
Dyslexia and  
Neuroscience

Ex
tra

ordinary

BRAIN
series

  E
xt

raordinary

BRAIN
series

T
he T
he

00--FM--i-xxvi.indd   1 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



00--FM--i-xxvi.indd   2 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



Dyslexia and Neuroscience 
The Geschwind-Galaburda  
Hypothesis 30 Years Later 

edited by

Albert M. Galaburda, M.D.
Harvard Medical School/Beth Israel Deaconess Medical Center 
Boston, Massachusetts

Nadine Gaab, Ph.D.
Boston Children’s Hospital, Harvard Medical School 
Boston, Massachusetts

Fumiko Hoeft, M.D., Ph.D.
University of California, San Francisco

and

Peggy McCardle, Ph.D., M.P.H.
PM Consulting, LLC, and Haskins Laboratories
Tarpon Springs, Florida

with invited contributors

  E
xt

raordinary

BRAIN
series

  E
xt

raordinary

BRAIN
series

T
he T
he

Baltimore • London • Sydney

00--FM--i-xxvi.indd   3 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



Paul H. Brookes Publishing Co.
Post Office Box 10624
Baltimore, Maryland 21285-0624
USA 
www.brookespublishing.com 

Copyright © 2018 by Paul H. Brookes Publishing Co., Inc.
All rights reserved. 

“Paul H. Brookes Publishing Co.” is a registered trademark of 
Paul H. Brookes Publishing Co., Inc. 

Typeset by BMWW, Windsor Mill, Maryland.
Manufactured in the United States of America by Sheridan Books, Inc., Chelsea, 
Michigan. 

The views expressed in this book are those of the authors and do not necessarily 
represent those of the National Institutes of Health, March of Dimes, or the 
Government of the Russian Federation.

Library of Congress Cataloging-in-Publication Data

Names: Galaburda, Albert M., 1948– editor.
Title: Dyslexia and neuroscience: the Geschwind-Galaburda hypothesis 30 years 

later / edited by Albert M. Galaburda, M.D., Harvard Medical School/Beth Israel 
Deaconess Medical Center, Boston, Massachusetts, Nadine Gaab, Ph.D., Boston 
Children’s Hospital, Harvard Medical School, Boston, Massachusetts, Fumiko Hoeft, 
M.D., Ph.D., University of California, San Francisco and Peggy McCardle, Ph.D., 
M.P.H., PM Consulting, LLC, and Haskins Laboratories, Tarpon Springs, Florida;
with invited contributors.

Description: Baltimore: Paul H. Brookes Publishing Co., [2017] | Series: The 
extraordinary brain series ; 15 | Includes bibliographical references and index.

Identifiers: LCCN 2017021915| ISBN 9781681252254 (hardback) | ISBN 9781681252605 
(epub) | ISBN 9781681252636 (pdf)

Subjects: LCSH: Dyslexia--Research. | Brain--Diseases--Research. | BISAC: MEDICAL / 
Neuroscience. | PSYCHOLOGY / Developmental / General. | SCIENCE / Life 
Sciences / Neuroscience. | EDUCATION / Special Education / Learning Disabilities.

Classification: LCC RC394.W6 D9535 2018 | DDC 362.19685/5300724--dc23 LC record 
available at https://lccn.loc.gov/2017021915

British Library Cataloguing in Publication data are available from the British Library. 

2021  2020  2019  2018   2017

10 9 8 7 6 5 4 3 2 1

00--FM--i-xxvi.indd   4 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



v

Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
About the Contributors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi
The Dyslexia Foundation and the Extraordinary Brain Series . . . . . xix
Preface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .xxii
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxvi

Section I: The Geschwind-Galaburda Hypothesis and Dyslexia . . 1
 1. The Geschwind-Galaburda Hypothesis. . . . . . . . . . . . . . . . . . . . . . . 2
  Albert M. Galaburda 

 2.  Clinical and Sociological Aspects of Dyslexia in the  
Context of the Geschwind-Galaburda Hypothesis  
30 Years Later . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

  David Urion

Section II: Brain Development, Hormones, and Immunology . . . . 27
 3.  Mechanisms that Control Left/Right Asymmetry  

and Sexual Dimorphisms in the Forebrain . . . . . . . . . . . . . . . . . . . 28
  John L.R. Rubenstein

 4.  Sex Differences in the Geschwind-Galaburda Hypothesis of  
Cerebral Lateralization: The Whole Body Perspective  
Revisited . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

  Geert J. de Vries

 5.  Can Prenatal Maternal Distress Predict Child Cerebral  
Laterality? Recent Findings and Implications for the  
Geschwind-Galaburda Hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . 47

	 	 Thomas	G.	O’Connor,	Emily	S.	Barrett,	and	Ana	Vallejo	Sefair	

 6.  Pubertal Effects of Androgens on Brain Development and  
Lateralization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

  Tuong-Vi Nguyen

   Integrative Summary 1: Brain Development, Hormones, and  
Immunology and the Geschwind-Galaburda Hypothesis . . . . . . 72

  Margaret M. McCarthy 

00--FM--i-xxvi.indd   5 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



vi Contents

Section III: Sex Differences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
7.  Brain Asymmetries and Sex Differences in Developmental

Dyslexia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
	Franck	Ramus,	Irene	Altarelli,	Katarzyna	Jednoróg,	Jingjing	Zhao,	and
Lou	Scotto	di	Covella

8.  The Sexual Dimorphism of the Human Brain:
Discriminating Between Effects of Brain Size and
Effects of Sex Independent of Brain Size . . . . . . . . . . . . . . . . . . . . . 87
Eileen Luders

9. Sex Differences in Cognition and Learning . . . . . . . . . . . . . . . . . . 96
David S. Hong

10.  Animal Models of Early Neural Disruption: Sex
Differences, Neuroplasticity, and Implications for
Dyslexia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
 R. Holly Fitch, Courtney Hill Bodge, Caitlin Szalkowski,
and Amanda Smith

   Integrative Summary 2: Sex Differences and the  
Geschwind-Galaburda Hypothesis . . . . . . . . . . . . . . . . . . . . . . . . 121
Laurie	Cutting

Section IV: Laterality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
11.  From One to Many: Why the Mechanics of Complex

Human Traits Are Difficult to Decipher. . . . . . . . . . . . . . . . . . . . . 128
Elena L. Grigorenko

12.  The Ontogenesis of Handedness and Language
Lateralization: Links to Developmental Disorders  . . . . . . . . . . . 140
Sebastian	Ocklenburg	and	Jutta	Peterburs

Integrative Summary 3: From Genes to Brains . . . . . . . . . . . . . . 150
Silvia	Paracchini

Section V: Reading and Dyslexia: From Genes to Behavior . . . . . 155
13.  Genetics of Specific Reading Disability:

The State of Affairs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
Sergey A. Kornilov and Elena L. Grigorenko

14.  Intergenerational Transmission of Reading and
Reading Brain Networks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
Fumiko	Hoeft	and	Roeland	Hancock

00--FM--i-xxvi.indd   6 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



 Contents vii

15.  Early Atypical Brain Development in Developmental  
Dyslexia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

	 	 Nadine	Gaab,	Xi	Yu,	and	Ola	Ozernov-Palchik

16.  Reading in Children with Developmental Disorders . . . . . . . . . 187
  Heidi M. Feldman

   Integrative Summary 4: Reading Skill and the  
Geschwind-Galaburda Hypothesis . . . . . . . . . . . . . . . . . . . . . . . . 199

  Nicole Landi

Epilogue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

00--FM--i-xxvi.indd   7 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



ix

About the Editors 

Albert M. Galaburda, M.D., Emily Fisher Landau Professor of Neurology 
and Neuroscience, Harvard Medical School/Beth Israel Deaconess Hospital 
Medical Center, Boston, Massachusetts

Dr. Galaburda is a cognitive neurologist at Beth Israel Deaconess Med-
ical Center (BIDMC) and, since 1995, the Emily Fisher Landau Professor 
of Neurology (Neuroscience) at Harvard Medical School. In addition, he 
serves as Director, Office for Diversity, Inclusion, and Career Advance-
ment at BIDMC and as Codirector, Mind, Brain, and Behavior Interfaculty 
Initiative at Harvard University. Dr. Galaburda is a native of Chile and a 
graduate of Boston University’s Six-Year Liberal Arts-Medicine Program 
(1971). After medical school, he trained in internal medicine and neurol-
ogy at Boston City Hospital (now Boston Medical Center). He directed a 
National Institutes of Health-funded bench laboratory on the fundamental 
causes of learning disorders, especially language-based learning disabili-
ties, from 1979 to 2015, and he directed the Division of Cognitive Neurology 
at BIDMC from 1992 to 2015. He has written extensively on cerebral later-
alization and dyslexia. He has published more than 230 original articles, 
reviews, book chapters, and books and has lectured extensively locally, na-
tionally, and abroad on the general field of cognitive neurology. He has also 
been recognized for his work with several prizes, including the Pattison 
Prize in Neuroscience, the IPSEN Prize in Neural Plasticity, the American 
Academy of Neurology Decade of the Brain keynote speaker award, the  
Behavioral Neurology Society of the American Academy of Neurology Life-
time Achievement Award, the International Dyslexia Association’s Samuel 
T. Orton Award, and others. Since January 2015, Dr. Galaburda devotes half 
of his time to diversity and inclusion as well as the career advancement of 
students and physicians underrepresented in medicine. 

Nadine Gaab, Ph.D., Associate Professor of Pediatrics at Boston Children’s 
Hospital, Harvard Medical School, Division of Developmental Medicine, 
Department of Medicine, Laboratories of Cognitive Neuroscience, and Fac-
ulty, Harvard Graduate School of Education, Boston, Massachusetts

Dr. Gaab received a doctoral degree in psychology from the University 
of Zurich in Switzerland and did postdoctoral training at Stanford Univer-
sity and the Massachusetts Institute of Technology. She joined the faculty 
at Boston Children’s Hospital and Harvard Medical School in 2007. Her 
current research within the Laboratories of Cognitive Neuroscience ad-
dresses contemporary challenges of clinical practice and education with 
neuroscientific methods from infancy to adulthood. Her work primarily 
focuses on auditory, language, and music processing in the human brain 

00--FM--i-xxvi.indd   9 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



x About the Editors

and its applications for the development of typical and atypical language 
and literacy skills. The Gaab Lab utilizes structural and functional mag-
netic resonance imaging as well as behavioral measurement tools and is 
currently working on various research questions such as 1) Which brain 
learns to read best under which circumstances? 2) How do environmental 
factors influence the brain’s ability to read? 3) Can neuroscience help im-
prove the early identification of children at risk for dyslexia, and 4) What 
factors are important for shaping a resilient (reading) brain? The Gaab Lab 
employs cross-sectional and longitudinal study designs and works closely 
with more than 20 private and public schools within the greater New Eng-
land area. Please visit http://www.gaablab.com for more information.

Fumiko Hoeft, M.D., Ph.D., Associate Professor in the Department of 
Child and Adolescent Psychiatry and Weill Institute for Neurosciences, 
University of California, San Francisco (UCSF), California

Dr. Hoeft is the Director of the Multi-UC-Campus Science-Based In-
novation in Learning Center and UCSF Laboratory for Educational Neuro-
science (http://www.brainLENS.org) and a research scientist at Haskins 
Laboratories. She is a member of the UCSF Dyslexia Center Board, the 
International Dyslexia Association (IDA) Board, the National Center for 
Learning Disabilities scientific advisory board, and the Center for Child-
hood Creativity scientific advisory board. She was the 2014 Geschwind 
Memorial Lecturer for for the IDA. BrainLENS focuses on how cognitive 
science can inform educational and clinical practices; more specifically, in 
understanding the neurobiological causes of dyslexia, early identification 
and prediction, and the emotional resilience necessary to succeed.

Peggy McCardle, Ph.D., M.P.H., Consultant, Peggy McCardle Consulting 
and Haskins Laboratories, New Haven, Connecticut

Dr. McCardle is a private consultant, science writer and editor, and 
affiliated research scientist at Haskins Laboratories. She is former chief of 
the Child Development and Behavior Branch of the Eunice Kennedy Shriver 
National Institute of Child Health and Human Development (NICHD), 
U.S. National Institutes of Health, where she also directed the research 
program in language, bilingualism, and biliteracy, and developed various 
literacy initiatives. She is a linguist, former speech-language pathologist, 
and classroom teacher and is the recipient of various awards for her work 
in federal government, including an NICHD Mentor Award. She received 
the Einstein Award from The Dyslexia Foundation in 2013. Her publica-
tions address aspects of public health, developmental psycholinguistics 
(e.g., language development, bilingualism, reading, learning disabilities), 
and education (especially reading and educational services for English lan-
guage learners). She has extensive experience developing and co-editing 
volumes and thematic journal issues.

00--FM--i-xxvi.indd   10 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



xi

About the Contributors

Irene Altarelli, Ph.D., University of Geneva, Switzerland

Dr. Altarelli completed her doctorate in Paris under the supervision of 
Franck Ramus and Ghislaine Dehaene. She used magnetic resonance imag-
ing in her doctoral work to investigate the neuroanatomical correlates of 
developmental dyslexia, revealing sex-related differences in the dyslexic 
population. She has been a postdoctoral fellow in the Brain and Learn-
ing Laboratory, Faculté de Psychologie et des Sciences de l’Éducation at 
the University of Geneva since 2014, thanks to a Marie Curie postdoctoral 
grant, focusing on interindividual variability in learning abilities from both 
a cognitive and a neural perspective, under the supervision of Daphne 
Bavelier. 

Emily Barrett, Ph.D., Rutgers University, New Brunswick, New Jersey 

Dr. Barrett is an Associate Professor in the Environmental and Occu-
pational Health Sciences Institute at Rutgers University. Her work focuses 
on the early origins of health and disease, or how exposures early in life 
shape our subsequent health and developmental trajectories. Much of her 
research focuses on prenatal exposure to endocrine disruptors, agents that 
interfere with the normal activity of hormones in the body.

Courtney Bodge, Ph.D., Butler Hospital, Providence, Rhode Island

Dr. Bodge is the Research Coordinator at Butler Hospital. In her doc-
toral work on sex differences in rodent models of neonatal brain injury, un-
der Holly Fitch, University of Connecticut, she demonstrated differences 
in both degree of injury and long-term behavioral outcome, suggesting 
that potential therapeutic targets may vary for males and females. Subse-
quently at the Women & Infants Hospital and the Alpert Medical School 
at Brown University, her work focused on the permeability of the blood-
brain barrier and neuroprotective strategies. She currently leads multiple 
clinical research trials at Butler Hospital, including studies of early onset 
Alzheimer’s disease targeting specific gene mutations. 

Laurie Cutting, Ph.D., Vanderbilt University, Nashville, Tennessee

Dr. Cutting is the Patricia and Rodes Hart Endowed Professor, Pea-
body College of Education and Human Development, and holds faculty 
appointments in the Departments of Special Education, Psychology, Radi-
ology, and Pediatrics at Vanderbilt. She is also a senior scientist at Haskins 
Laboratories (New Haven, CT) and holds an adjunct faculty position at 
Johns Hopkins School of Medicine, Department of Neurology (Baltimore, 
MD). Her research focuses on educational neuroscience, particularly the 

00--FM--i-xxvi.indd   11 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



xii About the Contributors

neurobiological and behavioral underpinnings of reading, oral language, 
and dyslexia.

Lou Scotto di Covella, Ph.D. student, Centre National de la Recherche  
Scientifique (CNRS), Paris, France

Ms. Scotto di Covella is a doctoral student at the CNRS, in the Depart-
ment d’Études Cognitives—École Normale Supérieure, Laboratoire de Sci-
ences Cognitives et Psycholinguistique, Pierre and Marie Curie University 
(Paris), where she is working with Franck Ramus on the neuroanatomical 
correlates of developmental dyslexia. More precisely, she studies the brain 
foldings and cortical sulci using magnetic resonance imaging data from 
different countries.

Geert J. de Vries, Ph.D., Georgia State University, Atlanta

Dr. de Vries is Professor and Director of the Neuroscience Institute 
at Georgia State University. He is a past president of the Organization for 
the Study of Sex Differences as well as the Society for Behavioral Neuro-
endocrinology. Ever since discovering the sexually dimorphic nature of 
vasopressin innervation of the brain as a graduate student, De Vries has 
studied the development and function of sex differences in the brain. This 
culminated in proposing the overarching idea that such differences cause 
as well as prevent sex differences in physiology and behavior. He currently 
studies the effects of inflammation and microbiota on the brain. 

Heidi M. Feldman, M.D., Ph.D., Stanford University School of Medicine, 
California

Dr. Feldman is the Ballinger-Swindells Endowed Professor of Devel-
opmental-Behavioral Pediatrics at Stanford University School of Medicine 
and the Director of Developmental-Behavioral Pediatrics Clinical Pro-
grams at Stanford Children’s Health. As a researcher, she has focused on 
language and reading outcomes of children born preterm since the late 
2000s. Her studies integrate traditional and novel behavioral assessments 
with advanced neuroimaging techniques. As a clinician, she summarized 
her approach in a book titled, Redesigning	Health	Care	for	Children	with	Dis-
abilities. She argues that strengthening inclusion and functional outcomes 
should be the priority for health care for all children with disabilities. 

R. Holly Fitch, Ph.D., University of Connecticut, Storrs

Dr. Fitch is Professor of Behavioral Neuroscience in the Department
of Psychological Sciences, the Institutes for Systems Genomics and Brain 
and Cognitive Sciences, and Director of the Murine Behavioral Phenotyp-
ing Facility. Her research focuses on rodent models of neurodevelopmen-
tal disruptions and cognitive disabilities, including genetic risk factors for 

00--FM--i-xxvi.indd   12 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



About the Contributors xiii

cognitive disability, animal models of brain damage typical of premature/
term birth insult, and behavior studies of effects of prenatal teratogens. 
A variety of behavioral and anatomic assessments are employed, with an 
emphasis on tasks that tap skills foundational to communicative processes 
in rodents.

Elena L. Grigorenko, Ph.D., University of Houston and Baylor College of 
Medicine, Texas 

Dr. Grigorenko is the Hugh Roy and Lillie Cranz Cullen Distinguished 
Professor, Department of Psychology, at the University of Houston and 
Professor, Departments of Pediatrics and Molecular and Human Genetics, 
at Baylor College of Medicine. Dr. Grigorenko and her laboratory have con-
tributed to numerous studies of neurodevelopmental disorders, including 
language and reading disorders, conduct disorder, and autism spectrum 
disorder. Dr. Grigorenko and her colleagues are particularly interested in 
the etiology and developmental trajectories of these disorders.

Roeland Hancock, Ph.D., University of California, San Francisco

Dr. Hancock is a postdoctoral researcher in the Department of Psychi-
atry at the University of California, San Francisco, with broad interests in 
the neurobiology of language. His current research focuses on human au-
ditory processing, the role of neurochemistry in regulating neural oscilla-
tions during speech processing, and how these processes may be disrupted 
in atypical language and literacy development. His other interests include 
imaging genetics and the use of mobile technology for the early identifica-
tion of children at risk for dyslexia.

David S. Hong, M.D., Stanford University School of Medicine, California

Dr. Hong is Assistant Professor of Psychiatry at the Stanford Univer-
sity School of Medicine and Associate Director of Clinical Neuroscience 
in the Division of Interdisciplinary Brain Sciences. His current research 
examines the role of sex-specific factors on cognitive development, utiliz-
ing multimodal neuroimaging and genomic methods. His recent work has 
focused on neurodevelopmental trajectories in youth with sex chromo-
some aneuploidies and disorders of sexual development. Hong also directs 
clinical activities within the Division of Interdisciplinary Brain Sciences to 
advance the treatment and diagnosis of children with a broad range of neu-
rodevelopmental disorders.

Katarzyna Jednoróg, Ph.D., Polish Academy of Sciences, Warsaw, Poland

Dr. Jednoróg is Adjunct Professor, Laboratory of Psychophysiology, 
Nencki Institute of Experimental Biology, at the Polish Academy of Sci-
ences, where she teaches and conducts research. Her current research 

00--FM--i-xxvi.indd   13 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



xiv About the Contributors

focuses on structural and functional neural correlates of developmental 
dyslexia and its early predictors across different orthographies. She is also 
involved in a longitudinal project on modality general and modality spe-
cific neuronal effects of second language learning.

Sergey A. Kornilov, Ph.D., University of Houston, Texas

Dr. Kornilov is the Duncan Scholar in Molecular and Human Genet-
ics, Baylor College of Medicine, and Postdoctoral Fellow at the Univer-
sity of Houston. His work focuses on the neurobiological underpinnings 
of cognitive development, working with various populations (typically 
developing children and undergraduates, special and clinical populations) 
using a variety of approaches (from psychometric to molecular genetic). 
He received the Society for Research on Child Development Outstanding 
Doctoral Dissertation in Developmental Science Award in 2014 and 
the Isabelle Liberman Award in 2013 for his work on molecular and 
neurophysiological bases of developmental language disorders.

Nicole Landi, Ph.D., University of Connecticut, Storrs, and Haskins Labo-
ratories, New Haven, Connecticut

Dr. Landi is an Assistant Professor of Psychological Sciences at the 
University of Connecticut and the Director of EEG Research at Haskins 
Laboratories. Dr. Landi’s research seeks to better understand typical and 
atypical reading and language development through the use of multiple 
cognitive neuroscience methodologies (MRI, EEG) and neurogenetic analy-
ses. Through this work her lab hopes to identify neurobiological and envi-
ronmental mechanisms that contribute to individual differences in read-
ing and language skill and to the complex etiology of disorders such as 
dyslexia, specific comprehension deficit and specific language impairment. 

Eileen Luders, Ph.D., Cousins Center for Psychoneuroimmunology, Semel 
Institute for Neuroscience and Human Behavior, Department of Psychiatry 
and Biobehavioral Sciences, University of California, Los Angeles, School 
of Medicine

Dr. Luders is an Associate Professor of Psychiatry at the University of 
California, Los Angeles (UCLA). Trained in neuroscience and neuropsy-
chology, she received her Ph.D. from the University of Zurich, Switzerland. 
Her research is focused on understanding the human brain, in health and 
disease, using high-resolution magnetic resonance imaging and state-of-
the-art brain mapping techniques. Central themes of her studies are the 
brain’s sexual dimorphism, brain development and aging, as well as struc-
ture-function relationships with emphasis on handedness, intelligence, 
and mindfulness.

00--FM--i-xxvi.indd   14 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



 About the Contributors xv

Margaret M. McCarthy, Ph.D., University of Maryland School of  
Medicine, Baltimore

Dr. McCarthy is Professor and Chair, Department of Pharmacology, 
Program in Neuroscience, at the University of Maryland School of Medi-
cine. She received her doctorate from the Institute of Animal Behavior at 
Rutgers University and received postdoctoral training at Rockefeller Uni-
versity and the National Institutes of Health as a National Research Council 
Fellow. McCarthy has been with the faculty of the University of Maryland 
School of Medicine since 1993 and became the Chair of the Department of 
Pharmacology in 2011. She has also served as Director of Graduate Educa-
tion for the Program in Neuroscience and as Associate Dean for graduate 
education. 

Tuong-Vi Nguyen, M.D., M.Sc., McGill University and McGill University 
Health Center, Montréal, Canada

Dr. Nguyen completed a master’s degree and residency in psychiatry 
at McGill University as well as a postdoctoral fellowship at the National 
Institutes of Health in the Section on Behavioral Endocrinology and the 
Section on Integrative Neuroimaging. She currently holds faculty positions 
at McGill University, jointly appointed in the departments of psychiatry 
and obstetrics-gynecology, and is the Director of the Reproductive Psychia-
try Program at the McGill University Health Center. Her research focuses 
on investigating the central nervous system effects of steroid hormones, 
particularly androgens, during development as well as during reproduc-
tive stages. 

Sebastian Ocklenburg, M.Sc., Ph.D., Ruhr-University, Bochum, Germany

Dr. Ocklenburg is a lecturer in the Institute for Cognitive Neurosci-
ence, Department of Biopsychology, with the Faculty of Psychology at 
Ruhr-University, Bochum, Germany. His research is in biopsychology, with 
a focus on the ontogenesis of hemispheric asymmetries. He uses molecular 
genetics and neuroimaging techniques to uncover how handedness and 
language lateralization originate.

Tom O’Connor, Ph.D., University of Rochester Medical Center, New York

Dr. O’Connor is Professor in the Department of Psychiatry and Direc-
tor of the Wynne Center for Family Research at the University of Rochester 
Medical Center. His clinical research focuses on the role that early (includ-
ing prenatal) exposures and experiences play in shaping psychological, 
physiological, and immunological processes underlying behavioral and 
somatic health.

00--FM--i-xxvi.indd   15 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



xvi About the Contributors

Ola Ozernov-Palchik, M.S., Tufts University, Medford, Massachusetts 

Ms. Ozernov-Palchik is a doctoral candidate at the Center for Reading 
and Language Research in the Tufts University’s interdisciplinary cognitive 
science program under the mentorship of Maryanne Wolf. In her research, 
she is interested in understanding the cognitive and neural mechanisms of 
deficit and compensation in developmental dyslexia. She also conducts re-
search with Nadine Gaab at Boston Children’s Hospital and John Gabrieli 
at the Massachusetts Institute of Technology using neuroimaging, psycho-
educational, and cognitive methods as part of several longitudinal studies 
of children at risk for dyslexia. Ozernov-Palchik is investigating the asso-
ciation between musical rhythm processing and early literacy development 
with Aniruddh Patel at Tufts University.  

Silvia Paracchini, Ph.D., University of St Andrews, Scotland

Dr. Paracchini holds a Royal Society University Research Fellowship 
at the University of St. Andrews where she leads the Neurogenetics Group 
and the Bioinformatics Unit in the School of Medicine. She is a human 
geneticist whose research is aimed at understanding the biological com-
ponent of dyslexia and combines genetic mapping (using genome-wide 
association studies and next generation sequencing) with functional char-
acterization of candidate genes in biological models that include neuro-
nal stem cells and zebrafish. More recently she has become interested in 
the genetics of handedness and how shared biology might influence both 
handedness and dyslexia. Dr. Paracchini is a member of the Royal Society 
of Edinburgh Young Academy of Scotland.

Jutta Peterburs, Ph.D., University of Münster, Germany

Dr. Peterburs studied psychology at Ruhr-University in Bochum, Ger-
many, and received her doctorate in psychology in early 2012. She cur-
rently is a Postdoctoral Fellow at the Institute of Medical Psychology and 
Systems Neuroscience at the University of Münster, and she divides her 
time between Germany and the United States, where she is a Research 
Associate in the Cognitive Neuroscience Division at the Johns Hopkins 
School of Medicine. Her research focuses on modulators and neural cor-
relates of performance monitoring in humans and nonmotor functions of 
the cerebellum.
 
Franck Ramus, Ph.D., Centre National de la Recherche Scientifique 
(CNRS), Paris, France

Dr. Ramus is Research Director and senior research scientist at CNRS 
and serves as Adjunct Professor at the École Normale Supérieure. He works 
at the Laboratoire de Sciences Cognitives et Psycholinguistique, Depart-
ment of Cognitive Studies, École Normale Supérieure in Paris, where he 
heads the cognitive development and pathology team. His research bears 

00--FM--i-xxvi.indd   16 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



 About the Contributors xvii

on the development of language and social cognition in children, related 
disorders (developmental dyslexia, specific language impairment, and au-
tism spectrum disorder), their cognitive and neural bases, and their genetic 
and environmental determinants.

John L.R. Rubenstein, M.D., Ph.D., University of California, San Francisco

Dr. Rubenstein is the Nina Ireland Distinguished Professor of Child 
Psychiatry at the Nina Ireland Laboratory of Developmental Neuro- 
biology and Professor of Psychiatry at the University of California San 
Francisco Weill Institute for Neurosciences. He was recently awarded 
the Ruane Prize for Outstanding Achievement in Child and Adolescent 
Research from the Brain and Behavior Research Foundation. His research 
focuses on the regulatory genes that orchestrate development of the cere-
bral cortex and basal ganglia. These genes serve as entry points to elucidate 
human neuropsychiatric disorders.

Ana Vallejo Sefair, University of Rochester, New York

Ms. Vallejo Sefair is a graduate student in clinical psychology at the 
University of Rochester. Her work focuses on the early origins of behav-
ioral and somatic health in children and adolescents.

Amanda Smith, Ph.D., Alkermes, Inc., Watertown, MA

Amanda Smith is a medical writer at Alkermes, Inc., a pharmaceuti-
cal company focused on developing treatments for central nervous system 
diseases. Prior to beginning a career in pharmaceuticals, she conducted her 
doctoral research at the University of Connecticut within the Department 
of Psychological Sciences, Behavioral Neuroscience Division. Working un-
der the supervision of Dr. Holly Fitch, she designed a compilation of stud-
ies to assess the behavioral consequences following induced hypoxic isch-
emic brain injury in a rodent model. Her research was specifically focused 
on sex differences following injury and possible strategies to prevent or 
ameliorate associated long-term behavioral deficits.

Caitlin Szalkowski, Ph.D., Hilbert College, Hamburg, New York

Dr. Szalkowski is Assistant Professor of Psychology at Hilbert Col-
lege. She studied neurobehavioral outcomes following genetic disruptions 
in a rodent model while working under Holly Fitch at the University of 
Connecticut. Her work demonstrated different patterns in behavioral and 
anatomical disruption following reduced expression of rodent homologs 
of candidate dyslexia susceptibility genes Dyx1c1 and Kiaa0319, as well as 
evidence of sex disparity in reaction to these insults. This suggests possible 
mechanisms for the observed differences in rates of dyslexia among males 
and females as well as the varied presentation of specific deficits within the 
disorder.

00--FM--i-xxvi.indd   17 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



xviii About the Contributors

David K. Urion, M.D., F.A.A.N., Boston Children’s Hospital, Massachusetts 

Dr. Urion received his undergraduate degree from Dartmouth College 
and his medical degree from Stanford University. He trained in internal 
medicine at the Peter Bent Brigham Hospital, in pediatrics at Boston Chil-
dren’s Hospital, and in child neurology in the Longwood Area Neurology 
Training Program. He serves as the director of education and residency 
training programs in child neurology and neurodevelopmental disabilities, 
as well as the director of behavioral neurology clinics and programs, at 
Boston Children’s Hospital, where he holds the Charles F. Barlow Chair in 
Neurology. He is the immediate past president of the Professors of Child 
Neurology.

Xi Yu, Ph.D., Boston Children’s Hospital and Harvard Medical School, 
Massachusetts

Dr. Yu is a postdoctoral fellow in the Laboratories of Cognitive Neu-
roscience at Boston Children’s Hospital. Her research interests lie in the 
cognitive and neural mechanisms underlying language and reading devel-
opment in typical and atypical populations. Her work also seeks to identify 
biomarkers for early diagnosis of dyslexia and compensatory mechanisms 
in children, which could inform the design of pre-reading treatment for 
children at risk for dyslexia. 

Jingjing Zhao, Ph.D., Shaanxi Normal University and Key Laboratory for 
Behavior and Cognitive Neuroscience, Xi’an, Shaanxi, China

Dr. Zhao is Professor of Psychology at Shaanxi Normal University in 
China and a principal investigator affiliated with the Key Laboratory for 
Behavior and Cognitive Neuroscience of Shaanxi Province. Her current  
research focuses on children’s cognitive and psychiatric disorders. Her  
laboratory is currently working on various topics but mainly focusing  
on cognitive, neural, genetic, and environmental determinants of develop-
mental dyslexia, dyscalculia, and psychiatric disabilities in children. 

00--FM--i-xxvi.indd   18 9/13/17   3:28 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



xix

The Dyslexia Foundation 
and the 
Extraordinary Brain Series

The Dyslexia Foundation (TDF) was founded by William H. “Will” 
Baker, in collaboration with notable researchers in dyslexia, in the 
late 1980s. Funds were provided through the generosity of the Un-

derwood and Baker families to support the establishment of the first Dys-
lexia Research Laboratory at Beth Israel Hospital, Harvard Medical School, 
Boston, Massachusetts; the laboratory opened in 1982, with a goal of inves-
tigating the neural underpinnings of dyslexia. Baker became the director of 
research for the Orton Dyslexia Society, and he convened top researchers 
from cognition, neuroscience, and education in a 1987 meeting at the urg-
ing of Dr. Albert Galaburda. That scientific symposium was held in Flor-
ence, Italy, under the auspices of the Orton Dyslexia Society, with generous 
support from Emily Fisher Landau. Ideas were presented and discussed 
at the symposium, with sufficient time to disagree, identify research chal-
lenges, and brainstorm solutions—and the concept of a dyslexia sympo-
sium series was born. The National Dyslexia Research Foundation (later 
renamed TDF) was formed in 1989 to focus more specifically on research 
while the Orton Dyslexia Society continued its primary focus on treatment 
and education. The new foundation sponsored the next symposium in Bar-
celona, Spain, in 1990. The Extraordinary Brain Series was born during this 
second symposium, which was the first to be held under the foundation’s 
auspices!

This volume celebrates the 15th symposium in the Extraordinary Brain 
Series. Currently, these symposia result in volumes that reflect the papers 
presented and the discussion that was spurred by those presentations. The 
series volumes make the thoughts of scholars across various disciplines 
accessible to all researchers as they tackle various aspects of the behavior, 
neurobiology, and genetics of dyslexia and learning to read and write. Fol-
lowing is a listing of TDF symposia and the related volumes to date: 

 I. June 1987, Florence, Italy. Symposium Director: Albert M. 
Galaburda. 

  Galaburda, A. M. (Ed.). (1989). From reading to neurons. Cam-
bridge, MA: Bradford Books/the MIT Press. 

 II. June 1990, Barcelona, Spain. Symposium Director: Albert M. 
Galaburda. 

  Galaburda, A. M. (Ed.). (1993). Dyslexia and development: Neuro-
biological	aspects	of	extra-ordinary	brains.	Cambridge, MA: Brad-
ford Books/Harvard University Press. 

  E
xt

raordinary

BRAIN
series

  E
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 III. June 1992, Santa Fe, NM. Symposium Director: Paula Tallal.
  Chase, C., Rosen, G., & Sherman, G. F. (Eds.). (1996). Develop-

mental dyslexia: Neural, cognitive, and genetic mechanisms. Balti-
more, MD: York Press.

 IV. June 1994, Kauai, HI. Symposium Director: Benita Blachman. 
  Blachman, B. R. (Ed.). (1997). Foundations	of	reading	acquisition	

and	 dyslexia:	 Implications	 for	 early	 intervention.	 Mahwah, NJ: 
Lawrence Erlbaum Associates.

 V. June 1998, Kona, HI. Symposium Director: Drake Duane. 
  Duane, D. (Ed.). (1999). Reading	 and	 attention	disorders:	Neuro-

biological correlates. Baltimore, MD: York Press.
 VI. June 2000, Crete, Greece. Symposium Director: Maryanne Wolf. 
  Wolf, M. (Ed.). (2001). Dyslexia,	fluency,	and	the	brain.	Baltimore, 

MD: York Press.
 VII. June 2002, Kona, HI. Symposium Director: Barbara Foorman. 
  Foorman, B. (Ed.). (2003). Preventing	and	remediating	reading	dif-

ficulties:	Bringing	science	to	scale.	Baltimore, MD: York Press.
 VIII. October 2002, Johannesburg, South Africa. Symposium Direc-

tor: Frank Wood. 
  Multilingualism and dyslexia. No publication.
 IX. June 2004, Como, Italy. Symposium Director: Glenn Rosen. 
  Rosen, G. (Ed.). (2006). The dyslexic brain: New pathways in neuro-

science discovery. Mahwah, NJ: Lawrence Erlbaum Associates.
 X. June 2007, Campos do Jordão, Brazil. Symposium Directors: 

Ken Pugh and Peggy McCardle. 
  Pugh, K., & McCardle, P. (Eds.). (2009). How children learn to 

read:	Current	issues	and	new	directions	in	the	integration	of	cogni-
tion,	neurobiology	and	genetics	of	reading	and	dyslexia	research	and	
practice. New York, NY: Psychology Press, Taylor & Francis 
Group.

 XI. January 2010, Taipei, Taiwan. Symposium Directors: Peggy  
McCardle, Ovid Tseng, Jun Ren Lee, and Brett Miller. 

  McCardle, P., Miller, B., Lee, J. R., & Tseng, O. J. L. (Eds.). (2011). 
Dyslexia across languages: Orthography and the brain-gene-behavior 
link. Baltimore, MD: Paul H. Brookes Publishing Co.
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 XII. June 2010, Cong, Ireland. Symposium Directors: April Benasich 
and Holly Fitch. 

  Benasich, A., & Fitch, H. (Eds.). (2012). Developmental dyslexia: 
Early precursors, neurobehavioral markers, and biological substrates. 
Baltimore, MD: Paul H. Brookes Publishing Co.

 XIII. June 2012, Talinn, Estonia. Symposium Directors: Brett Miller 
and Laurie Cutting. 

  Miller, B., Cutting, L. E., & McCardle, P. (Eds.). (2013). Unravel-
ing reading comprehension: Behavioral, neurobiological and genetic 
components. Baltimore, MD: Paul H. Brookes Publishing Co.

 XIV. June 2014. Horta, Faial Island, The Azores. Symposium Direc-
tors: Carol Connor and Peggy McCardle. 

  Connor, C. M., & McCardle, P. (Eds.). (2015). Advances in reading 
intervention: Research to practice to research. Baltimore, MD: Paul 
H. Brookes Publishing Co.

 XV. June 2016, Saint Croix, U.S. Virgin Islands. Symposium Direc-
tors: Albert Galaburda, Fumiko Hoeft, and Nadine Gaab.

  Galaburda, A. M., Gaab, N., Hoeft, F., & McCardle, P. (Eds.). 
(2017). Dyslexia and neuroscience: The Geschwind-Galaburda  
Hypothesis 30 years later. Baltimore, MD: Paul H. Brookes Pub-
lishing Co.
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Preface

More than three decades ago, Norman Geschwind and Peter 
 Behan reported an increased prevalence of left-handedness and 
autoimmune disorders in individuals and families with devel-

opmental dyslexia. Following that report, Geschwind collaborated with  
Albert Galaburda and wrote a three-part paper in the Archives	of	Neurology 
(1985a, b, c) that discussed developmentally relevant associations among 
brain development, hormones, immune activity, and brain lateralization, 
which resulted in human diversity in talents and disabilities. The Dyslexia 
Foundation hosted a symposium in 2016 that was organized by Gala-
burda, along with Nadine Gaab and Fumiko Hoeft, to review some of the  
Geschwind-Galaburda Hypothesis (GGH) claims and predictions and as-
sess the current state of the science regarding them. This volume is based 
on the presentations and discussions at that symposium. 

Because much of the information presented and discussed is at times 
highly technical, the co-editors of this volume asked the contributing au-
thors to include a summary that includes less technical language at the 
beginning of each chapter. These summaries are intended to make the vol-
ume more accessible to a wider audience because they outline the informa-
tion that will be presented in each chapter and commentary. In addition, 
an integrative summary for each of the sections integrates thoughts across 
each chapter of the section. 

The design of the volume itself is also intended to make the material 
more accessible. In Section I, Galaburda (Chapter 1) introduces the GGH 
and Urion (Chapter 2) reflects on its impact on clinical practice in child 
neurology and developmental neuroscience since the mid-1980s, with im-
plications for the future. The following five major sections examine specific 
areas of scientific investigation responding to and influenced by the GGH, 
with each chapter making suggestions for future research based on what 
has been learned since Geschwind and Galaburda’s publication of those 
three seminal papers. 

In Section II, four chapters and an integrative summary address brain 
development, hormonal influences, and immunological issues as intercon-
nected issues or processes. Rubenstein (Chapter 3) examines developmen-
tal, genetic, hormonal, and random processes that may play a role in the 
development of language processing circuits and, thus, may influence or 
underlie some developmental disorders, including dyslexia. He outlines 
four specific additional mechanisms regulating brain development that  
scientists should consider as they explore potential underlying mecha- 
nisms of dyslexia. De Vries (Chapter 4) discusses the GGH and sex dif-
ferences from a whole body perspective and offers new thoughts on the 
influences of sex differences in the brain, circulating sex hormones during 
postnatal through adult development, environmental context, and vulnera-
bilities for functional and behavior disorders. O’Connor, Barrett, and Sefair 
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(Chapter 5) examine what is known about prenatal maternal distress and its 
association with a range of neurodevelopmental outcomes in children and 
discuss these in the context of the GGH, noting a striking confluence with 
implications for future research. Nguyen (Chapter 6) presents the biologi-
cal processes of brain development and increasing sex hormone production 
in middle childhood; she addresses the role of androgens in the pattern of 
brain maturation and the link with developmental cognitive and behavior 
changes. The final chapter in this section is the integrative summary by  
McCarthy. She reflects on the central goal of revealing the origins of brain 
disorders and pulls together thoughts on developmental impacts, from 
prenatal through adolescent development, and highlights the plastic and 
dynamic aspects of brain development, citing the GGH as a framework for 
such revelation. 

Section III’s four chapters and an integrative summary focus specifi-
cally on sex differences. Ramus, Altarelli, Jednoróg, Zhao, and di Covella 
(Chapter 7) review their own team’s studies on the neuroanatomy of dys-
lexia, which show differences in boys and girls. The authors assert that the 
key to understanding dyslexia’s neuroanatomical basis lies in brain asym-
metry, which differs at least, in part, by sex. Luders (Chapter 8) also ex-
amines sex differences in brain anatomy, with a focus on brain size differ-
ences, and demonstrates how matching males and females for gross brain 
size may serve to unscramble whether sex are artefactual or exist indepen-
dently of size effects. Hong (Chapter 9) focuses on sex differences in learn-
ing disorders, offering the model of sex chromosome anomalies such as 
those found in Turner and Klinefelter syndromes. He calls for future work 
to further explore the mounting evidence that sex plays a role in learning 
disorders, including dyslexia. Fitch, Bodge, Szalkowski, and Smith (Chap-
ter 10) present findings on sex differences in atypical cognitive outcomes in 
animal models that are relevant to language and reading and bring these to 
bear on the issue of greater prevalence of dyslexia among males. Cutting’s 
integrative summary notes the lack of clarity of the relation between sex 
and dyslexia diagnosis as we look across neuroimaging, genetics, and ani-
mal model research linked to the GGH, and it offers suggestions for future 
directions that research might take to clarify this picture. 

Section IV on laterality contains only two chapters and an integrative 
summary. Grigorenko (Chapter 11) presents information on genetic con-
cepts—mosaicism, epigenetic, and the endophenotypes—and how using 
these can help us understand complex human traits such as laterality and 
its underlying processes by breaking complexity down into component 
parts. Ocklenburg and Peterburs (Chapter 12) focus on genetic factors un-
derlying handedness and left-hemisphere language dominance; they argue 
that the assumptions of the GGH offer an opportunity for development 
of a multifactorial model that could integrate neurogenetic evidence into 
those core constructs. Paracchini’s integrative summary points out that 
complex processes must be controlled by more than simple genetic models 
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and embracing advances in genetic sequencing will likely be important in 
advancing our understanding of laterality. 

Reading and dyslexia are specifically addressed with regard to genes 
and behavior in Section V. Kornilov and Grigorenko (Chapter 13) begin 
this section with an overview of genetics and reading disability, includ-
ing genome-wide association studies, studies using neuroimaging pheno-
types, and those examining the role of common genetic variants. They ar-
gue strongly for the importance of studies that integrate all three in the 
study of reading disability. Hoeft and Hancock (Chapter 14) describe their 
work on intergenerational transmission of reading and the brain networks 
that underlie it. These authors introduce the intergenerational neuroim-
aging approach to studying the relation of cognitive and neural pheno-
types across generations from parent to child; they hope this process will 
affect early identification and intervention and result in the identification 
of modifiable intervention targets. Gaab, Yu, and Ozernov-Palchik (Chap-
ter 15) also examine the heritability of dyslexia and early identification 
and intervention, combining neuroimaging of infants and young children 
with behavioral research to identify children at risk. Feldman (Chapter 16) 
examines a different risk factor (i.e., preterm birth) and compares white 
matter brain differences and their correlations with reading and language 
skills in children born pre- and full-term. Her findings suggest a loss of 
hemispheric specialization in the preterm group, and she calls for addi-
tional studies to explore the GGH and determine these children’s specific 
reading intervention needs. Landi’s integrative summary notes the value 
of being able to more accurately identify the relative contributions of genes 
and environment in the atypical development of reading brain regions, but 
it also notes that the advanced methods that have been discussed come 
with an increased need for specialized training and with a requirement to 
communicate to educators and policy makers both the importance and the 
nuances of the findings these tools enable us to obtain. 

These section chapters and integrative summaries explore key ele-
ments of the GGH, looking at how far we have come and how many ques-
tions have been answered. They also look, however, at how we might build 
on both the original GGH and the recent work that addresses many of 
the issues it raised. They suggest how the field might move forward with 
modern technologies and advanced methods to continue to tease apart the 
puzzles of the developing brain, learn what underlies differences in brain 
development, how genes and environment interact with our neurocircuitry 
and neurochemistry in ways that result in individuals who read well or 
who have difficulty learning to read, and how best to prevent or remediate 
those difficulties. The contributing authors have attempted to communi-
cate highly technical information in ways that are accessible to an audience 
broader than just scientific colleagues, and the editors have attempted to 
design a book that also facilitates information sharing for a broader au-
dience. The information gained since the mid-1980s and the directions 
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recommended for the future are important and clearly worth sharing not 
only with researchers but also with practitioners, parents, and all those in-
terested in dyslexia, its origins, and its prevention and remediation. 
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2 

CHAPTER 1

The Geschwind-Galaburda 
Hypothesis
Albert M. Galaburda

SUMMARY
The Geschwind-Galaburda Hypothesis (GGH), which was first published 
as three consecutive papers (1985a, b, and c), is, despite its name, a theory 
comprising several testable hypotheses that address associations among 
brain development and function, sex hormones, immunological health, 
and brain lateralization. Clinical manifestations of this theory may lead to 
individuals with special talents or disabilities. The theory was inspired by 
the report of Geschwind and Behan (1982), indicating a relationship among 
left-handedness, developmental dyslexia, and immune disorders.

The GGH suggested that testosterone in utero slowed development of 
the left hemisphere, increasing the risk for left-handedness and language-
based learning disorders, as well as superior development of right hemi-
sphere skills, both of which would occur more often in boys. Testosterone 
also suppressed immune function, leading to an excess of immune-based 
disorders. An elaboration of the theory posited that the retardation of left-
hemisphere development could lead to neuronal migration anomalies, 
which represented the mechanism underlying the language-based learning 
disorders. The neuronal migration anomalies were recreated in rodents by 
using various approaches, including early, timed brain injury and knock-
down of dyslexia risk genes, but not simply by the effects of testosterone, 
although the latter did alter the functional consequences of the develop-
mental anomalies. Additional work in genetically modified mice (Truong 
et al., 2014; Wang et al., 2011) showed that structural anomalies could, but 
were not necessary to produce cortical dysfunction. In addition, recent 
work on the effects of cilia function ( Hamada, Meno, Watanabe, & Saijoh, 
2002) on organ laterality were suggested to play a role in the anomalous 
brain lateralization seen in dyslexia, especially as cilia dysfunction is asso-
ciated with some dyslexia risk genes. The GGH generated a great deal of 
research, which continues to this date. 

INTRODUCTION: THE ORIGINS  
OF THE GESCHWIND-GALABURDA HYPOTHESIS
This chapter reflects a presentation and subsequent discussions that took 
place during a conference in June 2016, which was organized and spon-
sored by The Dyslexia Foundation. Both the presentation and this chapter 
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 The Geschwind-Galaburda Hypothesis 3

rely heavily on the three-part paper published by Geschwind and Gala-
burda (1985a, b, c).

The GGH is an attempt to relate observations not only about a specific 
learning disorder (i.e., dyslexia) but also other male-predominant devel-
opmental disorders (e.g., stuttering, autism spectrum disorder, Tourette 
syndrome) to cerebral lateralization for a variety of cognitive tasks, includ-
ing handedness and hemispheric dominance for language, certain auto-
immune disorders, and hormonal and genetic characteristics. The papers 
specifically stressed male–female differences in the incidence and occur-
rence of these phenomena and attributed the male sex steroid testosterone, 
or its metabolites, as a main causative role, rather than the environment 
or direct genetic influences. The hypothesis states that intrauterine testos-
terone increases anomalous functional or physiological lateralization (left-
handedness, ambidexterity, and right-hemisphere or bilateral language in 
the brain), anatomical brain asymmetry (affecting the language-relevant 
planum temporale [PT]), learning disabilities (dyslexia, stuttering, Tourette 
syndrome, autism spectrum disorder), learning superiority (architects,  
visual artists), and immunological and other disorders (asthma, thyroid 
disorders, ulcerative colitis, premature graying of the hair). 

The GGH is not really a hypothesis but a theory that is complex enough 
to generate several testable hypotheses on sex differences, handedness, and 
hemispheric dominance, specifically regarding the relations and interac-
tions among brain development, hormones, immune activity, and brain 
lateralization, which resulted in human diversity in talents and disabilities. 
The work of Peter O. Behan, a neuroimmunologist from Glasgow, Scot-
land, initially contributed to the GGH; thus, the theory has also been called 
the Geschwind-Behan-Galaburda Hypothesis. Most important, however, 
is that the theory is primarily the brainchild of Norman Geschwind (see 
Figure 1.1; see the dedication in this volume).

The Planum Temporale and Cerebral Asymmetry
Although Geschwind died in 1984, only months before the publication of 
the GGH, it is likely that kernels of the theory had their origin as early 
as the mid-1960s, when he and Levitsky (1968) revisited a set of findings 
by Von Economo and Horn (1930) and Pfeifer (1936). These findings sug-
gested that the PT, the triangle-shaped cortical region lying immediately 
posterior to the transverse gyrus of Heschl containing the primary auditory 
cortex, was larger on the left-side.

Geschwind and Levitsky (1968) were stimulated by these anecdotal 
reports and dissected 100 human brains. They determined that the left pla-
num was larger in 65% of the brains, it was larger on the right in 11%, and 
it was of equal size on the two sides in the remaining 24%. Geschwind be-
came curious about the fundamental causes of cerebral asymmetry and its 
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4 Galaburda

biological associations. In 1976, he encouraged Albert Galaburda, a physi-
cian in the last year of neurology residency training, to look deeper for the 
underlying causes of brain asymmetry. But anatomical brain asymmetry 
was only part of the investigation of brain functioning. Links between this 
asymmetry and behaviors, such as handedness and learning, and to other 
conditions involving the immune system were also of interest.

Left-Handedness, Language-Based  
Learning Disorders, and Immunological Conditions
Geschwind was a dedicated and keen clinical observer. He used to say 
that most of his ideas came from listening to and observing his patients. 
An informal cataloguing of conversations and observations led him to two 
conclusions.
1. Unusual manifestations of acquired aphasia (an impairment of lan-

guage comprehension or production usually caused by injury to the 
left-hemisphere of the brain) and various forms of language-based LDs 
occurred more frequently in left handers.

2. His left-handed patients seemed to complain of more ailments than his 
right-handed patients, especially allergic and autoimmune conditions. 

These anecdotal observations led to studies with Behan, first of self- 
reported immunological conditions and then of a hospital record-confirmed 
assessment of left-handed people arriving at a shop for left-handed objects in 
London (Geschwind & Behan, 1982). Both indicated more autoimmune con-
ditions and language-based LDs in left handers and their family members. 

Sex Differences, Handedness, and  
Hemispheric Dominance: The Testosterone Hypothesis
Sex differences is the fourth component of the theory. LDs that af-
fected left-hemisphere brain functions (e.g., dyslexia, stuttering, autism 

Figure 1.1. Original figure from Geschwind and Levitsky (1968) showing a larger right planum 
temporale (PT) and a second observation, the more common duplication of Heschl’s gyrus or 
transverse gyrus on the right side. From Geschwind, N., & Levitsky, W. (1968). Human brain: 
Left-right asymmetries in temporal speech region. Science, 161(3837): 186–187; reproduced with 
permission.
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 The Geschwind-Galaburda Hypothesis 5

spectrum disorder) were far more common in boys than in girls. In ad-
dition, the affected individuals often exhibited superior performance in 
right-hemisphere functions (e.g., visuospatial abilities). These gender dif-
ferences could have been the result of X or Y chromosome factors. If the 
differences were linked to the X chromosome, however, then the male 
predominance would be very high—much higher than that observed—or 
if the differences were linked to the Y chromosome, then these disorders 
would be nonexistent in females. Thus, Geschwind posited that the ex-
cess of left-handedness and LDs in males suggested a failure of proper 
development of left-hemisphere dominance patterns that were testoster-
one mediated; this was possible because males and females are exposed 
to intrauterine testosterone, albeit at different concentrations. This was 
the origin of the testosterone hypothesis of the GGH, and the testoster-
one hypothesis was at the core of the theory. Summing up, LDs linked to 
left-hemisphere function are noticeably more prevalent in males, but they 
also occur in females, which suggests that testosterone exposure in utero 
mediates the development of proper patterns of left-hemisphere domi-
nance. The fact that male fetuses are exposed to greater concentrations of 
testosterone may be linked to the greater prevalence of these LDs among 
males.

ELEMENTS OF THE GESCHWIND-GALABURDA HYPOTHESIS
The GGH represented an attempt to link observations on left-handedness, 
brain asymmetry, learning differences, immune disorders, and male– 
female differences. Testosterone effect (a combination of testosterone level, 
the distribution of testosterone receptors, and the sensitivity and specific 
activity at these receptors) is the unifying causal factor that occurs dur-
ing development. In brief, the theory postulated that testosterone acting in 
utero slowed the development of the left hemisphere of the human cere-
brum, which, in turn, led to 
• Possible enhancement of right-hemisphere development and more left-

handedness (or underdeveloped right-handedness) 
• Possible LDs involving left-hemisphere functions 
• Possible superior skills in right-hemisphere functions 
• Greater prevalence in males 
• A disturbance in the development of the immune system by the direct 

action of testosterone on the thymus gland and other immunological 
targets that are poorly understood

Related Research: Gross Cerebral Asymmetries
The theory depended heavily on the finding of structural brain asymme-
tries. Several early observers (Flechsig, 1876; Pfeifer, 1936; Von Economo & 
Horn, 1930) reported on PT asymmetries as well as others (e.g., asymmetry 
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6 Galaburda

of the crossing of the motor tracts in the brain stem on their way to the spi-
nal cord). LeMay (1976) examined human brain endocasts that were 30,000 
years old and reported asymmetries in Neanderthals. She also examined 
cerebral arteriograms of adult humans and found asymmetries in the syl-
vian point, the spot where the middle cerebral artery exits to the surface 
of the brain posteriorly (LeMay & Culebras, 1972). The main observations 
were that the sylvian fissure was longer on the left and the sylvian point 
was higher on the right side than on the left side. It was shown later that the 
length asymmetry reflected the longer PT on that side.

It became important to find the cause(s) of these asymmetries. The 
right shift theory is a genetic explanation proposed by Annett (1964) that 
suggests the presence of a laterality gene causes the brain to acquire the 
standard asymmetry, causing the individual to become right handed. The 
absence of this laterality, or right shift gene, produced an individual who 
would be randomly right or left handed 50% of the time. Annett even cal-
culated the prevalence of the gene in the population to explain the numbers 
of right and left handers. Annett could not distinguish between right hand-
ers having the gene and right handers arising from random assignment, 
but no left handers possessed the gene. The GGH, however, predicted that 
even in the presence of the right shift gene, testosterone in utero could 
affect the degree of expression of this gene in an epigenetic fashion and 
impede the full shift to the right-handed pattern, leading to incomplete 
left-greater-than-right asymmetry, or even asymmetry in the opposite di-
rection, as well as LDs. The tension between the Annett theory and the 
GGH is that the former did not require any nongenetic factors, whereas 
the latter introduced a factor in the form of testosterone, which acted as an 
epigenetic regulator of the gene effect. As of this writing, the Annett theory, 
which has in practice been replaced or expanded on by the new discover-
ies on cilia function—which responds to multiple genetic and epigenetic 
actions (Hamada, Meno, Watanabe, & Saijoh, 2002)—has not included any 
additional testosterone effect. This said, without hormonal influences (see 
Chapter 6), neither the Annett theory nor the cilia biology can explain the 
male predominance that inspired the GGH. 

Related Research: Architectonic Cerebral Asymmetries
Galaburda and colleagues (Galaburda & Sanides, 1980; Galaburda, San-
ides, & Geschwind, 1978) published a series of papers attempting to find 
the fundamental underpinnings of brain asymmetries. First, they found 
that asymmetries in gross anatomy reflect asymmetries in the volume (sur-
face area x cortical thickness) of architectonic areas (cf. Brodmann areas), 
and asymmetries in the PT are specifically accounted for by asymmetries in 
the auditory temporoparietal association area on the posterior upper sur-
face of the temporal lobe. Other architectonic areas comprising the perisyl-
vian language zones (e.g., Brodmann area 44 and 39) also tended to favor 
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 The Geschwind-Galaburda Hypothesis 7

the left side (Eidelberg & Galaburda, 1984; Galaburda, 1980; Galaburda & 
Geschwind, 1980). The GGH attempted to provide explanations for these 
language-related asymmetries and for the cases in which the asymmetries 
develop anomalously, and here are some of the findings of the architec-
tonic work that followed the publication of the GGH but did not support 
the GGH. This work was carried out on an adult rodent cerebral cortex 
because technical aspects for the preparation of tissue could be better con-
trolled for precise quantitative assessment (Galaburda, Aboitiz, Rosen, & 
Sherman, 1986). 

Thus, one claim of the GGH in the case of anomalous asymmetry (i.e., 
less left-sided predominance) was that as the left hemisphere was inhib-
ited during development by the effect of testosterone, the right hemisphere 
grew larger than normal, shifting brain structures from the left to the right. 
It was as if there was a given amount of brain that was variably distrib-
uted more to the left, more symmetrically, or even more to the right, ac-
cording to the magnitude of the testosterone effect. In the case of language  
areas, correcting for variability of general brain size, everyone was sup-
posed to have an equivalent amount, and the only thing that changed was 
how this equivalent amount was stored in the left and right hemispheres. 
Thus, correcting for the overall variation in brain size, the GGH predicted 
that the left planum area plus the right planum area was constant (Gala-
burda, Rosen, & Sherman, 1990). In fact, this was not the case when asym-
metric and symmetric areas were compared. The total amount of tissue in 
the area did not remain constant in human and animal studies, in which 
there is variation in degree of asymmetry of a given gross or architectoni-
cally defined area. Instead, it varied inversely with the degree of asym-
metry—the more asymmetric the areas were between the two sides of the 
brain, the smaller their sum. Thus, symmetric areas were larger than asym-
metric areas, which suggested that asymmetry could represent a pruned-
down version of the symmetric case and not simply a different distribution. 
Furthermore, at the architectonic level, symmetric brain areas in one brain 
contained a larger complement of neurons (as opposed to larger neurons) 
than homologous asymmetric brain areas in another brain (see Figure 1.2) 
(Galaburda et al., 1986; Rosen, Sherman, & Galaburda, 1991, 1992). 

Several additional studies showed that the lateral difference in the 
number of neurons was neither the result of differential neuronal prolif-
eration prior to neuronal migration, nor differential cell death or pruning 
after neuronal migration (Rosen et al., 1991). Although this was not looked 
at directly, it was likely that asymmetry in the number of neurons on the 
two sides reflected early patterning events before neuroblast proliferation, 
neuronal migration, or neuronal death and maturation (see Chapter 3). If 
there was pruning at all, then it had to occur very early in the life of the em-
bryo. The GGH considered that a mechanism for shifted dominance to the 
right hemisphere by testosterone implicated greater cell death on the left, 
with compensatory lesser cell death on the right, and this was implicitly 
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8 Galaburda

considered to be a postmigrational event. Instead, the likely scenario is that 
initial patterning of the cortex is symmetric, and early events, perhaps un-
der the effect of cilia and possibly still modulated at least in part by testos-
terone, produce reduction of one side—the right side in the case of language  
areas—so that fewer neuroblasts remain available on the right side and a 
smaller architectonic area is subsequently generated.

Related Research on Language-Based  
(Left-Hemisphere) Learning Disabilities:  
Cortical Malformations and Left-Handedness
The GGH made a strong claim about the origin of left-hemisphere learn-
ing disabilities such as dyslexia, autism spectrum disorder, and stuttering. 
Thus, implicating testosterone again, another hypothesis of the theory was 
that retardation of growth of the left hemisphere was so severe in some 
cases that it caused neuronal migration anomalies on that side, which, in 
turn, caused the LDs, either alone or in combination with decreased left-
ward asymmetry of the language areas and left-handedness. No attempt 
was made to distinguish cases in which dyslexia versus stuttering versus 
autism would result, but the implicit assumption at that time was that tes-
tosterone acted on different genetic backgrounds to produce different dis-
orders. Suffice it to say, testosterone effects occurred in all three conditions, 
thus explaining the male prevalence in all three. Subsequent experimental 
research failed again to support the notion that testosterone was responsi-
ble for neuronal migration anomalies, although another, previously unsus-
pected action of the male hormone probably did play a role in the gender 
difference. 

Cortical Malformations Galaburda and Kemper (1979) reported 
the case of a dyslexic young man whose brain showed neuronal migration 
anomalies. Multiple instances of molecular layer heterotopia were present 

Figure 1.2. The generation of asymmetric brain areas requires developmental reduction from 
an originally symmetric state. Indirect evidence suggests that this reduction occurs before neuro-
nal proliferation and neuronal migration to the incipient cerebral cortex and may be mediated 
by cilia function.

01--SEC. 1--Ch. 1--1-15.indd   8 9/13/17   3:29 PM

FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later  
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H. 

Brookes Publishing | www.brookespublishing.com | 1-800-638-3775 
©2018 | All rights reserved



 The Geschwind-Galaburda Hypothesis 9

in the perisylvian regions of both hemispheres, but they were substantially 
more prominent on the left, as well as one focus of micropolygyria affect-
ing the auditory regions of the left temporal lobe. Similar small cortical 
malformations were present in several other dyslexic brains later studied 
at autopsy (Galaburda, Sherman, Rosen, Aboitiz, & Geschwind, 1985). The 
first strike against the GGH suggesting that neuronal migration anomalies 
were the result of excessive inhibition of left-hemisphere development was 
the fact that neuronal migration abnormalities were found on both sides, 
even if more commonly on the left. Although the theory hypothesized 
an inhibitory effect on the left, it also claimed a stimulatory effect on the 
right. Although there was the possibility that neuronal migration anoma-
lies could result from over-inhibition or over-stimulation and would be 
worse with inhibition than with stimulation, no data were ever gathered to 
support this possibility. In the end, the pathogenesis of the malformations 
was related to different factors such as injury, infection, toxic exposure, or 
genetic defects (Kuzniecky & Barkovich, 1996; Pilz, Stoodley, & Golden, 
2002), without evidence that testosterone has any role to play in neuronal 
migration abnormalities.

Neuronal heterotopias in the molecular layer of the cortex and micro-
polygyria (both found in the dyslexic brain) have been induced in rodent 
brains by applying a freezing probe on the skull of the newborn animal 
during a time when neuronal migration to the cerebral cortex is continu-
ing. Neuronal migration anomalies can only occur if the causative agent 
acts during the time neuronal migration is actively proceeding to the 
cerebral cortex and not later (see Figure 1.3) (Humphreys, Rosen, Press, 
Sherman, & Galaburda, 1991). Different, but perhaps associated, forms of 
neuronal migration anomalies have also been caused in the fetal rat brain 
exposed to short hairpin micro ribonucleic acid sequences constructed 
against genes in the rat homologous to human dyslexia risk genes (Rosen 
et al., 2007; Szalkowski et al., 2012; Wang et al., 2006) and, in some cases, in 
mice knocked out for these genes (Truong et al., 2014; Wang et al., 2011). 
These manipulations were identical in males and females, and the cortical 
effects were also the same, but there was an effect of testosterone. Thus, 
males with induced cortical malformations showed secondary changes 
in the thalamus, whereas females did not. But the secondary thalamic 
changes emerged in female rats when they were exposed perinatally to 
testosterone (Rosen, Herman, & Galaburda, 1999). Thus, testosterone did 
not influence cortical malformations per se during the experiment on the 
rodent, but rather a form of secondary thalamic plasticity. An additional 
interesting finding was that induction of cortical malformation resulted in 
auditory processing deficits in male animals but not female animals, sug-
gesting that it was the response to the initial manipulation that produced 
the deficits, rather than the cortical malformations themselves. The human 
thalamus is asymmetric (Eidelberg & Galaburda, 1982); thalamic anoma-
lies have also been reported in the human dyslexic brain (Galaburda & 
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10 Galaburda

Eidelberg, 1982). It is possible that the action of the human cortical anoma-
lies in dyslexia have been overestimated and the effects of the second-
ary thalamic changes have been underestimated. Effects of testosterone 
on injury-related plasticity were not something considered in the GGH, 
but they appear to account for the sex differences and should be further 
studied in the biology of left-hemisphere learning disabilities. It seems to 
account for sex differences not by causing neuronal migration anomalies 
per se, but rather by modifying plasticity in response to a negative devel-
opmental event. 

Left-Handedness As previously noted, the biology of cerebrocor-
tical abnormalities in relation to testosterone seems to be more complex 
than simply slowing the development of the left hemisphere. We do not 

Figure 1.3. Molecular layer ectopia in the rat cortex. Neurons are stained with red-fluorescent 
protein. The cloud of neurons lying above in the photograph have migrated abnormally beyond 
their standard locations in the subjacent cortical layers. These malformations occur spontane-
ously in the dyslexic cerebral cortex and can be induced in rodent brains for further analysis.
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understand the relationship of testosterone to handedness. We also do not 
know why anomalous hand dominance is more common in males, and the 
answer may have something to do with testosterone; if it does, then it may 
be by mechanisms other than slowing the development of the left hemi-
sphere. The biology of cilia has come to the forefront in the study of later-
alization (Hamada et al., 2002). Cilia seem to play an important role in the 
lateralization of somatic organs, and the absence of cilia function may lead 
to situs inversus (Pennekamp, Menchen, Dworniczak, & Hamada, 2015). 
Interestingly, 50% of animals with abnormal cilia develop a heart pointing 
to the right, and 50% develop a heart pointing to the left. The same random 
lateralization is true for the positioning of the liver and spleen. 

In other words, the absence of cilia function leads to random lateral-
ization of the body organs, and this is strikingly similar to what Annett’s 
(1964) right shift theory predicts; thus, the absence of the right shift gene 
leads to random lateralization in the brain. Annett’s lateralization gene 
may not be a single gene but may instead reflect dysfunction of any of the 
genes that govern normal cilia function. This statement makes a strong as-
sumption that cannot be adequately defended at this time and implicates 
cilia dysfunction in brain lateralization as well as in body organ lateraliza-
tion. Furthermore, Annett’s theory makes additional predictions. For in-
stance, the cilia and Annett’s explanations predict that in any group of right 
handers there will be some who are anomalous right handers because they 
randomly became right handed from lack of the normal drive, either cilia 
or gene based. An equal number of left handers will be anomalous for the 
same reason. Implications of this biology of handedness would be that there 
are so-called normal right handers and anomalous right handers based on 
whether they have the right shift gene or cilia effect, and all left handers are 
anomalous because all lack the gene or cilia. Is this an obligatory conclu-
sion about left handers? Not necessarily! Thus, for instance, there may be 
drives equivalent to the right shift drives that make people left handed, 
and some within this group may also lack this left shift drive. In this newly 
postulated left shift theory, the presence of left shift factors would produce 
standard left handers and the absence would lead to random left and right 
handers who are anomalous because they are missing the left shift effect. 
The frequency in the population of this postulated left shift factor must be 
lower than that of the right shift factor; otherwise, there should be an equal 
number of standard right and left handers, which is not the case. Whether it 
is from the absence of the right shift factor or the absence of the postulated 
left shift factor, there should be an equal number of anomalous right- and 
left-handed individuals, albeit a greater number of standard right handers 
than left handers. Furthermore, it is not currently possible to distinguish 
anomalous from standard right handers and left handers; this fact would 
tend to produce problems for studies attempting to uncover relationships 
between handedness and other traits, including disorders such as learning 
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disabilities and immunological disorders, because anomalous right and left 
handers would be mixed in with the standard groups.

Left Handedness, Immune Disorders, and Language-Based Learn-
ing Disabilities Geschwind and Behan (1982) uncovered a relationship 
among LDs, immune disorders, and left-handedness, which became fod-
der for the GGH. Yet, following the publication of the three-part paper  
(Geschwind & Galaburda, 1985a, b, c), several papers failed to find the  
same relationship, whereas others confirmed the original findings (e.g., 
Bryden, McManus, & Bulman-Fleming, 1994; Galaburda, 1990; Hugdahl, 
Ellertsen, Waaler, & Klove, 1989). Leaving aside the null hypothesis (the 
failure to demonstrate a finding does not mean that there is no finding), 
there may be other reasons for this inconsistency. Assume that the absence 
of the right shift factor (or the postulated left shift factor for that matter; I will 
call them the laterality factors for the present discussion) is accompanied 
by an altogether different brain organization and represents an important 
risk factor for language-based learning disabilities (i.e., a sine qua non). If 
one examines a population of individuals with these disorders, then nearly 
50% of them will be right handed and 50% will be left handed because the 
absence of the laterality factors produces random handedness. Therefore, 
studies performed in this way will not find a prevalence of left-handedness 
in a population of individuals with the mentioned disabilities. If, however, 
a general population of left handers are sampled, then a greater proportion 
of them will have a language-based learning disability than a similar popu-
lation of right handers because anomalous left handers represent a greater 
proportion of the total number of left handers (standard and anomalous) 
than anomalous vis-à-vis total number of right handers. Unless attention is 
paid to the way the study is constructed, there will be disagreement as to 
whether left-handedness is associated with a language-based learning dis-
ability. A similar argument can be made regarding immunological condi-
tions. It is also likely that absence of laterality factors occurs in a very small 
proportion of the population to produce either anomalous left- or right-
handedness; studies need large n’s to produce robust, replicable findings. 
This is, in part, a likely explanation for the lack of agreement on the ques-
tions of handedness, immune disorders, and language-based LDs among 
the papers that followed the publication of the GGH. 

CONCLUSION
The GGH postulated that in utero testosterone slows the development of 
the left hemisphere, thus promoting superior development of the right 
hemisphere, and interferes with the proper setup of the immune system 
so that males and testosterone-exposed females will exhibit increased left-
handedness, language-based LDs, better right-hemisphere skills, and more 
immunological disorders. The increased incidence of LDs is supposed to 
be doubly caused by testosterone-based slowing of development of left 
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hemisphere language areas and malformations caused by inhibited mi-
gration of neurons to the cerebral cortex. Several findings from the 1930s 
through the 1980s provided evidence for building the theory, including ex-
cess left-handedness and language-based LDs in boys, the presence of vari-
able handedness in the population, the presence of variable brain asym-
metry, the link between left-handedness and language-based LDs, the link 
between left-handedness and immunologically derived human medical 
conditions, and the finding of neuronal migration anomalies in the brains 
of individuals who have dyslexia. 

A great deal of research since the publication of the GGH (Geschwind 
& Galaburda, 1985a, b, c) has shed additional light on the biology of later-
ality and the mechanisms underlying neuronal migration abnormalities— 
enough to cast doubt on the role of testosterone, at least the role the GGH 
attributed to testosterone. Testosterone clearly seems to have a role in de-
velopmental plasticity, which may affect handedness, but this remains hy-
pothetical. In fact, the role of testosterone in handedness remains a mystery 
and will require additional research. Similarly, testosterone does not seem 
to cause neuronal migration anomalies as proposed in the GGH, but it may 
modulate the anatomical functional consequences of these neuronal migra-
tion anomalies. The role of cilia in the production of organ laterality has 
come to the forefront of research, but we have yet to learn what cilia have to 
do with lateralization of the brain, even though they are ubiquitous in the 
central nervous system. If cilia play a role in handedness formation, then 
this role will provide a cell-molecular mechanism to explain the observa-
tions of Annett (1964) and her right shift theory and will help dovetail some 
predictions of the GGH. In addition to testosterone’s effects on plasticity 
and recovery of function, it will be useful to investigate whether it plays a 
role in cilia function and laterality in the brain. Finally, a coherent under-
standing of the immunological connection to testosterone is beyond the 
reach of the present discussion.
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