65
Netherlands Twin Registry (NTR), 463
Neurodevelopmental disorders (NDD),

509, 632

choice and availability of tissue samples, 520

DOHaD hypothesis, 510

epigenetics, 510

epigenetics analyses, 521

epigenetics mechanisms, 511

incidence, 520

role of twins, 512

twin models, 512, 513

twin studies, 521
Nicotiana tabacum,, 371
Nicotine Addiction Genetics study, 374-375
Nigerian Twin and Sibling Registry (NTSR), 41
Noncoding RNAs, 589
Noninvasive prenatal paternity testing

(NIPPT), 69

Nuclear twin family design, 314

695



696

Index

0
Obesity, 388, 392, 423-424
Obstructive sleep apnoea (OSA), 408
Opposite-sex twins in medical research, 155
biological effects, 156
sex differences, 158
socialisation effects, 157
Optimism, 157

P

Pairwise concordance rates (PWC), 200
Parasitic twins, 92
Parenting twins, 131
Pediatric twin studies, 431
Peripartum care, 76 See also Twin pregnancies
Peripheral arterial disease (PAD), 406
Personality, 323, 324

description of, 324

genetic structure of, 328

social behavior, 328
“Person-situation debate,”, 323
Placenta anatomy, 439440
Population risk ratios (PRR), 201
Psychiatric Genomics Consortium (PGC), 219
Psychological disorders, 337
Psychological resilience, 159
Pubertal Development Scale (PDS), 458-461
Puberty, 395, 457

addressing limitations, 469

and behavior, 464

and the brain, 468

cultural differences, 469

discordant design, 469

examining sex differences, 467

future directions, 468

heritability, 463

measuring, 458

methodological issues, 467

replication analyses, 466

twin data on, 466

twin studies, 463

variations, 462
Pulse wave velocity (PWV), 404

Q

Quintero classification system, 737

R
Radiogenomics, 424
Randomized controlled trials (RCTs), 237, 253,
480-481
advantages, 6
role of twins in, 4
zygosity and twin assignment across, 4, 255

Respiratory and allergic diseases, 431
Russian School Twin Registry (RSTR), 37

S

Scarr-Rowe hypothesis, 222

Schizophrenia, 345, 633

Selective fetal growth restriction (SFGR), 631
Siamese twins, 86

Single gene influences, 345

Single nucleotide polymorphism (SNP), 61, 219
Skewed X-inactivation, 673

Smoking, 372

Social-cognitive theory of personality, 323
Statistical equation modeling (SEM), 4
Structural equation modeling (SEM), 197
Swedish Family-Cancer Database, 489490

T

Turner syndrome, 64
Twin anemia-polycythemia sequence (TAPS),
70-71, 632

Twin birth rate, 10

Twin cohorts and registries, 594

Twin data, 602

Twinning rate
in 1960, 10
in 1980, 10-12
assisted reproductive treatment, 14
factors affecting, 12, 17
methodology, 13

Twin pregnancies
anemia-polycythemia sequence, 74
antenatal care, 67
antenatal complications, 70
antenatal preventive interventions, 76
cerebral palsy risk, 75
chorionicity, 70
chromosomal screening, 69
diagnosis and chorionicity, 67
fetal-fetal transfusion syndrome, 72
fetal growth restriction, 71
inverted arterial perfusion sequence, 74
laboratory investigations, 70
management, 807
mode of delivery, 77, 78¢
monitoring, 69
monoamniotic twins and cord

entanglement, 74

monochorionic pregnancy complications, 72
nutritional advice, 68
peri-conceptional period, 79
peripartum care, 76
timing of birth, 77



Twin registers
basic elements, 167
biobanking, 174
data analyses issues, 177
databases, 176
first steps, 165
informed consent, 169
phenotyping, 173
recruitment methods, 167
retaining, 178
strategic planning, 167
zygosity in, 170
Twin research
for microbiome studies, 656
psychopathology, 337
Twin reversed arterial perfusion sequence (TRAP),
70-71
Twins, 134
copy number variations, 674
discordance, 668
epigenetic mechanisms, 674
genetic background, 665
model for developmental variation, 628
monogenic disorders, 666
postzygotic chromosomal nondisjunction, 668
postzygotic point mutations, 673
skewed X-inactivation, 673
studies in leukaemia research, 674
triplet repeat expansion, 672
Twins early development study (TEDS), 37
Twin-singleton differences, 439
genetic studies, 450
Twins Research Australia (TRA), 39
Twin studies, 3, 6, 328, 403-404
binary data, 200
biometrical model, 189
Bradford Hill’s, 237
cardiorespiratory, 404
causation, 235, 236
classical, 191
classical twin design, 264
classic multivariate twin model, 239
cognition and personality, 5
cognitive ability, 223
controversy, 149
design, 590-591
direction of causation, 240
discordant identical, 330
discrete traits, 199
equal environments assumption, 195
externalizing behaviors, 225
formal model description, 242
further developments, 248
future work and directions, 5, 140, 227, 267

Index

gene-environment correlation, 220
gene-environment interaction, 207,
220, 222
gene-environment interplay, 220
genotype-environment correlation, 205
history of, 4
ICE FALCON, 241, 244,247
imaging of twins, 420421
literature, 262
Mendelian randomization, 238
methodological assumptions, 195
model, 204
model description, 241
monozygotic (MZ) and dizygotic, 3
past and present, 140, 238, 373
personality, 224, 323
psychiatric disorders, 219
randomized controlled trials, 237
random mating, 196
registries, 23
regression coefficients, 242
representativeness assumption, 196
research directions, 150
sex differences analysis, 208
sex differences in heritability, 217
structural equation modeling, 197, 207
threshold approaches, 201
twin model, 264
type I error, 265
type II error, 266
within-family designs, 238
Twin-to-twin transfusion, 441
Twin to twin transfusion syndrome (TTTS), 63,
67, 629
Two childbirths, 9
Type 1 diabetes, 433

U

Ultrasound, 422

v

Vanishing twin, 61-62

Vanishing twin syndrome (VTS), 75

Variance of age-specific log incidence
decomposition (VALID) model, 499

X

X-ray, 421

yA
Zygosity, 627-628
Zygosity-specific concordance, 489-490

697






Twin Research for
Everyone

From Biology to Health,
Epigenetics, and Psychology






Twin Research for
Everyone

From Biology to Health,
Epigenetics, and Psychology

Edited by

Adam D. Tarnoki

Medical Imaging Centre, Semmelweis University, Hungarian
Twin Registry, Budapest, Hungary

David L. Tarnoki

Medical Imaging Centre, Semmelweis University, Hungarian
Twin Registry, Budapest, Hungary

Jennifer R. Harris
Centre for Fertility and Health, The Norwegian Institute of
Public Health, Oslo, Norway

Nancy L. Segal

Department of Psychology, California State University,
Fullerton, CA, United States

ACADEMIC PRESS

An imprint of Elsevier

ELSEVIER elsevier.com/books-and-journals



Academic Press is an imprint of Elsevier

125 London Wall, London EC2Y 5AS, United Kingdom

525 B Street, Suite 1650, San Diego, CA 92101, United States

50 Hampshire Street, 5th Floor, Cambridge, MA 02139, United States

The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, United Kingdom

Copyright © 2022 Elsevier Inc. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including photocopying, recording, or any information storage and
retrieval system, without permission in writing from the publisher. Details on how to seek
permission, further information about the Publisher’s permissions policies and our arrange-
ments with organizations such as the Copyright Clearance Center and the Copyright Licensing
Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the
Publisher (other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and
experience broaden our understanding, changes in research methods, professional practices,
or medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in
evaluating and using any information, methods, compounds, or experiments described herein.
In using such information or methods they should be mindful of their own safety and the safety
of others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors,
assume any liability for any injury and/or damage to persons or property as a matter of prod-
ucts liability, negligence or otherwise, or from any use or operation of any methods, products,
instructions, or ideas contained in the material herein.

ISBN: 978-0-12-821514-2

For Information on all Academic Press publications visit our website
at https://www.elsevier.com/books-and-journals

Publisher: Stacy Masucci -

. Working togeth
Acquisitions Editor: Peter B. Linsley X ga tOOgrml‘I}lngC))rgaeri e:rin
Editorial Project Manager: Samantha Allard sk | BookMd - Jeveloping countries

Production Project Manager: Omer Mukthar
Cover Designer: Vicky Pearson Esser

www.elsevier.com ¢ www.bookaid.org

Typeset by Aptara, New Delhi, India


http://www.elsevier.com/permissions
https://www.elsevier.com/books-and-journals

Contents

(1071130 100110 ) 4RO xxiii
Editor BIOGraphies ......c...oovuiiriiiiieieeiieeeeeeeete ettt XXX
Preface. . ..o e XXxiii
Introduction to twin research for everyone: From biology

to health, epigenetics, and pSYChOIOZY ......ccccocvererieririininiiinieiceeeceeeeeeee XXXV

SECTION 1 Background ...........ccoeeemeciiimmmmcecnieereecennns 1

CHAPTER 1 History of Twin Studies .........ccccerrrrrreeeeeeeennnnennnns 3
John C. Loehlin
TuT TWIDS ottt 3
1.2 TWIN STUAIES ..evevrevieieteieieieeee ettt 3
1.3 History of twin StUIES .......cocveerveirieeirieieieieieeereeeree e 4
1.4 Early twin studies of cognition and personality .............c..ccecvrvrnen. 5
1.5 Combining other relatives with tWins...........cccccevveveeieceeieieieeennns 5
1.6 Heritability OVEr Qg€ .....ccevveirveririeirieeieieeeietete et 5
1.7 Increasing SAMPIE SIZES .....cooveverveeerieirieieieieieeeieeeree e 6
1.8 Twin studies NOWAAAYS ......cocveerveerieirieieieieieeeree et 6
1.9 SUMIMATY ©.eviiiiiieieeee e 6
REfEIENCES ....cuviiieiniiiieiiieccect e e s 6

CHAPTER 2 Prevalence of twinning worldwide..........ccccccceee...... 9

Andrds Pdri

2.1 How is that possible? One delivery and two childbirths at least....9

2.2 Questions of the methodology of twinning rate............c.cccueue... 13
2.3 Effect of assisted reproductive treatment .............ecceveeervecerreernnne 14
2.4 One out of twenty-eight births.........cccocvveeieerieinieireieeseene 15
ACKNOWIEAZMENLS......o.eeuiriiriiiiiriiriertieteerteteteee et e 19
RETEIONCES....cueieuieieeeeeeee et 19
Further readings .......ceevvveeiiiiieinienieteeeeteeeete e 21
CHAPTER 3 Twin family registries worldwide ........cccccceeennnneee. 23

Yoon-Mi Hur, Veronika V. Odintsova, Juan R. Ordofiana,
Karri Silventoinen, Gonneke Willemsen

3.1 INrOdUCHION ..ottt 23
3.2 Twin family registries across the continents............ccccevevvuenennene. 24
3.2.1 BEUIOPE.coouiiiiiieiieeiie ettt et ettt st s saee s s 24
3.2.2 NOIth AMETICA ..cuveviiiieiiiiieierteeetee e 38

3.2.3 AUSITAlIA ..o 39



vi

Contents
3.2.4 Asia and Middle East.........ccccoeieiiriininiinieceeceeeee, 40
3.2.5 ASTICA oottt e 41
3.2.6 Latin America and the Caribbean ............ccccccevveevvnenenee. 42
3.3 International CONSOTtIA. ......c.everveuirieeirieirieieieieeeeeeee e 42
3.4 Concluding 1emMArks .........ccecerueirieririeieieieieieeeseeeseeeee e 43
REfEIENCES ... e 44
SECTION 2 Phenomenon of Twinning ........ccceeueeeeennnn. 51
CHAPTER 4 Biology of natural twinning ..........ccceererrrerrnnnnnnnn. 53
Gary Steinman
4.1 INrOAUCHION ...ttt ettt 53
4.2 Defining FACTOTS ...ceovevierieiierieriitieiestestetetet ettt e e ereereereeaeerens 54
4.3 CONCEPLION ISSULS ..vvvevireeirieeerieiieieeetetete ettt seete e saeeesaese e 55
4.4 Maternal dietary factors affecting the frequency
of multifetal EEeStations ........cceeveerueriierierieieeiee e 57
4.5 Maternal physical factors and the rate of twinning..................... 58
4.6 Biological factors tending to increase twinning..............cceceeveeen. 59
4.7 Some unique complications in twin pregnancies ..............c......... 61
4.8 Maternal risks with a twin pregnancy ........c.ccceceeeeeneeerierereeennen. 64
4.9 Conclusions and ProSPECtUS .........ccereereriereriererierereeeseeesseeseesenens 65
ACKNOWIEAGMENLS......ocueiiiiieiiiiieieetiee ettt 65
RETEIONCES ...ttt 66
CHAPTER 5 Management and outcome of twin pregnancies...... 67
Gian Carlo Di Renzo, Valentina Tosto, Irene Giardina, Valentina Tsibizova
5.1 TNtrodUCHION ....cvievetieietiietiieteieteette et 67
5.2 ANLENALal CATE.......cveveviieeiieeiieeieieieeteee ettt aens 67
5.2.1 Diagnosis and ChOTioniCity ........cccovvuervueenieriieeneenieeeeneen 67
5.2.2 Nutritional adViCe .......ccccereeruervenierienienieneeeeeeeeeeenee e 68
5.2.3 Chromosomal screening: new challenges?............c..cc..c..... 69
5.2.4 Monitoring: timing and frequency.........c.ccceceeveeerernennenne. 69
5.2.5 Laboratory investigations...........ccceeverueeuerueeseeseeneeeeeneeenens 70
5.3 Antenatal cOMPLCALIONS ........ccvvveveeriririeeeeiireeieeeeeeeeeee e 70
5.3.1 CROTIONICILY .eeeuveevieiiieiieiiienite et ettt eiee s saeesaeees 70
5.3.2 Fetal growth restriction (FGR) ........ccccceeviiiiiineiniiiiene. 71
5.4 Specific monochorionic pregnancy complications....................... 72
5.4.1 Fetal-fetal transfusion syndrome (TTTS) .......ccccevvriennnnen. 72
5.4.2 Anemia-polycythemia sequence (TAPS) ......ccoccevveennnee. 74
5.4.3 Inverted arterial perfusion sequence (TRAP sequence)......74
5.4.4 Monoamniotic twins and cord entanglement...................... 74
5.4.5 Cerebral palsy TiSK ....covcuerriierieeiiienieeieenie e 75

5.4.6 Antenatal preventive interventions...........ce.ceeevveenereennennee. 76



Contents vii

5.5 PEripartum Care..........ecevveverieuireeririeirieieteeetesseseeesesenessenessenessenes 76
5.5.1 Timing of birth........ccocceviiiininiiiniiieeeeee e 77
5.5.2 Mode of delivery and induction of labor ...........cccccecceneenee. 77

5.6 Peri-conceptional period: a “key window” of intervention? ........ 79

5.7 COoNCIUSION........cuiiiiciiiiicicerereeet et 81

References.........cocoiiiiiiiiiiiiin 81

CHAPTER 6 Conjoined tWins..........ccceeceemrrrsssssnmmneressssssnmnnnseenns 85

Julia Métneki, Peter Varjassy

6.1 INtrodUCHION .....couiiiiiiiiiciciineneei et 85

6.2 History of conjoined tWins ...........ccccvvvvevvevrevierierieieeeeeeeeeveevenes 85

6.3 Conjoined status in plants and animals ...............cecevveerrecerreennene. 91

6.4 Development of conjoined tWins..........ceceeeevreeueeenireriereenerieenencns 92

6.5 Embryology of conjoined twins, mechanism
of their development............cccoeeverieiiinieiinieieec e 92

6.6 Classification of conjoined tWins ...........ccecevvevierierierreieceeeeeenenne 93

6.7 EHOLOZY .ouviviiieieeieeieiieeieieettettete ettt sseneeaeas 102

6.8 Epidemiology of conjoined twins, genetic
and demographic risk factors .........ccccecererieninienieienee 103

6.9 ELINICILY vovvoveeieveiereietiieteteteeee ettt ese e 104

6.10 SUIMMALY ...ooviniiieieiiieieieieeetee e es 108

References.........cccoviiiiiiiiniiiiiie 108

SECTION 3 Twin Families........cccceevevvrrrreeenisrerreeennnnn 113
CHAPTER 7 Growing up as twins: the perspectives of twin

[FR T T 1 =T 115
Adam D. Tdarnoki, David L. Tarnoki, Jiillia Métneki, Nancy L. Segal
7.1 INErOAUCHION ..ottt et ere s 115
7.2 Adam & David Tarnoki (MZ twins or Identical Twins)............. 115
7.3 Julia Metneki (MZ tWin) ......ocooeovvieeiiieiieeieeeeeeieeeee e 119
7.4 Nancy L. Segal (DZ tWin) .......ccccveieeiirrinrenierieieseeeeseeseneneenens 124
7.4.1 Personal background..........cccceeeeviinernineininnenenienennns 124
7.4.2 Professional hiStory ........cccccecereevieneenieneeneneene e 126
7.4.3 Professional aCtiVities ..........ccceeeeereeeeeeeeiiieeeeieeeeeiee e 126
7.4.4 CloSing StateMeNL.........cccueruieeerrieeenieereereereseereseeneenens 128
R CTENCES . ..cuetiiiiiee ettt et ere e e ree e e eeenes 128
CHAPTER 8 Parenting twins, triplets, or more ........ccccceenn.e.. 131
Monica Rankin
8.1 Parenting twins, triplets, OF MOTE ..........ceeververierierieieieieneenenns 131
8.2 Pregnancy .......ccccvevveieieieiieiieieeii ettt ettt s sb s essesn e enens 131

8.3 BiIth.eicieiiiiieiciieccec e 132



viii

Contents

8.4 Early MmONthS.......c.covoieieiiiieiieieiiereeeee et 133
8.5 TOAAIET ..ottt 134
8.6 SCHOOI YEAIS ..oveuivieieiieieieieteeteeeie sttt ettt ese e 134
8.7 AdOIESCENCE. ......ceveeeeeeeeeeeeeeeeeeeeeee et enea 135
8.8 Special SItUAtIONS .....c.eevereeieiieieiieiieteeie ettt ese e eeens 136
8.9 AdUIt tWINS c.veieeiiieieieeieet ettt 136

CHAPTER 9 Reared apart twins: Background, research,

case studies and what they reveal about

human development...........cccoommmmmmeemmmnnnsssnn. 139
Nancy L. Segal, Francisca J. Niculae
9.1 TNtrodUCHON .veveeiieieeeeieeteete e 139
9.2 Twins raised apart: Past, present, and future ............cccoevevervenene. 140
9.3 Fullerton study of Chinese twins reared apart............coc.eceevenene. 142
9.4 Unique €ase StUAIES .....cvevereererieririeierieieriecrecrieceie e 144
9.5 TWin Study CONIOVEISY ...ecvvevrerirrierieriireriinreieiesieeesseseessesneseesens 149
9.6 Research direCtions..........eeveevievirieirieinieieieceieceieeeeee e 150
9.7 A quote that Will endUre ........ccecevveirieirieieieieieieeeeeesieeees 151
REFEIEINCES .....ieeieeiiieiieeie ettt be e s b e e beessae e 151
CHAPTER 10 Opposite-sex twins in medical research............... 155
Lucas Calais-Ferreira, Sue Malta, John L. Hopper
10.T INtrodUCHON ...evveviieeiieeiieceteete ettt 155
10.2 Sharing more than a WOmD ..........ccccveirieririeinieinieineeeeeenenes 156
10.2.1 Biological effects.......ccccocevereririnenenenicieceeieeeeeaens 156
10.2.2 Socialisation effects .......c..cocueverveenieniineeninieenenieneenens 157
10.3 What can sex differences in opposite-sex twin pairs tell us?...158
10.4 CONCIUSIONS ...ovvevinieiiieiieieiieieieieeet ettt esens 158
REfEIONCES . ...cueiiiieiiiiieiieeee e 159
SECTION 4 Twin Methodologies .....ccceeemmmmeeeeccccenennn. 161

CHAPTER 11 Establishing a resource for genetic, epidemiological,

and biomarker studies: The important role

of twin registers .......ccccvvvicccriisseemeee e 163
Veronika Odintsova, Gonneke Willemsen, Conor V. Dolan, Jouke-Jan Hottenga,
Nicholas G. Martin, P. Eline Slagboom, Juan R. Ordoiiana, Dorret 1. Boomsma

11,1 The firSt SEEPS ceveveveririeririeeieieieieeeeetetet ettt esens 165
11.2 Strate@ic planiing........ccceeveveeverereereriereriererieesieeseeesseeeseseesenes 167
11.3 BasiC €lEMENtS. ........cceieieeiieeeceiceeeeteeeeereeeeere et 167
11.3.1 Recruitment methods ...........cceoeviiiieiieeiiiiieee e 167
11.3.2 Informed CONSeNt .........cceeevrieeeiiieeiee e eeiee e 169

11.3.3 Determination of zygosity in twin registries................... 170



Contents

11.3.4 Phenotyping: from survey to record linkage................... 173
11.3.5 Possibilities for biobanking in twin registers.................. 174
11.3.6 Databases for twin regiSters........ccocuervveeruerrueeneersieeneenns 176
11.3.7 Data analyses issues in twin studies: batch effects
and family cluStering ........cccccecevereenirieneniencnienennens 177
11.3.8 Retaining the tWins ........cccceceereevieneiniineeneneenesieneens 178
11.4 CONCIUSION.....oveviieiiieeieieieeieteet ettt esens 179
APPENAIX ..ttt e 180
ACKNOWIEAZMENTS......eeviiiiiiiiieiieiieetete ettt 183
Disclosure of INtEIestS.......coverueriiririinienieneenceteneereneereseere e 183
REfEIENCES ....ouveeniiiiiieiiicieetce e 183
CHAPTER 12 Methodology of twin studies........ccccccmmrerrrrrrnnnnnn. 189
José J. Morosoli, Brittany L. Mitchell, Sarah E. Medland
12,1 INtrodUCON ...ouveiieeiieeiieiee et 189
12.2 A brief note on the biometrical model ...........cccovecireerrernnne. 189
12.3 Classical twin StUAY.......ccvveueirrieieiiririeieeeeeee e 191
12.4 Methodological asSUMPLONS.........cceevvveveuerrrereeeeririeeeeseseeeenene 195
12.4.1 The equal environments asSUMPLION.......c..coceervervenrennnes 195
12.4.2 The representativeness asSUmMpPtion.........ceeceeeeveerveerueene 196
12.4.3 The assumption of random mating ...........cccceeverveevvenneene 196
12.5 Use of structural equation modeling in twin analysis............... 197
12.6 Analysis Of diSCIEte traitS .......covveueeerireeeeeeririeieeeeerieeee e 199
12.6.1 Binary data......ccccoceceeeeerinenencnienienieneeeeeieeeeeeeeenens 200
12.6.2 Threshold approaches ............ccoeeeveeriieenieniieenieeieeneens 201
12.7 Extension of the classical twin model...........cccccovevireerennne. 204
12.8 Gene—environment correlation vs interaction ..............c.cee..... 205
12.8.1 Genotype—environment correlation and
ASSOTtAtiVe MALINE ...eveeuieeeeiieeieieeeeeteeee et sie e 205
12.8.2 Gene—environment interaction...........cceceeveereeruereeneenns 207
12.9 Structural equation modeling for rtGE and G x E interaction......207
12.9.1 Analysis of sex differences ..........ccccecvevveeriersienneenieenn 208
12.9.2 G x E with continuous moderators.........c..cccceceevuenneene 209
12.10 Final remarks .......ccoeeeveiereeieieieieieeeiereieresiesesseesseseeseseesenes 211
REfEIENCES. ...cueieiieiiieieiieee e 211
CHAPTER 13 Twin studies of complex traits and diseases......... 215
Christopher R. Beam, Alice J. Kim, Tinca J.C. Polderman
13.1 All traits are heritable..........ocveveeveverieririeririeirieeeeeee s 216
13.2 Landmark study in twin research: MATCH...........ccccccvevenenneee. 216
13.3 Sex differences in heritability ...........coceceoveirieeeeeirireeerrieeenen, 217

13.4 Are twin designs the holy grail in heritability studies?............ 218



X

Contents

13.5 Psychiatric disorders, comorbidity, and genetic overlap.......... 219
13.6 Gene-environment interplay..........ccoecerveerreerieenrerenereerereenenes 220
13.6.1 Gene-environment correlation and gene-environment
11 (S) 2 o1 (o) 1 WO PSRRI 220
13.6.2 Gene-environment correlation (rGE).........c..cccccuvveeeenn. 220
13.6.3 Gene-environment interaction (GXE) ........cccccovveeeennnenn. 222
13.7 Mechanisms that lead to rGE and GXE........ccccccveviverirennene. 223
13.7.1 Cognitive ability .....cccceceeruerieniiniinieeieneerie et 223
13.7.2 Personality ......cccceeeererienieeienieeiesieeee et 224
13.7.3 Externalizing behaviors .........c..coceeererenvenrenreneeenenennens 225
13.8 Future directions of twin studies of traits and diseases............ 227
REfEIENCES.....cveeniiiiiieiiciecc e 228

CHAPTER 14 Use of twin studies to make inference ahout

causation for measured exposures by examining

familial confounding..........ccovveeeieiiiiicccccceeeeee 235
Vivienne F.C. Esser, Shuai Li, Minh Bui, John L. Hopper
14,1 INrodUCHON ...ttt 235
14.1.1 The importance of understanding causation................... 235
14.1.2 Association is not necessarily evidence for causation ....236
14.1.3 Proof of causation ..........ccccceveeevieeniiniiienieniieeneeeieeneene 236
14.1.4 A implies B does not imply B implies A .........cccceeueeeee. 237
14.1.5 Bradford Hill's so-called criteria for causation............... 237
14.1.6 Randomized controlled trials..........cccocevvevveiecininincnnene 237
14.1.7 Mendelian randomization ...........ccccceceeeeerereeneneenennens 238
14.2 Previous twin and family study approaches to address
CAUSALION....eeeneeirerieente sttt e e s s ne e neeanens 238
14.2.1 Within-family designs: differences versus differences...238
14.2.2 RCTS iNVOIVING tWINS ..eevuveevieniiiiiienieeieenieeiee e eieeens 239
14.2.3 Classic multivariate twin model (CMTM)
and components of covariance............cccceeeeeveveeeeenennens 239
14.2.4 The direction of causation (DoC) model and the
MR-DoC model .........cccccirieiiniiiiienieieecreeeeeeeen, 240
14.3 Inference about causation from examination of familial
confounding (ICE FALCON)......cccceviiienieniienienieenieeieeneens 241
14.3.1 Model desCription ......c..cccueeeerierieneenieneenieneeneneenennens 241
14.3.2 Formal model description ...........ccecceveveenereeneneenennns 242
14.3.3 Interpretation of changes in regression coefficients ....... 242
14.3.4 Statistical inference for ICE FALCON estimates........... 244
14.4 Comparison of the CMTM, DoC model, and ICE FALCON .....246
14.5 Applications of ICE FALCON..........c.coovvevieieieieiereiieveeneee 247

14.6 Further develOpments...........ccveveeeverieririerinieeinieirieeeieeeseseenens 248



Contents

FUNAING ..ot 249
REfEIONCES. ...cueieieiiieieeeeeee e 249
CHAPTER 15 Twins in clinical trials ........cccccnrinrnsennnsnnnssnnnns 253
Athula Sumathipala, Kaushalya Jayaweera
15.1 What is a randomized controlled trial? ...........ccccoeverreerrernnnne. 253
15.2 Role of twins in RCTS.....ccovueiviiiriiiriiieieieee e 254
15.3 Zygosity and twin assignment across the randomized
controlled trialS.........cooereerenieniniieieeee e 255
15.3.1 The impact of twins on sample size and power .............. 256
15.3.2 Implications for future work and directions ................... 257
AcKNOWIEdZMENLS......c.eoiiiiiiiiiiiieiieeec e 258
REfEINCES.....cneieiiiiieiericieece e 258
SECTION 5 Behavior.........ccccoeenrnnnnnnnnnnnnnnnnnnnnnnnnnnsss 209
CHAPTER 16 Twin studies in social SCience ...........cccceceerrisune 261
Elena Cristina Mitrea, Levente Littvay
16.1T INtrodUCHON ...o.veviieeiieeiieiieteeteee ettt 261
16.2 Findings from the literature...........cocevvveirreerieerieciseeeeeenenes 262
16.3 The classical twin design .........cceeveeririeririeinieinieiseeereeenenes 264
16.4 Assumptions of the twin model...........cccoovevrireeeiririeierene, 264
16.4.1 Type I error for heritability ........cccccoevvervieniiennienienieenne, 265
16.4.2 Type II error for heritability.........cccoeeveeveeriieriiienienieenne, 266
16.5 The future of twin research in the social sciences.................... 267
16.6 CONCIUSIONS ...ovvevieieeiieiiieiieieietee ettt et esens 270
REfEIeNCES. ...cueieiiiiieie e 271
CHAPTER 17 Childhood development of psychiatric disorders
and related traits..........cccevemriiernssnnnse e 277
Isabell Brikell, Paul Lichtenstein, Henrik Larsson
17.1 INtrodUCHION ...c.vcviieeiieeiieeceteet ettt 277
17.2 Heritability of childhood psychiatric disorders and traits......... 277
17.3 Childhood psychiatric disorder and population traits have
shared genetic OTigiNS. .......ceveevuireererrienenienereneeeseeee e 279
17.4 Genetic contributions to comorbidity across childhood
psychiatric disorders and traits...........ccceeceeveeeerereenenieneeens 280
17.5 Stability and change in the development of childhood
psychiatric disorders and traits..........cceeveerieenienieeniesneeneens 282
17.6 Environmental influences on the developmental of
childhood psychiatric disorders and traits..........cc.cceeereerennnene 284
17.7 Implications & concluding remarks..........cceceeveirievirecerrennnene 287

REFEIENCES ....eeiiiiieeiieee ettt e e s e seanas 288



Xii

Contents

CHAPTER 18 Happiness and well-being: The value and findings

from genetic studies........uveeeemmmerriiiiiirrrr e 295
Margot P. van de Weijer, Lianne P. de Vries, Meike Bartels
18.1 What is Well-being?.......cccoeveirrieueinirieieieeeeee e 295
18.2 Earlier reviews on twin studies on well-being .............c.c........ 296
18.3 New findings of twin studies on well-being............cocecvvveeenneee. 297
18.4 Related PhENOLYPES ...c.eovvevievierieiiiiiirieieeieieiet et eee s 304
18.4.1 OPtMISIN c..eeuiiiiiieiiniiiieetene ettt 305
18.4.2 Meaning in life........ccccooeeriniininiiiniiiiineeceeceece 305
18.4.3 Self-EStEEM ..c..eeviiieiieiieieeiteeee et 308
18.4.4 RESIEINCE. .. .cveeeeiieieeiieieeeieee ettt 308
18.4.5 Multivariate models of positive psychological traits....... 309
18.5 Specific molecular genetic and environmental influences ....... 310
18.6 Future dir€Ctions.........eceeveuirveirieieiiieeeietiteeesieeeeveeeseeeieseesens 312
18.6.1 Well-being fluctuations ...........cceceveeveeneeneneencnreenennens 313
18.6.2 MZ difference/causality...........cccceveeereeneenereenenienenens 313
18.6.3 Nuclear twin family design.......c..coceeerervevienereeenencnnens 314
18.7 CONCIUSION. ....iuietiieiiieiiriei et 315
References........cocoviiiiiiiiiiiiiiice 315
CHAPTER 19 Twin study of personality ...........cccoeceerrrrrscsnnenn. 323
Juko Ando
19.1 Description of personality .........ccccccceeververierierierierieiereeenereenns 324
19.2 Twin studies of personality traits ............ccoeevvevrevierieeeeereenenne. 325
19.3 Development trends of personality ............ccceeeeerererererreennene 327
19.4 Genetic structure of personality ............ceceeveverrererrererreresrereenenes 328
19.5 Personality as a social behavior ..........cccccveevreeecrrecenrene. 329
19.6 Discordant identical twin method ...........coceeevveirieenieeirenennne. 330
References........cccooiiiiiiiiiiiiiie 331
CHAPTER 20 Twin research in psychopathology.............ccuuu... 337

Lisabeth Fisher DiLalla, Matthew R. Jamnik, Riley L. Marshall, Emily Pali,
David L. DiLalla

20.1 SChiZOPNIENIA. ... cveieeieeieeieiieieiieriereee ettt eseeen e eeens 339
20.2 Depression and bipolar diSOrders.............cevvevvevieieeeieeeneenns 342
20.2.1 Depressive diSOrders ........cocceverveererrieneenieneerieneenieneenne 342
20.2.2 Bipolar diSOrders..........ceeereerernienennienieeienieeiesieee e 343
20.2.3 Depression and bipolar disorder ...........cccceeeereneenuennene 343
20.3 Antisocial personality disorder (ASPD)........ccccccveervrirrerennne 343
20.3.1 Antisocial behavior (AB) ........cooovvvveeiieeiinieeieeiirieeeeeeeans 344
20.3.2 Antisocial personality diSOrder ...........coceevverieervenueenne 345
20.4 TImplications and future directions..........c.ceeveveeeerieerierenienennes 346

REFEIENCES ....eiiiiioeeieiee e e e e 348



Contents xiii

CHAPTER 21 Cognitive aging: the role of genes and environments

in patterns of change............cccceverrrrrrreneeeeeennnnnn. 351
Deborah Finkel, Nancy L. Pedersen, Chandra A. Reynolds
21.1 General cognitive ability ........cccoveeirveeinieciriecieieieeieeeesieiees 351
21.2 Specific cognitive abilities ........cocveveuereerererueerereeeereeeeeeenes 352
21.2.1 Age changes in genetic Variance.........cccceeeeeevveervereeene 353
21.2.2 Traditional cognitive dOmains ..........ccceeeerverrieervenueenne 353
21.2.3 Emerging cognitive domains .........ccccceeevvereevreneenieneenn 355
21.2.4 SUMMATIY .c.oiiiiiiiniieiiiieneetese et 356
21.3 MOIECUIAr ZENETICS ...vevvevenreriieriieeiieeersieeeeteeereseetesereaeressesenes 356
21.3.1 Missing heritability? ........ccccovevenerienenenieieeeceeeencenne 358
21.3.2 Gene environment interplay.........cceeceeerveereersieeneenseeennn 359
21.3.3 SUMMATY ...etieiiiiiieeieeiee ettt ettt esaeebee e 360
21.4 Cognitive aging in CONLEXL ...veververerrererreirieieieieeeeereeereneerenes 361
21.4.1 Lung function and cognitive aging ...........cccceeuevueeuennenne 361
21.4.2 Socioeconomic status and cognitive aging ..................... 361
21.5 FUuture dir€Ctions........ccveververereeririeeiieeesieeereseseseesessesesesessesesnes 363
References.........ccooviiiiiiiiniiiiii 364
CHAPTER 22 Twin studies of smoking and tobacco use............. 371
Jaakko Kaprio
22.1 INrOAUCHON ...ttt es 371
22.2 Natural history of smoking behavior..............cccovvevveieiiciennnnen. 372
22.3 Twin studies past and present—the aim of the review............. 373
22.4 Genetic and environmental influences on smoking behavior...374
22.5 Beyond tWiNS......ceevevevereriererierinieeesieeesteeeseseseseesesesesesessesenes 378
22.6 Causes and consequences of tobacco USe.........ocevevererervevenencne 379
22.7 CONCIUSION.......euiriiniiiieieieieiet ettt 380
References........cccooiiiiiiiiiiiiiie 380
SECTION 6 Health ......ccceeeeeeiiiiiirrrrreeee. 38D
CHAPTER 23 Anthropometric twin studies.......ccceeeemmmeeeccnnnnnnn. 387
Karri Silventoinen
23.1 INrOAUCHION ...ttt 387
23.2 Genetic and environmental variation in anthropometric
ITIEASULES ..eenuvreeeurreerureeeenaeesaureeenureeeeseeesaseeesameeessnreeesanneesasesenns 388
23.3 Birth OULCOMES ......veuiireiciiireiciiretcecereeece e 389
23.4 HEINt.....oiiiiieicececeeee ettt 390
23.5 Body Mass iNAEX .....cceeveverieririerinieinieeisieeeieteieeeteeeeeeesessesenes 392
23.6 Other anthropOMEtric MEASULES ........c.cervrveveveereerereenerieeeeenens 393

23.7 Genetics of growth and development............ccccoeueuerinirieeenencne. 394



Xiv

Contents

23.8 Growth in height.......cocveirieirieirieirieceiee e 395
23.9 Development of body mass indeX ........cceeevereiererieerieenienenes 395
23.10 Gene—environment iNtEractions ...........c.oceevevereerereererueresuerennes 396
2311 HEIhtu .ot 397
23.12 Body Mass INAEX ....cccecveeieieirierieieiiesienieiesieiessesseseessesneseesens 397
23.13 CONCIUSIONS..c.cevvveiniireieiniereieeenreteecereeneieeree et reneseneee 398
REfEIenCes......cveiiiiiiiiiiicc e 399
CHAPTER 24 Twin studies of cardiorespiratory disease, daily
cardiovascular activity and imaging .................... 403
Adam D. Tarnoki, Gonneke Willemsen, Eco de Geus, David L. Tarnoki
24.1 INrOAUCHION ...vcniniviiieieteceetete ettt 403
24.2 Cardiorespiratory twin Studies ........cecevveevrrecvrierieenieenieesienenes 404
24.2.1 Heritability of the most common cardiovascular diseases ... 404
24.2.2 Twin studies in frequent respiratory diseases ................. 407
24.3 Twin studies of common chronic lung diseases..........c..c..u...... 407
24.3.1 Chronic obstructive pulmonary disease (COPD)............ 407
24.3.2 Chronic bronchitis ..........cceevuevueruevienienienieieieeeeeeneenns 407
24.3.3 AStAMA .c..oiiiiiiiiiee e 407
24.3.4 LUNZ CANCET ....cueouieiiiinieiieieeie e 408
24.3.5 Exhaled biomarkers ..........cccceevvueenieniiennieenienieenieeieee 408
24.3.6 Obstructive sleep apnoea (OSA).....cccceevveereerveerveenueenne 408
24.3.7 In conCluSION.....cc.coviviiiiiriiiiieicicccccee e 409
24.4 Gaining insight into the heritability of everyday
cardiovascular function by twin studies..........cccccecvevvrerennenne. 409
24.4.1 INtrodUCHION. ....ccueruieieeieie ettt 409
24.4.2 Ambulatory studies of blood pressure and heart rate......410
24.4.3 Ambulatory monitoring of other cardiovascular
PATAINELETS ...veenvreeeieeiieeieeeesbeesreeteesireeseenseesbeenaeesaseas 415
24.4.4 In conClUSION.....ccuevviviiriiriiiiieiciccecceeeeeeeee e 420
25.5 Tmaging Of tWINS .....cceevevirieirieeirieiiieisiee ettt saese e 420
25.5.1 XoTAY cuveviriteiieiinienieeteetesie ettt ettt 421
25.5.2 Breast mammoOgraphy .........ccoccecereevrereenreneecveneeneneenn 421
25.5.3 Ultrasound...........ccccoeuiviiniiniiiiiniiiiiiieiciceieccceceeees 422
25.5.4 Computed tomography (CT)....ccceevvevcverriiencieriienieeieene 423
25.5.5 Magnetic resonance imaging (MRI).........c.cccccvieeneenn 423
25.5.6 Neuroimaging ........c.cceceveeeererrieneenieneenenieeeeseeee e 424
25.6 Future directions: radiogenomics and imaging epigenetics......424

RETEIENCES ..o oo e e e 425



Contents

CHAPTER 25 Pediatric twin studies........cccccceeeevimemnrinnnscsnnnnnn. 431
Catarina Almqvist, Paul Lichtenstein

25.1 INrOAUCHION ....vevvvieievieietiieteteteetett ettt ettt ese e 431

25.2 Respiratory and allergic diS€ases .........cocvevvrrerererrerereeresierennes 431

25.2.1 CAUSES .uvereirieeeiiieeeieeeeteeeeireeesteeeeaeeeeereeesnseeeenneesnnseens 431

25.2.2 CONSEQUEIICES ...uvveurerreerireeieeniieenieesreenseesressseessesseennns 432

25.3 Autoimmune diSOTAETS ..........cccvvevieeriirriererieieiesieeesieeeeeneeeenens 433

25.4 Hemato-oncological diSOTders ..........ccoceevrueirueirienierenierenienenes 433

25.5 COMOIDIAILY ...vevvevenierinieriieiiietereeit ettt ettt saese e 434

25.6 CONCIUSION. .....viuvieeceieeieeecee ettt ettt ettt eaeas 434

REFEIEINCES ... iivieeiiietieete ettt ae e e beebeesaaeens 434

CHAPTER 26 Twin-singleton differences........ccceeeeeemmmenennnnrnnnnn 439

Kaare Christensen, Matt McGue
26.1 Why are twin-singleton differences of interest to twin

research generally?...........ccccooieiiniiiiiniinieieceeceeeeens 439
26.2 Intrauterine and perinatal twin-singleton differences............... 439
26.2.1 Intrauterine Growth .......c..coccevveeveeneenieneeneneenieneeieneenne 440
26.2.2 Intrauterine risk factors occurring in twins but not
1N SINZIETONS ..ttt 441
26.2.3 Congenital malformations ...........cccceeveeeveveeveeverenenennns 442
26.2.4 Perinatal moOTtality .......ccccceeveeriiinieniiiniieieeeeseeeieee 442
26.3 Twin-singleton differences in development .............cccceereenee. 443
26.3.1 NeurodeveloOpment..........cceeveeruerneerieenieenieenieesreeeeennns 443
26.3.2 Anthropometric development..........c.cccceevveveeieneenuennenne 445
26.4 Twin-singleton differences in behavior and personality .......... 446
26.4.1 Lifestyle factors .......cocceveeriereesienieiereeiesceee e 446
26.4.2 BERAVIOL......cceeciiiieiieieiieieececeeeereee e 446
26.4.3 Personality ......cccceeevveenieriieniienieenieenee et 447
26.4.4 DIVOICE.....cciiuiiiiriiriiiiiiiisiiieieetetetetee e 447
26.5 Twin-singleton differences in morbidity and survival.............. 447
26.5.1 Early life morbidity and survival ...........ccccoceeiininnnnenne. 447
26.5.2 Adulthood morbidity and survival ........c.ccccececeeervencnnen. 448
26.6 Twin-singleton differences in genetic studies ..........ccoevevuenne. 450
26.7 CONCIUSION.....c.cotrireeiiieieiiiiereieceereteece ettt rene e 450
REfErencCes.......ccoccveiiiiiiiiiiic e 450
CHAPTER 27 Twin studies of puberty and behavior................... 457
Holly T. Pham, Adriene M. Beltz, Robin P. Corley, Sheri A. Berenbaum
27.1 What iS PUDEILY? ...c.oovievrivieiieiieiieriereeiecreerei et s e s eeneseeeens 457

27.2 Measuring PUDETLY .......cceeveerieririeirieeinieeeieteieeeieeeeeaereseesenas 458



Xvi

Contents

27.3 Variations in puberty: Gene and environment...........c...c.c.c..... 462
27.4 Twin studies Of PUDEILY ....ceovevirveeirieieieieieieieieieeeieeee e 463
27.4.1 Heritability of pubertal timing..........ccccceeceveereneeneennenne 463
27.4.2 Twin studies of links between puberty and behavior......464
27.5 Other uses of twin data on puberty when studying behavior ...466
27.5.1 Replication analyses .........cccceecveereenieenieenieennieenreeieennns 466
27.5.2 Examining sex differences........cccceeeveeveneenicneeniennenn 467
27.6 Methodological ISSUES ....cveververirieeirieiieieieieteieeeieeeee e nes 467
27.7 Future dir€CtionS.......eeveververeruererieririerenieesreseseseesesesessesessesenes 468
27.7.1 Studying links between puberty and the brain................ 468
27.7.2 Potential impact of cultural differences...........c..cc......... 469
27.7.3 Continued use of the discordant design...........ccecueeueeenee. 469
27.7.4 Addressing lIMitations .........cocceveereeriereerieneenieneenieneenn 469
27.8 CONCIUSION.......eievinieeiietiietiieteetete sttt ettt saese e 469
27.9 TAKEAWAYS ....eoveeeerenieriieieiereiereseetestesesseseesesesseseesessesessesessesennes 470
REfEIONCES . ...cuvieiiiiieie e 470
CHAPTER 28 Musculoskeletal twin studies..........c.ccccvviurerinnnne 475

Munkh-Erdene Bayartai, Paulo H. Ferreira
28.1 Introduction (MSK conditions)...........ccceeveevreeeereeveeeeeeeeeneene. 475
28.2 How twins can help musculoskeletal research......................... 476
28.2.1 The classical twin design in musculoskeletal research.....476
28.2.2 The cotwin control design in musculoskeletal research......479
REfEIENCES . ...ouveinieiiiiieiiteete e 482

CHAPTER 29 Contributions of twin studies to cancer

ePIdemiology ...cceeeeeerrrriirrrr e e e e 485

Wendy Cozen, Esther Lam, Maryam Salehi, Victoria K. Cortessis, Tuong L.
Nguyen, James G. Dowty, John L. Hopper, Shuai Li, Thomas M. Mack

29.1 INrOAUCHON ....veueniteiiieteie ettt 485
Wendy Cozen and Victoria K. Cortessis

29.2 Risk of cancer in twins compared to singletons....................... 488
Thomas Mack

29.3 Patterns of occurrence of cancer in twins..........cocoeveveeveririenenne. 490
Thomas Mack and Wendy Cozen

29.4 Studies of acquired risk factors for cancer in twins.................. 494
Wendy Cozen and Thomas Mack

29.5 Intraplacental metastasis of infantile leukemia.............co......... 496
Wendy Cozen and Esther Lam

29.6 Cancer treatment, screening and survivorship in twins............ 497

Esther Lam and Maryam Salehi



Contents Xvii

29.7 A novel epidemiological approach to quantify the familial
and non-familial, genetic and non-genetic, measured and
unmeasured causes of variation in risK .........ccecceeeeerieeseennnnns 499
John L. Hopper, James G. Dowty, Shuai Li, Tuong L. Nguyen
29.7.1 Variance of Age-specific Log Incidence Decomposition

(VALID) ..ottt 499
29.7.2 Measuring risk disCrimination ............cccceeeeveereerveeeeenne 500

29.7.3 The familial risk ratio caused by the familial aspects
of @ 1isk factor.....c.coeviniiiiiiiicicce, 500
29.7.4 Modeling the familial causes of variance in risk............ 501

29.7.5 Application of variance of age-specific incidence

decomposition (VALID) .....ccocceevieriieinieniienieeieeeeeenn 501
29.8 SUMMATY ...ooveviieiieieiieeieieiteitee ettt ev et sb b e s esseseessesseseenens 503
REfEIeNCes......oviiiiiiiciiiiicce e 503
CHAPTER 30 Epigenetic studies of neurodevelopment in twins..... 509

Namitha Mohandas, Yuk Jing Loke, Yen Ting Wong, Garth Stephenson,
Jeffrey M. Craig

30.1 INtrodUCHION ....cvrvieiiieieiciietetcceetetcece ettt e 509
30.2 The role of epigenetics in neurodevelopmental disorders........ 510
30.2.1 The developmental origins of health and disease
(DOHaD) hypothesis ........cccveeeririenieiereeieseeesieeene 510
30.2.2 Epigenetic mechanisms .........cccceeeevvereecreneenreneenneneenn 511
30.3 The role of twins in studying epigenetics of NDDs................. 512
30.3.1 TWIn MOdelS......cccoeiviiiiniiniiiiiiicicicciccecceeces 512
30.3.2 The use of twin models in epigenetic studies.................. 513
30.4 Epigenetic twin studies in autism spectrum disorder............... 513
30.5 Epigenetic twin studies in attention-deficit hyperactivity
AISOTAET ..ot e 514
30.6 Epigenetic twin studies of dimensions of cognitive
AEVEIOPIMENL ....eouvieiiieiieeiieite ettt eae e e 515
30.7 Epigenetic twin studies in cerebral palSy ..........ccceceverveerienennes 517
30.8 Epigenetic twin studies in epilepsy ......ccccoveevrverieerieeriererierenns 518
30.9 Current issues for study of NDDS in tWins ........cccceeeeeevevenencne 519
30.9.1 Can twin studies tease out cause versus effect?.............. 519
30.9.2 Incidence of neurodevelopmental disorders in twins
VETSUS SINGIETONS ....veivieiieeieeiie ettt 520
30.9.3 Choice and availability of tissue samples.........c..cc..c....... 520

30.9.4 Study sample sizes and power of epigenetic analyses....521
30.10 The future of twin studies in contributing to understanding

the role of epigenetics in neurodevelopmental disorders....... 521

References........cccooiiiiiiiiiniiiiie 522



Xviii

Contents

CHAPTER 31 Contributions of twin research to the study of

Alzheimer's disease and related dementias.......... 529
Matthew S. Panizzon, Jeremy A. Elman, Eero Vuoksimaa
31.1 Genetic and environmental influences of ADRD..................... 530
31.1.1 Sex differences......cccooeveeeeeeeeeeiee e 531
31.1.2 A At ONSCL..ueeeutieriieiiieriieeieeete ettt 532
31.1.3 Intermediate ADRD phenotypes........ccccceevevervieerveneeenne 533
31.2 Evaluating ADRD risk and protective factors...........c.coeceenee. 534
31.2.1 Co-twin control Studies...........cccereeeuieeecieeeeiieeeeciiee e 534
31.2.2 OpPOSIte SEX TWINS ...eeveeneeriiereeeieseeeiesieeienteeeesieeeeeneenee 537
31.3 A new conceptualization of Alzheimer's disease and
related dementias..........cccuveercveeeriiieeeiiieecieeerree e eceeeeaee e 538
31.4 Summary and future direCtions............coevevvevievievierieeeieneeenens 540
REfCIENCES ...ttt et 541

SECTION 7 Twin Research: Genetics, Epigenetics,

Microbiome, and Environmental

Adaptation ... 545
CHAPTER 32 Twins and omics: the role of twin studies
IN MUI-0MICS . 547
Fiona A. Hagenbeek, Jenny van Dongen, René Pool, Dorret 1. Boomsma
32.1 INtrOdUCHION ...vcuirveeiiieieiceietetcceeieteece sttt e 547
32.2 GENOMUCS.....eveviniiieiiirieieteetetete ettt ee 549
32.2.1 What is genomics and how do we measure
the GENOmME? .......ccoooiiiiiiiiiiiiiicceeeeee e 549
32.2.2 Sequence differences between monozygotic twins ........ 550
32.2.3 Sequence differences between dizygotic twins .............. 552
32.3 EPIZENOMICS ...veueeviuierenietiieteietieeetesteresteeeteeeteeeteteteaesensesennes 553
32.3.1 What is epigenomics and how do we measure
the epigenome? .........ccceevuirieniirieneeieneeteiee e 553
32.3.2 Causes of epigenetic variation ........c..coeceeeeeveeveeererennns 554
32.3.3 MZ discordant design applied to epigenomics studies ....555
32.4 TranSCrIPLOMIUCS ....veuveeieererierierrereeriereetestessesessessessessessessesseseesens 557
32.4.1 What is transcriptomics and how do we measure
the transcriptome?........ccceveererienernienenieneeeseeeeeeenne 557
32.4.2 Causes of variation in gene expression levels................. 557
32.4.3 MZ discordant design applied to transcriptomics
SEUAIES ...ttt 559

32.4.4 Other applications of twin research in transcriptomics
SEUAIES .. 561



Contents

32.5 MetabOlOMICS ....coveuvevenieiiietiieeireeie ettt saese e 562
32.5.1 What is metabolomics and how do we measure
the Metabolome? ........cccveevvieriiiiieeie et 562
32.5.2 Causes of variation in metabolite levels ......................... 563
32.5.3 MZ discordant design applied to metabolomics
SEUAILS .ttt st 566
32.5.4 Other application of twin research in metabolomics
SEUAILS .ottt 566
32.6 Twin studies in other omics domains..............cceevevveeeveneennanea. 567
32.7 DiSCUSSION ...ttt eneas 569
32.8 CONCIUSION.......oueienieiiieieieteeet ettt 572
ACKNOWIEAZMENTS......eiiiiiiiiiiieieeriieeterte ettt 572
REfEIENCES....cveiniiieiieriictce e 572
CHAPTER 33 Epigenetics.......ccceeveiiiiiccscnnnnnnnmnneceennnnnsnsesssseens 585
Aino Heikkinen, Sara Lundgren, Miina Ollikainen
33.1 Introduction to epigenetics and epigenomics.............ccoevevee. 585
33.1.1 DNA methylation........coeeveerernienennenenneneeieseeieeeenne 586
33.1.2 Histone modifications .........ccceeeveereeecveerieenreesieesveereenens 588
33.1.3 Noncoding RNAS.......ccccoerierenenienieieeeieieeeeeeeeeeenens 589
33.1.4 Complex interactions between epigenetic marks............ 589
33.2 Challenges in epigenetic research ...........coevvevievieveveiecnenenns 589
33.3 Value of twins in epigenetic research...........ccoevvevveieieeennenen. 590
33.3.1 Classical twin model........c..ccoceevierernenirneninnenieienenn 592
33.3.2 Within-pair COMPAriSONS........cccoveeververreeerereeeereererrennens 592
33.3.3 Inferring causality......c..cocceereruereenienienieieieeeeeeeeneenens 593
33.4 Key findings from epigenetic studies involving twins ............. 594

33.4.1 The contribution of the genome and environment
to the establishment and maintenance of

DNA methylation.........ccccoeeeverienennenennienieieneeieeeenne 594
33.4.2 The contribution of epigenetic variation to
phenotypic variation..........cccceceveeererenienienieneeeeeecenenes 596
33.4.3 Stability and drift of methylation in time ....................... 596
33.4.4 Inferring causality for epigenetic associations
DY USING tWINS .evvieiiiiiieiieeieesie ettt see et sre e 602
33.4.5 EpigeneticC QZing .......ccccevervuererreererrierieeienieeienieeienieene 602
33.5 Technical and statistical methods in epigenetics...................... 603
33.5.1 Methods to measure DNA methylation ...........ccccccceueeen. 603
33.5.2 Methods to analyze DNA methylation data.................... 604
33.5.3 DNA methylation as a surrogate measure ...................... 605
33.6 Future of epigenetic twin StUdies ...........cceevevvevievieieeeieeeneenins 607

REFEICNCES ...uviiiiiiieiee e e eae e e eeaaas 608

Xix



XX

Contents

CHAPTER 34 An experiment in cotwin control: Adaptation

to space travel .........coveeeeciiirreceecr s 617
Carole Tafforin, Nancy L. Segal
34.1 INtrodUCtioN ......c.ccveueeeieeeeeeeteeteeee ettt 617
34.2 Twins reared apart and together............cccoeeerivereeeneneeeene 617
34.3 Space travel: effects on adaptive SyStems..........eevervevererennnnins 618
34.4 Review of findings: a twin in SPaCE........cceevevvevievierierierenereenns 619
34.5 DiSCUSSION vttt ettt ese e 621
ACKNOWIEAZMENES......eruiiiiriieiieiienieeie ettt 622
RETEIEINCES ... viivieeiiieiieeie ettt ettt be e ae e eaeebaessaeens 623

CHAPTER 35 Environmental risk factors for neurodevelopmental

disorders: Evidence from twin studies.................. 625
Garth Stephenson, Jeffrey M. Craig
35.1 Rationale and @ims ..........ccecevveirieerieinieinieiereeeesereseesaesenes 625
35.2 INtrodUCON .....ovevieeieeieiieiieieteie ettt eee e eeens 625
35.3 Zygosity and ChOTIONICILY .....c..cceveervirvirrerierieieieieeereneeeenens 627
35.4 Twins as a model for developmental variation......................... 628
35.5 The intrauterine envViroNMENt ...........cceeveeereverereeresieesiereseenennes 628
35.6 Twin to twin transfusion syndrome (TTTS).....ccccocveervereruerennns 629
35.7 Selective fetal growth restriction (SFGR).........ccccoeveerveviniennn. 631
35.8 Twin anemia—polycythemia sequence (TAPS).......ccccceereenne. 632
35.9 Neurodevelopmental diSOrders..........cocvevverierieriesierieieieneenenns 632
35.10 Attention-deficit hyperactivity disorder...........ccoovevveverenennens 632
35.11 Autism spectrum diSOrder..........ccoeevrveirrecirierieieieeieesieeenes 633
35.12 Cerebral PalSy ....ccveveeveveieriieriieesieieieeeieeetee ettt saese e 633
35.13 SChizOPhrenia. .......ccocvveueueirieeeieiieieieere e 633
35.14 EDIlEPSY..eieririririeiirieieieiristeiee sttt es 634
35.15 Environmental influences on neurodevelopment in twins ..... 634
35.16 Maternal immune actiVation ...........ccoceeveveeerieeeierieereeenierennas 634
35.17 Maternal obesity and gestational diabetes .............cccvecvrueuene. 635
35.18 Maternal hypertension ..........c.cceceevevrreisreceereniereniereseeessenennes 636
35.19 Maternal SMOKING .......cevvreeeeueirerieieereseeieieeeeie e 636
35.20 AICOROL......oiieeieeieieietetetetee et enea 637
35.21 The female reproductive microbiome...........ccocvevvevevenennenens 637
35.22 CONCIUSION ...ttt 639

REFEIENCES ....viiiiiieeiieee et e eare e e 639



Contents

CHAPTER 36 Microbiome studies and twin research ................ 649
Joohon Sung, Hang A. Park, Soo Ji Lee
36.1 Basic concepts of the microbiome and microbial analysis:
what are the differences between classical microbiology

and microbiome StUAies?........cccueevvieiiierieeiie e 649
36.2 Analytic approaches in microbiome studies ............c..ceeveurnen. 652
36.3 Assessing taxonomic composition, function, and diversity

of microbial COMMUNILY ...c..cceevuiriiniiriinieiiceicneecseeeeeene 652
36.4 Microbiome associations with human diseases and

the application of the knowledge to the treatment ................... 654
36.5 Twin research for microbiome studies ............c.ccceevevveveeenennen. 656
36.6 Summary and cOnCIUSION .........cccveviriiriirieieieieieeeeeieeeeneens 660
RETEIENCES .....ienvieiiieiieeteete ettt st 660

CHAPTER 37 Chromosomal anomalies, monogenetic diseases,
and leukaemia in twins...........cceeeeciciicssnsnnnnnnnnes 665

Irén Haltrich, Anna Lengyel
37.1 Genetic background ..........ccceueeveeerieerieinieieeeeeieeeeeseeseees 665
37.2 Mechanisms of twin discordance..............ccceevevveveeerreeennenen. 668
37.3 Postzygotic chromosomal nondisjunction and chromosomal

IMOSAICISITL. c..eeuvieetieiereeteesteesteeeteesteeeseesseesseesssesseessseesseesseeans 668
37.4 Different levels of triplet repeat eXpansion ............ceceeeevereevenee. 672
37.5 Postzygotic point MULAtIONS ..........cceeverveererrerieriesieieieeenenenens 673
37.6 Skewed X-INactivation ..........c.ccceveeeerirriererierieieieeeeeseeenereenens 673
37.7 Other epigenetic Mechanisms ...........ccoceevvveevrrerieerieenieesienenes 674
37.8 Copy number variations (CNVS).......coceevrreeirrerirenrererieenienennes 674
37.9 The value of twin studies in leukaemia research...................... 674
Gene abbreviation list ..........ccceeeciiiieeiiii e 680
RETEIENCES ....iinvieiieeieeeteete et et 681

SECTION 8 CONCIUSION.....cceereeieererenrrnsemsrensrmssnseensss 087

Adam D. Tarnoki, David L. Tarnoki, Jennifer R. Harris, Nancy L. Segal

Summary and concluding Statement ............cecueeeeviireeniereeneneeneneneereneere e 689
APPENAIX—RESOUITES .....eouteiieiiiriieiiniieieetente ettt ettt sttt sttt 691
INAEX it 693

XXi






Contributors

Catarina Almqvist

Department of Medical Epidemiology and Biostatistics, Karolinska Institutet,
Stockholm, Sweden; Pediatric Allergy and Pulmonology Unit at Astrid Lindgren
Children’s Hospital, Karolinska University Hospital, Stockholm, Sweden

Juko Ando
Keio Univerity, Tokyo, Japan

Meike Bartels

Department of Biological Psychology, Faculty of Behavioural and Movement
Sciences, Vrije Universiteit, Amsterdam, The Netherlands; Amsterdam Public
Health Research Institute, Amsterdam University Medical Centre, Amsterdam,
The Netherlands

Munkh-Erdene Bayartai
The University of Sydney, Charles Perkins Centre, Sydney School of Health
Sciences, Faculty of Medicine and Health

Christopher R. Beam
University of Southern California, Department of Psychology

Adriene M. Beltz
Department of Psychology, University of Michigan, MI, United States

Sheri A. Berenbaum

Department of Psychology, The Pennsylvania State University, University Park,
PA, United States; Department of Pediatrics, The Pennsylvania State University,
Hershey, PA, United States

Dorret I. Boomsma

Netherlands Twin Register, Department of Biological Psychology, Vrije Universiteit
Amsterdam, Amsterdam, The Netherlands; Amsterdam Public Health Research
Institute, Amsterdam, The Netherlands; Amsterdam Reproduction and
Development Research Institute, Amsterdam, The Netherlands

Isabell Brikell
Department of Medical Epidemiology and Biostatistics, Karolinska Institutet,
Sweden

Minh Bui
Centre for Epidemiology and Biostatistics, Melbourne School of Population and
Global Health, The University of Melbourne, Parkville, VIC, Australia

Lucas Calais-Ferreira

Centre for Epidemiology and Biostatistics, Melbourne School of Population and
Global Health, The University of Melbourne, Parkville, VIC, Australia; Centre for
Adolescent Health, Murdoch Children’s Research Institute, Melbourne, VIC,
Australia

xxiii



XXiv

Contributors

Kaare Christensen
The Danish Twin Registry, Department of Public Health, University of Southern
Denmark, Odense, Denmark

Robhin P. Corley
Institute for Behavioral Genetics, University of Colorado Boulder, CO, United
States

Victoria K. Cortessis

Department of Population and Public Health Science, Keck School of Medicine,
University of Southern California, Los Angeles, CA, United States; Department
of Obstetrics & Gynecology, Keck School of Medicine, University of Southern
California, Los Angeles, CA, United States

Wendy Cozen

Division of Hematology-Oncology, Department of Medicine, School of Medicine,
University of California at Irvine, Orange, CA, United States; Department of
Pathology, School of Medicine, University of California at Irvine, Orange, CA,
United States; Chao Family Comprehensive Cancer Center, University of
California at Irvine, Orange, CA, United States

Jeffrey M. Craig

Environmental & Genetic Epidemiology Research, Molecular Immunity, Royal
Children’s Hospital, Parkville, VIC, Australia; IMPACT Institute, School of
Medicine, Deakin University, Geelong, VIC, Australia

Lisabeth Fisher DiLalla
Southern Illinois University School of Medicine

David L. DiLalla
Southern lllinois University Carbondale

Conor V. Dolan
Netherlands Twin Register, Department of Biological Psychology, Vrije Universiteit
Amsterdam, and Amsterdam Public Health (APH), Amsterdam, The Netherlands

James G. Dowty
Centre for Epidemiology and Biostatistics, Melbourne School of Population and
Global Health, The University of Melbourne, Parkville, VIC, Australia

Jeremy A. EIman
Department of Psychiatry, University of California San Diego; Center for Behavior
Genetics of Aging, University of California San Diego

Vivienne F.C. Esser
Centre for Epidemiology and Biostatistics, Melbourne School of Population and
Global Health, The University of Melbourne, Parkville, VIC, Australia

Paulo H. Ferreira
The University of Sydney, Charles Perkins Centre, Sydney School of Health
Sciences, Faculty of Medicine and Health



Contributors XXV

Deborah Finkel
Department of Psychology, Indiana University Southeast, United States; Institute
for Gerontology, School of Health and Welfare, Jonkoping University, Sweden

Irene Giardina
Department of Obstetrics and Gynecology, Centre of Perinatal and Reproductive,
Medicine, University of Perugia, ltaly

Fiona A. Hagenheek

Netherlands Twin Register, Department of Biological Psychology, Vrije Universiteit
Amsterdam, Amsterdam, The Netherlands; Amsterdam Public Health Research
Institute, Amsterdam, The Netherlands

Irén Haltrich
2nd Department of Pediatrics, Semmelweis University, Budapest, Hungary

Aino Heikkinen
Institute for Molecular Medicine Finland FIMM, HiLIFE, University of Helsinki,
Helsinki, Finland

John L. Hopper
Centre for Epidemiology and Biostatistics, Melbourne School of Population and
Global Health, The University of Melbourne, Parkville, VIC, Australia

Jouke-Jan Hottenga
Netherlands Twin Register, Department of Biological Psychology, Vrije Universiteit
Amsterdam, and Amsterdam Public Health (APH), Amsterdam, The Netherlands

Yoon-Mi Hur
College of General Education, Kookmin University, Seoul, South Korea

Matthew R. Jamnik
Southern lllinois University Carbondale

Kaushalya Jayaweera
Institute for Research & Development in Health & Social Care

Jaakko Kaprio
Institute for Molecular Medicine FIMM, University of Helsinki, Helsinki, Finland

Alice J. Kim
University of Southern California, Department of Psychology

Esther Lam

Division of Hematology-Oncology, Department of Medicine, School of Medicine,
University of California at Irvine, Orange, CA, United States; Chao Family
Comprehensive Cancer Center, University of California at Irvine, Orange, CA,
United States

Henrik Larsson
Department of Medical Epidemiology and Biostatistics, Karolinska Institutet,
Sweden; School of Medical Sciences, Orebro University, Sweden



XXvi

Contributors

Soo Ji Lee

Genome and Health Big Data Lab, Graduate School of Public Health, Seoul
National University, Seoul, Korea; Institute of Health and Environment, Seoul
National University, Seoul, Korea

Anna Lengyel
2nd Department of Pediatrics, Semmelweis University, Budapest, Hungary

Shuai Li
Centre for Epidemiology and Biostatistics, Melbourne School of Population and
Global Health, The University of Melbourne, Parkville, VIC, Australia

Paul Lichtenstein
Department of Medical Epidemiology and Biostatistics, Karolinska Institutet,
Stockholm, Sweden

Levente Littvay
Central European University

John C. Loehlin
University of Texas at Austin, Department of Psychology, Austin, TX, USA

Yuk Jing Loke
Environmental & Genetic Epidemiology Research, Molecular Immunity, Royal
Children’s Hospital, Parkville, VIC, Australia

Sara Lundgren
Institute for Molecular Medicine Finland FIMM, HiLIFE, University of Helsinki,
Helsinki, Finland

Thomas M. Mack
Department of Population and Public Health Science, Keck School of Medicine,
University of Southern California, Los Angeles, CA, United States

Sue Malta
Centre for Epidemiology and Biostatistics, Melbourne School of Population and
Global Health, The University of Melbourne, Parkville, VIC, Australia

Riley L. Marshall
Southern lllinois University Carbondale

Nicholas G. Martin
Genetic Epidemiology Group, QIMR Berghofer Medical Research Institute,
Brisbane, QLD, Australia

Matt McGue

The Danish Twin Registry, Department of Public Health, University of Southern
Denmark, Odense, Denmark; Department of Psychology, University of Minnesota,
Minneapolis, MN, United States

Sarah E. Medland
Mental Health & Neuroscience Department, QIMR Berghofer Medical Research
Institute, QLD, Australia



Contributors

Brittany L. Mitchell
Mental Health & Neuroscience Department, QIMR Berghofer Medical Research
Institute, QLD, Australia

Elena Cristina Mitrea
Lucian Blaga University of Sibiu

Namitha Mehandas

Environmental & Genetic Epidemiology Research, Molecular Immunity, Royal
Children’s Hospital, Parkville, VIC, Australia; Department of Paediatrics,
University of Melbourne, Parkville, VIC, Australia; IMPACT Institute, School of
Medicine, Deakin University, Geelong, VIC, Australia

José J. Morosoli
Mental Health & Neuroscience Department, QIMR Berghofer Medical Research
Institute, QLD, Australia

Julia Métneki
Retired, Twin Researcher, Foundation of Hungarian Twin Registry; Hungarian
Twin Registry, Budapest, Hungary

Tuong L. Nguyen
Centre for Epidemiology and Biostatistics, Melbourne School of Population and
Global Health, The University of Melbourne, Parkville, VIC, Australia

Francisca J. Niculae
Department of Psychology, California State University, Fullerton, CA, United
States

Veronika Odintsova

Netherlands Twin Register, Department of Biological Psychology, Vrije
Universiteit Amsterdam, and Amsterdam Public Health (APH), Amsterdam, The
Netherlands; National Medical Research Center for Obstetrics, Gynecology and
Perinatology named after Academician V.I.Kulakov of Ministry of Healthcare of
the Russian Federation, Moscow, Russia

Miina Ollikainen
Institute for Molecular Medicine Finland FIMM, HiLIFE, University of Helsinki,
Helsinki, Finland

Juan R. Ordofiana
Department of Human Anatomy and Psychobiology, University of Murcia, Murcia
Institute for BioHealth Research (IMIB-Arrixaca-UMU), Murcia, Spain

Emily Pali
Southern lllinois University Carbondale

Matthew S. Panizzon
Department of Psychiatry, University of California San Diego; Center for Behavior
Genetics of Aging, University of California San Diego

XXvii



XXviii

Contributors

Hang A. Park

Genome and Health Big Data Lab, Graduate School of Public Health, Seoul
National University, Seoul, Korea; Department of Emergency Medicine, Hallym
University Dongtan Sacred Heart Hospital, Hwaseong-si, Korea

Nancy L. Pedersen

Department of Medical Epidemiology and Biostatistics, Karolinska Institutet,
Sweden; Department of Psychology, University of Southern California, United
States

Holly T. Pham
Department of Psychology, The Pennsylvania State University, University Park,
PA, United States

Tinca J.C. Polderman

Amsterdam UMC, Vrije Universiteit Amsterdam, Child and Adolescent, Psychiatry
& Psychosocial Care, Amsterdam Public Health; Vrije Universiteit Amsterdam,
Clinical and Developmental Psychology, Amsterdam, The Netherlands

René Pool

Netherlands Twin Register, Department of Biological Psychology, Vrije Universiteit
Amsterdam, Amsterdam, The Netherlands; Amsterdam Public Health Research
Institute, Amsterdam, The Netherlands

Andras Pari
Pazmany Péter Catholic University (PPKE), Maria Kopp Institute for
Demography and Families (KINCS), Budapest, Hungary

Monica Rankin
International Council of Multiple Birth Organisations (ICOMBO)

Gian Carlo Di Renzo
Department of Obstetrics and Gynecology, Centre of Perinatal and Reproductive,
Medicine, University of Perugia, ltaly

Chandra A. Reynolds
Department of Psychology, University of California — Riverside, United States

Maryam Salehi

Division of Hematology-Oncology, Department of Medicine, School of Medicine,
University of California at Irvine, Orange, CA, United States; Chao Family
Comprehensive Cancer Center, University of California at Irvine, Orange, CA,
United States

Nancy L. Segal

California State University, Fullerton and Director of the Twin Studies Center,
CA, USA; Department of Psychology, California State University, Fullerton, CA,
United States

Karri Silventoinen
Population Research Unit, Faculty of Social Sciences, University of Helsinki,
Helsinki, Finland



Contributors XXix

P. Eline Slaghoom
Leiden University Medical Centre, Leiden, The Netherlands

Gary Steinman
Department of Obstetrics & Gynecology, Hadassah Hospital—Hebrew University,
Jerusalem, Israel

Garth Stephenson
IMPACT Institute, School of Medicine, Deakin University, Geelong, VIC, Australia

Athula Sumathipala
Institute for Research & Development in Health & Social Care; School of
Medicine, Faculty of Medicine & Health Sciences, Keele University

Joohon Sung

Genome and Health Big Data Lab, Graduate School of Public Health, Seoul
National University, Seoul, Korea; Institute of Health and Environment, Seoul
National University, Seoul, Korea

Carole Tafforin
Ethospace, Research and Study Group in Human and Space Ethology, Toulouse,
France

Adam D. Tarnoki
Medical Imaging Centre, Semmelweis University, Hungarian Twin Registry,
Budapest, Hungary

David L. Tarnoki
Medical Imaging Centre, Semmelweis University, Hungarian Twin Registry,
Budapest, Hungary

Valentina Tosto

Department of Obstetrics and Gynecology, Centre of Perinatal and Reproductive,
Medicine, University of Perugia, ltaly; Department of Obstetrics and Gynecology,
Giannina Gaslini Children’s Hospital, Genova, Italy

Valentina Tsibizova
Almazov State Perinatal Research Centre, St Petersburg, Russia

Peter Varjassy
Retired, Chief Physician, Medical Historian

Eero Vuoksimaa
Institute for Molecular Medicine Finland, University of Helsinki, Finland

Gonneke Willemsen

Department of Biological Psychology, Vrije Universiteit Amsterdam, Amsterdam,
The Netherlands; Amsterdam Public Health Research Institute, Amsterdam,
The Netherlands

Yen Ting Wong
IMPACT Institute, School of Medicine, Deakin University, Geelong, VIC, Australia



XXX

Contributors

Eco de Geus

Department of Biological Psychology, Vrije Universiteit Amsterdam, Amsterdam,
The Netherlands; Amsterdam Public Health Research Institute, Amsterdam,
The Netherlands

Lianne P. de Vries
Department of Biological Psychology, Faculty of Behavioural and Movement
Sciences, Vrije Universiteit, Amsterdam, The Netherlands; Amsterdam Public
Health Research Institute, Amsterdam University Medical Centre, Amsterdam,
The Netherlands

Jenny van Dongen

Netherlands Twin Register, Department of Biological Psychology, Vrije Universiteit
Amsterdam, Amsterdam, The Netherlands; Amsterdam Public Health Research
Institute, Amsterdam, The Netherlands; Amsterdam Reproduction and
Development Research Institute, Amsterdam, The Netherlands

Margot P. van de Weijer

Department of Biological Psychology, Faculty of Behavioural and Movement
Sciences, Vrije Universiteit, Amsterdam, The Netherlands; Amsterdam Public
Health Research Institute, Amsterdam University Medical Centre, Amsterdam,
The Netherlands



Editor Biographies

Dr Adam D. Tarnoki is an assistant professor, radiologist, and twin researcher at
Semmelweis University Medical Imaging Center and Department Head, Department
of Radiology at National Institute of Oncology, Budapest, Hungary. He is a
founding member of the Hungarian Twin Registry. He has presented more than 200
international lectures and has authored over 150 publications. He is a board member
of the Hungarian Society of Radiologists and teaches radiology in English, German,
and Hungarian at Semmelweis University. Dr. Tarnoki serves as vice-president
of the Hungarian Medical Association of America Hungary Chapter. He has also
served as a member of the local organizing committee and Faculty of the 3rd World
Congress on Twin Pregnancy and the 15th Congress of the International Society
for Twin Studies (ISTS) in Budapest, Hungary, 2014, and the local host of the 19th
International Congress on Twin Studies hold online in November 2021. He serves as
deputy editor-in-chief of the Hungarian Radiology Journal, and he is the president
of the International Society of Twin Studies (ISTS) since 2022.

Dr David L. Tarnoki is an assistant professor, radiologist, and twin researcher at
Semmelweis University Medical Imaging Center and Head of Oncologic Imag-
ing Diagnostic Center, National Institute of Oncology, Budapest, Hungary. He is
a founding member of the Hungarian Twin Registry and has presented more than
200 international lectures and authored over 150 publications. He is the board
member of the Hungarian Society of Radiologists and teaches radiology in Eng-
lish, German, and Hungarian at Semmelweis University. Dr. Tarnoki serves as
secretary of the Hungarian Medical Association of America Hungary Chapter and
is a member of the Academy of Young Researchers, Hungarian Academy of Sci-
ences. He has also served as a member of the local organizing committee and
Faculty of the 3rd World Congress on Twin Pregnancy and the 15th Congress of
the International Society for Twin Studies (ISTS) in Budapest, Hungary, 2014,
and the local host of the 19th International Congress on Twin Studies hold online
in November 2021. He is the secretary of the International Society of Twin Stud-
ies (ISTS) since 2022.

Dr Jennifer R. Harris is currently a research director at the Centre for Fertility and
Health at the Norwegian Institute of Public Health in Oslo, Norway. She has inter-
disciplinary training in life-span development and genetics. She has been conduct-
ing twin research throughout her academic career. She is the past president of the
International Society for Twin Studies, a recipient of the James Shields Award for
outstanding research in behavioral genetics, and is the scientific director of the Nor-
wegian Twin Registry. Dr. Harris has a broad commitment to the wider scientific
community and serves on several expert panels, boards, steering groups, scientific
advisory committees, and editorial boards.

XXXi



XXXii

Editor Biographies

Dr Nancy L. Segal is currently a professor of psychology at California State Univer-
sity, Fullerton, and Director of the Twin Studies Center. She has authored over 250
scientific articles and book chapters, as well as seven books on twins, most recently,
Deliberately Divided: Inside the Controversial Study of Twins and Triplets Adopted
Apart. Her 2012 book, Born Together-Reared Apart: The Landmark Minnesota Twin
Study, won the 2013 William James Award from the American Psychological As-
sociation. Dr. Segal has received several international awards including the James
Shields Award for Lifetime Contributions to Twin Research (International Society
for Twin Studies) and the International Making a Difference Award (Multiple Births
Canada). She is also the 2016 recipient of the prestigious Wang Family Excellence
Award from California State University. Dr. Segal has contributed to national and
international media, including the New York Times and the Washington Post. She
has been a frequent guest on national and international television and radio pro-
grams, such as the Today Show, Good Morning America, The Martha Stewart Show,
the Oprah Winfrey Show, The Forum (BBC), and the Hidden Brain National Public
Radio.



	Front cover

	Half title

	Full title

	Copyright

	﻿Contents
	﻿Contributors
	﻿Editor Biographies
	Section
8 - ﻿Conclusion
	﻿Summary and concluding ­statement
	﻿Appendix—Resources
	﻿Index

