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I, Sidney Segalowitz, of the City of St. Catharines, Regional Municipality of Niagara, in
the Province of Ontario, SOLEMNLY AFFIRM THAT:

1. I'am a professor at Brock University’s Psychology Department, the Director of the
Cognitive and Affective Neuroscience Laboratory and the Director of The Jack and Nora

Walker Centre for Lifespan Development Research. I hold a doctorate in Psychology



(Human Development) from Cornell University, and a Bachelor of Arts in Psychology

from McGill University.

2. I have been a professor in the Department of Psychology at Brock University since
1974. 1 have taught undergraduate and graduate courses in and worked in the field of
developmental psychology, brain development and neuropsychology for over forty
years. I served as Editor-in-Chief of the refereed journal Brain and Cognition from 2002-
2014. 1 have published sixteen books and collections in these fields and authored or co-
authored over six hundred other articles, chapters, abstracts and presentations on these
subjects. As such, I have personal knowledge of the matters hereinafter deposed to, save
and except for those matters stated to be on information and belief and where so stated,

I believe them to be true,

3. A complete copy of my curriculum vitae is attached hereto as Exhibit “A”.

Background

4. I am aware that the First Nations Child and Family Caring Society (the “Caring
Society”) and the Assembly of First Nation (the “AFN") are the complainants in an
ongoing human rights complaint before the Canadian Human Rights Tribunal (the
“Tribunal”) against Canada in relation to child welfare services on-reserve and in the

Yukon, as well as Jordan’s Principle.

5. I am further aware that in September 2019, the Tribunal ordered that the victims
of Canada’s discriminatory conduct are entitled to financial compensation under the
Canadian Human Rights Act (the “Compensation Entitlement Order”). 1 understand that
some of the victims who may be entitled to this compensation are currently children and

youth under the age of 18.

6. Following the release of the Compensation Entitlement Order, I was contacted by
Dr. Cindy Blackstock of the Caring Society. She asked me to provide the Tribunal and

the parties with information regarding brain development and the physiological and



anatomical markers of continued brain maturation in youth and adolescents into their
twenties. In response to this request, I prepared a paper entitled: When Does the Adolescent

Brain Reach Adult Maturity. A copy of the paper is attached hereto as Exhibit “B”.

7. Consistent with ethical research guidelines, human neurological research is
occasionally informed by animal studies. As a result, some of the research referenced in

my paper at Exhibit “B” includes comparative studies involving animals and humans.

8. I am further attaching the available abstracts referenced in my paper as Exhibit

IICII

Overall Conclusions of the Research

9. It is generally accepted that the age of majority (18 years) does not represent a
transition to full adulthood, although obviously some aspects of adulthood are
adequately reached. While some studies refer to adolescence as being a period that
continues on to 25, there is a growing consensus among researchers to refer to the period

from 18 to 25 years as ‘emerging adulthood’.

10.  Studies of brain anatomy and function (referred to collectively here as brain
physiology or neurophysiology) demonstrate that there are continued developments

well into the third decade after birth.

11. There is a growing consensus that, for many important functions, the average age
at which brain development in a healthy individual nears completion is approximately
25 years. However, there will a sizable group whose trajectory is behind this schedule as
well as some who are ahead of it. As a professional with over forty years of experience
in the fields of brain development and neuropsychology it is my opinion that the research

conducted to date on this question supports these conclusions.

12, Trecognize that I am swearing this affidavit as an expert witness, and it is on this

same basis that [ have prepared the paper that is attached as Exhibit “B”. As an expert, [



understand that it is my duty to the Tribunal to provide opinion evidence that is fair,
objective and non-partisan, to provide opinion evidence that is related only to matters
that are within my area of expertise, and to provide such additional assistance as the
Tribunal may reasonably require to determine a matter in issue. 1acknowledge that these
duties prevail over any obligation that I may owe to any party by whom or on whose

behalf I am engaged.
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EDUCATIONAL HISTORY

B.A. McGill University, June 1970  Field: Psychology
Ph.D. Cornell University, January 1975 Field: Psychology (Human Development)

PROFESSIONAL HISTORY
Brock University
Department of Psychology

Assistant Professor July 1974
Associate Professor July 1979
Professor July 1986
Director, Chiid Studies Programme 1983 - 1987
Director, Institute of Applied Human Development 1990 - 1992
Graduate Faculty, Fac. of Education, Brock University 1990 - 2012
Director, Brock Institute for Electrophysiological Research Sept 2001- June 2014
Chair, Dept of Psychology July 2000 - 2003
Editor-in-Chief, Brain and Cognition (published by Elsevier) Sept 2002 — Jan 2014
Centre de recherche de I’Institut universitaire de gériatrie de Montréal

(Université de Montréal), Chercheur associé, 2005 - 2020
Director, Jack and Nora Walker Canadian Centre for Lifespan Development

Research, Brock University 2007 -- present
Scientific Advisor, Pathstone Mental Health Research Institute 2012 — present

Member, Scientific Advisery Committee, ARIEAL (Centre for Advanced Research in
Experimental and Applied Linguistics, McMaster University) 20182020
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. Segalowitz, S.J., Samar, V.J., Desjardins, J.A., & Weissflog, M. Childhood socioeconomic status

affects adult medial frontal negativity (MFN) demonstrated by independent component analysis
(ICA). Presented at SPR, Quebec City, Oct 3-7, 2018.
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Sibalis, A., Phillips, M., Segalowitz, S.J., Schmidt, L.A. & Milligan, K. An ERP Study of Attentional
Control: ADHD Subtype Differences in the P300 Component. Presented at CPA, June 9-12,
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improvement of a sequence motor learning.SPR, Sept 21-25, 2016, Minneapolis, MN.
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Smith, B., & Segalowitz, $.J. Shedding some light on luminance and the extrastriate cortex:



22.

23,

25.

26.

27.

28.

29,

30.

32

33,

34.

35.

36.

37

an ERP study. SONA, Waterloo, ON, May 6, 2016.
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Change in respiratory sinus arrhythmia (RSA) in response to a mindfulness training intervention
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Lackner, C. L., Milligan, K., Wilkins, L., Schmidt, L., & Segalowitz, 5. J. Mindfulness martial arts
training improves ERP indices of selective attention in adolescents with ADHD and/or learning
disabilities. Development 2014, Ottawa, May 8-9, 2014.
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Segalowitz, S.J., Marshall, W.]., & Lackner, C.L. Phase Shifting Granger Causality: A measure of
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Van Noordt, S.J.R., Desjardins, ].A., & Segalowitz, S.J. Automated pre-processing of continuous
EEG/ERP data using high performance cluster computing. SHARCNet Research Day, Guelph,
May 23, 2012.

Desjardins, J.A., & Segalowitz, S.). Visual information processing in the brain: Examining early
electrophysiological responses using independent components analysis and robust estimation.
SHARCNet Research Day, Guelph, May 23, 2012.
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variables are differentially associated with anxiety and aggression in a typically developing
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*Desjardins, J. & Segalowitz, S.J. Integrating Electrophysiology into High Performance
Computing. Second Brock-Kobe Bilateral Workshop on Scientific Computation, Brock
University, Aug 20-21, 2013,

*Jetha, M.K. & Segalowitz, S.J. “Brain Developmental from Pre-Adolescence to Young
Adulthood: Implications for Policy and Service Delivery”, keynote address to the SPARKS
Research Conference (webcast), Ontario Ministry of Children and Youth Services, Nov 23 2011.
*Segalowitz, S.J. "The Development of Cognitive and Emotional Self-Regulation in Children and
Adolescents”, keynote address: Science Learning and Educational Neuroscience, National
Kaohsiung University, Taiwan, May 10-12, 2011,

*Segalowitz, S.). "Adolescent Brain Development", keynote address: Science Learning and
Educational Neuroscience, National Kaohsiung University, Taiwan, May 10-12, 2011.

*Dywan, ). & Segalowitz, S.). “"Scientific Publication and the Peer Review Process” Panel
Discussion, National Kaochsiung University, Taiwan, May 10-12, 2011,

Symposium Organizer: Behavioral and emotional self-regulation in children: Relations with the Nogo N2.
SPR, Portland, OR, Sept 29 — Oct 3, 2010,

Symposium Organizer: The N170s Special Relation with Face Perception: How, Why and Where? SPR,
Berlin, Oct 21-24, 2009.

*Segalowitz, $.J. “The development of individual differences in medial frontal cortex and self-
regulation”. Keynote address: Physiology of Human Development, Moscow, Russia, June 22-24, 2009.
*Southern Ontario Neuroscience Association (SONA) plenary address: “Risk-taking and the anterior
cingulate cortex: How the brain regulates our unwise behaviour {or deesn't !)”*. May 8 2009

*Segalowitz, S.J. “The Meaning of the MFN: Learning from Individual Differences”. Presented at
Humbeldt University workshop “Conflict as signals”, Binz, Germany Sept 21-23, 2007,

. Dywan, J., Mathewson, K.J., Choma, B.L., Rosenfeld, B. & Segalowitz, S.J. Cardiac Vagal Tone Predicts

both Negative Affect and Error-Related ERPs in Older and Younger Adulis. Presented at “Errors,
Conflicts, and Rewards: The role of medial frontal cortex in cognitive control and performance
monitoring”, Amsterdam June §-10, 2006.

. *Segalowitz, S.J. “Using individual differences to explore medial frontal cortex functions”. invited

presentation to “Errors, Conflicts, and Rewards: The role of medial frontal cortex in cognitive control and
performance monitoring”, Amsterdam June 8-10, 2006.

. Anthony Folino, James Desjardins & Sid Segalowitz "Induced cortical EEG gamma and the attentional

visual P300". Southern Ontario Neuroscience Association (SONA), May 4, 2004,

. Karen Mathewson, Jane Dywan & Sid Segalowitz "Error-monitering ERPs, aging, and heart-rate

variability”. Southern Ontario Neuroscience Association (SONA}, May 4, 2004.

Bill Tays, Anthony Foline, Jane Dywan & Sid Segalowitz "EEG gamma relates to clarity of thinking and
source monitoring ERPS after mild head injury". Southermn Ontario Neuroscience Association {SONA),
May 4, 2004,

*Segalowitz, S.J., “The development of the error negativity in children and adolescents”, Symposium on
Errors, Conflicts, and the Brain, Dortmund, Germany, July 3-6, 2003.

*Dywan, ., Mathewson, K., & Segalowitz, S.J. “Error-related neural response to source-memory error in
older and younger adults” , Symposium on Errors, Conflicts, and the Brain, Dortmund, Germany, July 3-6,
2003.

*Masaki, H. & Segalowitz, S.J. “Error negativity: A test of the response-conflict versus error detection
hypotheses”, Symposium on Errors, Conflicts, and the Brain, Dortmund, Germany, July 3-6, 2003.
*“Individual differences in Qops! ERPs: Effects of personality and motivation on error monitoring ERPs”
EPOS conference on Performance Monitoring and Interference Control, Amsterdam, April 11-12, 2003
*“Electrophysiological Measures of Adaptive Information Processing from a Developmental Perspective”
Conference on Development of Orbitofrontal Function, University of Toronto, Mar 21-23, 2002,

*Invited discussant for a symposium “Theoretical and Methodological Issues in EEG Research with infants
and Young Children”, Society for Psychophysiological Research, Montreal, Oct 10-14, 2001.

*<Rrain structures associated with error detection and response conflict” Symposium organized for
TENNET, Montreal, June 21-23, 2001, and gave the introductory talk.

“From Cell to Psyche: Early development of the brain and person in the embryo” Brock University Panel
Discussion on “Human Clening: Facts and Issues™. Brock University, Dec 16, 2001.
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28. *"Neural Networks and Neuroscience: What are connectionist simulations good for?" Reassessing the
Cognitive Revolution, York University, Glendon College, October 22-24, 1993,

29. *"Attentiona] allocation and capacity in waking arousal” Sleep Onset Mechanisms conference, Niagara-on-
the-Lake, June 11-14, 1993,

30. *"The neuropsychelogy of being 'on’ in performance.” Interdisciplinary conference on Advanced Musical
Performance: An Artist-Scientist Perspective. Concordia University, October 6-9, 1992,

31. *"The brain controlling itself: Attentional controi and the development of thinking." Conference on
Television and the Preparation of the Mind for Learning (U.S. Dept of Health and Human Services,
Administration for Children and Families), Washington, D.C., Oct 2, 1992,

32. "Psychological and institutional barriers to pay equity”. As part of the symposium "Men and women in the
university", Brock University, November 27, 1989.

33. Undergraduate Thesis Conference (Man., Sask., Alberta, N. Dakota), Keynote address "Recall is bad for
your memary”. Winnipeg, May 14, 1988,

34. *Southern Ontario Neuropsychology Group (SONG}), November 27, 1987, Waterloo. "Reading and ERPs",

35. *Niagara Linguistics Society, November 8, 1984, Buffalo. "The brain's approach to meaning."

36. *NATO Advanced Research Workshop, "Measuring individual variation in lateralization.” October 1984,
Maratea, Italy.

37. *Semiotic Society of Toronto Symposium on the Semiotics of the Human Face, University of Toronto,
June 1984,

38. *Symposium on Research in Language and Cognition in Bilingual Education, May 1984, Buffalo.

39. *Semiotic Society of Toronto Symposium on Gesture and Communication, University of Toronto, June
1982.

40. Concordia University, Seminar on Speech and Language Studies, "Electrophysiological techniques in
speech perception.” June 1982, Montreal.

41, *Linguistic Society of America Summer Institute, "Individual differences in brain lateralization: going
beyond sex and handedness.” Invited paper in symposium "Bilingualism and Neurolinguistics.”
Albuquerque, July 1980.

WORKSHOPS (since 1985)

*“An Introduction to Cognitive Electrophysiology EEG/ERP Methods - Past, Present and Future”, given at STEP

2019, University of Alberta, Centre for Computational Linguistics, May 15-17 2019,

“Workshop on EEG/ERP Analysis”, May 6-10, 2019, Brock University

“Workshop on ERP History, Methods, and Advanced Techniques™, April 23-27, 2018, Brock University

“The Coming Revolution in ERP Research”, June 13 2018, Center for Language and Cognition, U of Groningen

“Workshop on ERP History, Methods, and Advanced Techniques”, April 24-28, 2017, Brock University

“Middle Years Research Think Tank: Using Evidence to Support Healthy Middle Years Development”, Nov 25,
2016, Ontario MCYS, Toronto

“Workshop on ERP History, Methods, and Advanced Techniques”, April 25-29, 2016, Brock University

“Workshop on ERP History, Methods, and Advanced Techniques”, May 25-29, 2015, Brock University

“Workshop on ERP History, Methods, and Advanced Technigues”, May 19-23, 2014, Brock University

“SSHRC Dxay”, participant-leader on grantsmanship, May 13, 2013, Brock University

“ERP technology and use”, University of Victoria, Psychology Dept., July 30 — Aug 2, 2012.

*“Consciousness and the Brain”, PLATO group at St. Catharines Public Library, Jan 8, 2004,

“Emotion and the Brain”, PLATO group at St. Catharines Public Library, Jan 18, 2003,

“The Brain”, PLATO group at St. Catharines Public Library, Nav, 2001.

“Brain Growth and its Implications for Learning” workshop presented to Northern Centre for Instructional
Leadership, simultaneously in North Bay, Sudbury, Timmins, and Sault Ste. Marie., June 1, 1999,

"The Growing Brain in the Developing Child" all-day Workshop delivered to University of Wisconsin-Green Bay
Outreach Program, Green Bay, WI, March 13, 1998,

"Miid Head Injury: Accepting the Hypothesis of 'No Effect™, part of invited mini-workshop on Neuropsychological
Assessment of Traumatic Brain Injury at the Ontario Psychological Association, Feb 20, 1998.

Discussant at the McMaster University MRC Research Group Workshop on brain plasticity, Hamilton, May 28-30,
1997.

Delegate to the National Conference on Psychology as a Science, Ottawa, May 8-11, 1997,

Workshop on "Computers and Cognitive Development”, University of California, Berkeley, organized by the Center
for Ecoliteracy, Nov 15-17, 1996,
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Pacific Coast Brain Injury Conference, "Brain maturation during childhood and the implications of mild head injury
for psychological development,” October 17,1996,

National Autonomous University of Mexico, Faculty of Psychology, a one-day course on Cognitive
Electrophysiology, August 13, 1995,

Niagara Rehab Speech Pathology Department, on electrophysiology of atiention and arousal, June 17, 1993.

Pebble Beach Residents' Association, on "Head injury and community concerns”, March 20, 1991

Welland County Separate School Board special education department, on "Building a Brain for Good Learning”,
November 29, 1990.

Lincoln County Board of Education presentation on "Dyslexia and brain development”, October 23, 1990.

Head Injury Association Community Re-entry program (Niagara) on "The neuropsychology of closed head injury”,
Aug. 2, 1990.

Ontario Association for Children with Learning Disabilities annual convention, "Neuropsychological models of
reading disability", Aprii 27, 1990.

Lincoln County Public School Board, Special Services group, December 6, 1989, "Left brain/right brain/front
brain/back brain: Neurodevelopmental correlates of reading disability.”

FutureTech presentation on neuropsychology (Lincoln County Pub. Sch Bd}, April 14, 1989,

Birds Hill School, Winnipeg, Man.: Workshop on developmental neuropsych. May 11, 1988,

Hamilton Hebrew Academy (with Dr. H, Bemstein) PTA "Child burnout: When is much too much?" May 4, 1988,

St. Catharines Unitarian Church lecture series, October 1987.

Lincoln County Public School Board, Special Services workshop, November 1985,

Hamilton-Wentworth Separate School Board interest group, June 1985,

Pemican Special Services group {Lincoln County PSB), St. Catharines, June 1985.

Ontario Secondary School Teachers Federation meeting, April 1985, Toronto. "The child and the double brain:
Language and the growth of intelligence.”

Presentations annually to groups of schoolchildren in enrichment classes on topics in "Brain and Behaviour”,
including a 2-day presentation for enrichment classes (St. Catharines §.8.B.) November 21-22, 1990 and a
3-day presentation for "Girls and Science" program, May 1990.

Public media:

St. Catharines Standard interview on memory and aging {reprinted in Toronto Star, K-W Record, La Presse, and
several other Ontario newspapers), February 1988,

CBC Fresh Air, February 1989 on the neuropsychology of Aging.

CHSC (St. Catharines) Radio interview {aired on November 6, 1990) on dyslexia and brain development.

Redbook Magazine, March 1992 interview on head injury in children.

CBC Sunday Morning, June 21, 1992. Program | of the brain series "Cranial Pursuits”.

Toronto Star, February 25, 1993, page C1.

CFRB (Toronto) interview on caffeine and electrical brain response (Feb 27, 1993).

Hamilton radio {Oldies 1150) interview on caffeine and electrical brain response (March 1, 1993).

CJAD (Montreal) interview (March 2, 1993).

Niagara Fall Review interview (March 4, 1993).

CKTB (St. Catharines) interview (March 12, 1993).

WebMD Canada Medical News, May 4, 2001

Interview with Charles Choi of UP1 concerning Science paper by R. Ridderinkhof {Nov 5, 2002}

COGECO and $t. Catharines Standard interviews on the founding of the Jack and Nora Walker Canadian Centre for
Lifespan Development Research

Interviewed by Michael Saunders for Inguisitive Minds radio CFBU-FM (October 28, 2013)

St. Catharines Standard article on “Brock Research Hunts for Autism Clues” on our EEG collaboration. Aug 22,
2017,p 1.

AWARDS and HONOURS:
First Annual Research Award, Canadian Brain Injury Coalition, May 16, 1997
Brock University Award for Distinguished Research, 1997
Feliow, American Psychological Society (Association for Psychological Science), elected June 2002
Graduate (MA/PhD) Mentorship Award, April 2013

Release time awards (Brock U)
Release Time Research Award, Brock University, 1992.93.



Release Time Research Award, Brock University, 1994-95.
Release Time Research Award, Brock University, 1996-97,
Release Time Research Award, Brock University, 1998-99,

TEACHING EXPERIENCE

Undergraduate courses:

History of Psychology

Research Methods in Psychology

Maturation and Development

Human Neuropsychology

Cognitive neuropsychology

Neurolinguistics

Honours Seminar: Contemporary issues in psychology
Child Psychology

Advanced Issues in Developmental Psychology
Language Development

Introductory Psychology (special 5-week summer course)

Graduate courses:

Human Neuropsychology (at UNCG 1992}
Cognitive Electrophysiology

Statistics (univariate),

Child Psychology and Developmental Neuroscience.

External examiner
for Ph.D.
City University of New York (Department of Psychology) 1986
Queen's University (Department of Psychology) 1986
McMaster University (Department of Psychiatry) 1987
University of Waterloo (Department of Kinesiology) 1987
University of Waterloo (Department of Psychology) 1988
University of Toronto {Dept of Applied Cognitive Science - OISE) 1989
University of Toronto {Dept of Applied Cognitive Science - OISE) 1989
Queen's University (Department of Psychology) 1990
York University (Department of Psychology) 1993
University of Ottawa { Department of Psychology) 2001
Université de Montréal {Neuroscience} 2007
University of Tasmania {Psychology) 2010
Western University (Psychology) 2011
University of Toronto (Dept of Human Development and Applied Psychology— OISE) 2012
Waterloo (Psychology) 2015
for Masters
Brock University (Faculty of Education) 1987
Brock University (Faculty of Education) 1990
MeGill University {Dept of Communication Sciences and Disorders) 1994
Reviewing of external PhD Proposal:
Dissertation research proposal - U of Haifa, Dept of Psychology, Sept 2013

REVIEWING EXPERIENCE
Journals
Brain and Cognition, Oct 2002 - 2014: Editor-in-Chief

Brain and Cognition, 1998 -2002: Associate Editor

Editorial Board Membership:
Laterality, 1995 - present



Developmental Neuropsychology, 1993 - present.

Canadian Journal of Experimental Psychology, 1988 - 2004

Brain and Language, 1984 - 2000,

Semiotic Review of Books, Neuropsychology Section Editor, 1989 - 1998
Child Development, 1980 - 1983,

Guest Consulting Editor (in addition to above):
Behavior Research Methods, Instruments, & Computers
Behavioral and Brain Sciences (BBS Associate)
Biological Psychology

Brain and Cognition

Brain Research

Canadian Journal of Education

Child Neuropsychology

Cognitive, Affective and Behavioral Neuroscience
Cognitive Development

Cognitive Newropsychology

Culture and Psychology

Developmental Psychology

Developmental Science

Frontiers

Genes, Brain, and Behavior

International Journal of Behavioral Development
International Jowrnal of Clinical and Experimental Hypnosis
Journal of Child Psychology and Psychiatry
Journal of Psychophysiology

Mental Lexicon

Music Perception

NeuroImage

Neuropsychologia

Newropsychology (APA)

Perceptual and Motor Skills

Psychological Science

Psychological Bulletin

Psychological Review

Psychophysiology

Public Opinion Quarterly

Science

Granting agencies:

Ontario Mental Health Foundation, metnber of Grants Committee {1986-1991)
Natural Sciences and Engineering Research Council of Canada
NSERC Steachie Awards

Social Science and Humanities Research Council of Canada
Medical Research Council of Canada

National March of Dimes (U.S.A.)

Sunnybrook Medical Centre (University of Toronto)

Michael Smith Foundation

Hospital for Sick Children Foundation

National Science Foundation {U.S.A.)

National Academy of Sciences/National Research Council
Killam Fellowship Foundation (Canada Council)

international Science Foundation

US-Israel Binational Science Foundation

Fonds pour la Formation de Chercheurs et I’ Aide (FCAR, Québec)
NIH (USA)

Wellcome Trust (UK)

MRC (UK} of their Cognition and Brain Sciences Unit, Cambridge
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Bellagio Committee {Rockefelier Foundation)

Canadian Institutes of Health Research

City University of New York {CUNY Collaborative Incentive research grant Program)
German Research Foundation

Evaluation of colleagues for promotions at other institutions (not job applications)
U of Toronto (Psychology)

York U (Psychology)

McMaster U (Psychiatry)

U California, Riverside (Psychology}

U Boston (Psychology)

Southern lilinois U (Psychology, Medicine)

SUNY Buffalo (Medicine)

U California, Riverside (Psychology)

Rice University (Psychology)

University of Connecticut (Psychology)

American Psychological Society (as Fellow)

Colorado State University (Psychology)

University of California, Riverside (Psychology)

University of Amsterdam (Psychology)

Yale University (Child Study Center, Yale School of Medicine}, 2007
CUNY (Psychology), 2007

Steacie Award, 2007

Freiberg (Psychology), 2007

University of Victoria (Psychology), 2007

New School for Social Research {Psychology), 2007

Brown University {(Dept of Clinical Neurosciences), 2007

Simon Fraser University (Psychology), 2008

University of Haifa (Psychology), 2009

State University of New York at Stonybrook (Psychology), 2009
Dartmouth College (Education), 2010

University of Haifa (Dept of Communication Sciences and Disorders), 2012
Tel Aviv-Yaffo Academic College (Behavioral Sciences), 2012
CUNY (John Jay College of Criminal Justice, Psychology), 2013
Yale University (Child Study Center), 2018

CONFERENCE ORGANIZATION

Reward and Regulation in Adolescence: contexts for positive growth, June 23 -24, 2011, Brock University

Scientific committee for ICON9, Havana, Sept 2005,

Founding Chair and Member of the Programme Committee and co-organizer of BABBLE: An Annual Conference
Reporting Research in the Neuropsychology of Language. Niagara Falls, 1978, 1979, 1980, 1981, 1982, 1983,
1984, 1985, 1986, 1987, 1988, 1989. Continuing as TENNET (Theoretical and Experimental Neuropsychology /
Neuropsychologie Expérimentale et Théorique), Montreal 1990, 1991, 1992, 1993, 1994, 1995, 1996, 1997, 1998,
1999, 2000, 2001, 2002, 2003, 2004.

Member of the Program Committee for the March 2004 meeting of EPIC 14, Leipzig.

Member of the Program Committee for the 2002 meeting of the INS meeting, Toronto, ON (Journal of International
Neuropsychological Society, 8(1), 2002),

Co-organizer (with D. Molfese, Southemn Illinois University) of "A Developmental Agenda for Neuropsychology"
held at Brock University, July 13-15, 1995,

Program Co-chair (with J. Dywan) of the International Neuropsychological Society meeting, February 8-11, 1995,
in Seattic, WA {Journal of the International Neuropsychological Society, 1(2), 1995).

Co-organizer {with L. Rose-Krasnor) of "The Role of Frontal Lobe Maturation in Cognitive and Social
Development” held at Brock University, May 12, 1989,

Member of the Program Committee for the 1989 meeting of the INS meeting, Vancouver, B.C. (Journal of Clinical
and Experimental Neuropsychology, 11(1), 1989).
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Co-organizer (with D. Molfese, Southern Hlinois University) of "Developmental Implications of Brain
Lateralization" held at Brock University, May 16-18, 1985,

Co-organizer {with L. Cooper, Cornell University) of the LOVE Conference on Perception and Cognition, February
1983,

Co-organizer {with G. Glavin, Brock University) of the 1978 Psychology Undergraduate Thesis Conference
{Ontario), held at Brock University, April 1978.

Co-organizer (with N, Johnston, Brock U., and F. Gruber, Niagara CDC) of "Language Development and
Neurological Theory" held at Brock University, May 1975,

GRANTS RECEIVED
Canada Council Docioral Feilowships, 1971-1974

Canada Council Conference Grant, 1975 $ 3,474
Canada Council: "The language of causality and its acquisition”, 1977-1979 $ 9,985
National Research Council: "A process approach to cerebral asymmetries”, 1976-79 $ 19,800
Ontario University Program in Instructional Development: "Improving

writing skills in university students", 1977-1979 $ 2,250
NSERC: "Measures of individual differences in cerebral asymmetries”, 1980-1983 $ 25,500
SSHRC: "Hemisphericity: a clue to personality/cognitive style?" Leave Fellowship, 1980-1981 $ 2,500
Health and Welfare Canada, with J.S. Chapman: "Incidence and degree of laterality preference and

cerebral dominance for speech as related to prematurely born 5 year olds”, 1981-1984 $ 81,000
Natural Sciences and Engineering Research Council: "Concept formation: brain correlates using ERPs"

1983-1986 (extended to 1988) $ 32,400
Natural Sciences and Engineering Research Council: Equipment grant for

a PDP-11/23+, with R. Ogilvie & 1.0. Mitterer, 1983-84 § 12,750
Instructional Development Grant (Brock University) 1984-1985 § 1,500
NSERC: Conference grant for "Developmental Implications of Brain Lateralization, 1985 $ 6,118

National Institute of Disability and Rehabilitation Research (USA): "Behavioural and electrophysiological
correlates of traumatic head injury” as part of a proposal for a Research and Training Center on Community
Integration of Persons with Traumatic Brain Injury, with J. Dywan.  1988-1993 $229,500
NSERC: "Aftentional resources and Attentional Control in Neuropsychological Performance” (1993-1997) $80,000
Brock University Conference/Speakers Fund Support: for conference

"A Developmental Agenda for Neuropsychology", July 13-15, 1995, Brock University $4,225
Brock University Advancement Fund: "Cognitive Dysfunction and Disability in Fibromyalgia",

with Jane Dywan: 1995-1998 $ 9,995
NSERC: "The cognitive neuropsychology of attention: ERP and EEG investigations": 1997-68 $15,000
NIH: Consultant on grant. P1: Patricia L. Davies “Cognitive Event-Related Potentials and Brain Maturation”, #

1KOTHDOG1201-01A1: Location: Fort Collins, Colorado. 1998-2003 US $418,153
NSERC: "Event-related potentials and the neuropsychology of attention and working memory":

#122222-98. 1998-2002 $57,200
Ontario Nevrotrauma Foundation: "The Psychophysiological Bases of Persistent Post-Concussive

Complaint”, with Jane Dywan and Sherrie Bieman-Copland: 1998-2001 $177.000
ORDCF BRAIN Project (Ontario-wide consortium 2001-06). Behavioral Research and Imaging Network

(BRAIN). Pi: A.R. Mcintosh. $16,200,410  Amount for our lab: $83.000

CFI: Canadian Foundation for Innovation (PL: R Racine, McMaster university, 2002, Co-Investigators: Elliott, D., Maurer,
D., Murphy, K., Offord, D., Rosenbaum, P., Schmidt, L.A., Segalowitz, S., Szatmari, P., & Trainor, L.J. Project
number 5678): Optimal human development: Understanding experiential influences on brain/behaviour
maturation. Total = $5,635,800. Portion for our electrophysiology labs: ~ §$700,000

Ontario Ministry of Culture and Tourism: “Determining the practical value of computer based
assessments in the evaluation of concussion among adolescents”, Program: recreation
development fund. May 2002-Aug 2003. B. Willer & S.J. Segalowitz $50,000

NIMH: Consultant on grant co-Pls: D. Peppler, I. Granic “Treating antisocial youth: Brain and
behavioural changes" | R21 MH067357-01 Child and Adolescent Interdisciplinary
Research Network: Location: Toronto. Nov 2002- Nov2005 US$405,000 US39000

NSERC: “Event-related potentials associated with the anterior cingulate corlex™ 2003-2007 #122222-03  $88,000

Pfizer, Inc, “Electrophysiological responses on the hidden spatial maze learning test” (pilot study) 2003 332,500

CIHR: “The influence of visual deprivation on the development of human visnal pathways:

Neuroimaging of patients treated for congenital cataract during infancy” Maurer, D.,
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Dywan, )., Segalowitz, S.J., Grady, C.L., O'Craven, K. 2004 - 2007. CIHR #36430 $312,954
CIHR: “Error-related EEG potentials as an index of change in dopaminergic systems”,
Stemmer, B., Segalowitz, S.J. & Dywan, J, 2004-2005 544,814

CFI: Canadian Foundation for Innovation (P.1.: 8.J. Segalowitz, with T. Willoughby & J. Dywan)
“Lifespan Development Research Centre”, 2004, CF{ and OIT portions = $2.6M each  total = $6,518,853

NSERC: “ERP Measures of Anterior Cingulate Cortex Activation™ 2008-2013 #122222-2008 $134,680
OPGRC: Neurophysiological Reflections of Reward and Regulatory Responses in
Gambling Tasks with Young Adults 2008-2009 $35,000

CIHR: A muitidisciplinary examination of cognitive and socioemotional self-regulation in adolescence: psychosocial,
neurocognitive and autonomic determinants, Segalowitz, S.J., Dywan, }., Wade, T,
McCommick, C., O’Leary, D. 2008-2009 #200804MQP-190259-CHI-16209 $100,000
CFI: 2009/8 - 2013/3 Leading Edge Fund (P1: Laurel Trainor, Co-investigators : Balasubramaniam, R., Becker, S., Brown,
S., Bruce, 1., Roberts, L., Schmidt, L., Segalowitz, 81.J., Shore, D., Sonnadara, R.}: “Auditory interaction and
communication in complex environments: Neural, developmental and applied aspects™. $5,866,030
CFI: Neurovisceral models of mental health and personality, Project # 24561 $91,020
Segalowitz, S.J. & Dywan, J. 2010-2015
SSHRC (RDI): “Personality and the automatic processing of facial emotion™; 2010-2012
Segalowitz, S.J., Mondloch, C., Ashton, M. (collaborator), Hodson, G. (collaborator) $34,000
Ontario Ministry of Child and Youth Services: “Research Synthesis on Adolescent Brain Development and Implications
for Behaviour” 2010-2011 Segalowitz, S.J. & Jetha, M.K. $71,160
Canadian Foundation on Fetal Alcohol Research: "Mindfulness Training and Its Impact on Cognitive & Emotional
Functioning in FASD" Smart, C., Kems, K. & Segalowitz, S.J. 2012-2014 $65,000
OPGRC: The role of prefrontal regulatory control in response and choice impulsivity in gamblers: A behavioural and
electrophysiological study (#3482). 2013 - 2014, Santesso, D., Harrigan, K. & Segalowitz, §.J.  $42,000
Brock University Transdisciplinary Space Program: Community-based research and training. Jan 2013 — Dec 2018.

Segalowitz, S.J. & Willoughby, T. $1,000,000
NSERC: “ERPs and the Dynamics of Adaptive Attentional Control in the Prefrontal Cortex”, 2013-2018
#122222-2013 $200,000

Ontario Brain Institute (OBI): Childhood Cerebral Palsy Integrated Discovery Network "CP-NET": 2013-2018.
Pl: D. Fehlings. CP-NET Executive: Fehlings D {Lead), deVeber G, Fehlings M, Menon R, Rosenbaum P,
Scherer 8. CP-NET Research Team: Ansari 1D, Biddiss E, Campbeli C, Carter M, Chau T, Chen R, Cheyne D,
Ferro M, Frid P, Gorter JW, Graham N, Hall G, Henkelman M, Kawamura A, Kingsnorth §, McComick A,
Mesterman R, Miller S, Morshead C, Palisano R, Paterson A, Pelland L, Raybaud C, Samdup D, Scott S,

Segalowitz S, Shroff M, Strothers S, Taylor M, van der Kooy D, Wintle R, Wright V. $7,500,000
SSHRC: “New directions in the psychology of deservingness™ Hafer, C. & Segalowitz, S.J.
2014.2019 SSHRC# 435-2014-0551 $230,310

Milligan, K., Schmidt, L.A_, & Segalowitz, 5.). Enhancing Executive Functions and Emotion Reguiation in Youth with
Leaming Disabilities through Activity-Enhanced Mindfulness Training.
Harry Rosen Stress Research, 2014-.2015 $3000
Milligan, K., Schmidt, L.A., & Segalowitz, S.J. Using mindfulness to address cognitive processing and emotion regulation
challenges in youth with learning disabilities.

Scottish Rite Charitable Foundation of Canada, 2014-2017 $104,811
Libben, G., Buchanan, L.L., Kuperman, V., Kehayia, E., Jarema, G., Jarvikivi, J., & Segalowitz, S.J. Words in the World.

SSHRC, 2016-2022 (#895-2016-1008) $2,499,832
Willoughby et al. Brock Healthy Youth Project. CIHR 2016-2021 (#201)163) $1,433,440

MEMBERSHIPS IN PROFESSIONAL ORGANIZATIONS

Canadian Psychological Association 1974 - 2004

American Psychological Assoctation 1974 - 2002

International Neuropsychological Society 1978 - 2006

Society for Research in Child Development 1972 - 1997

Society for Psychophysiological Research 1990 - present

Canadian Society for Brain, Behaviour and Cognitive Science 1991 - 2000
Association for Psychological Science 2001-present
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RESEARCH ADMINISTRATIVE EXPERIENCE

Member of P1 Committee of the Research and Training Center (USA) on Community Integration of Persons with
Traumatic Brain Injury (SUNYAB, Medical School) 1988 - 1993

Director, Lifespan Development Research Institute, Brock University, 2007~ present

Member, planning committee for the Neuroscience Initiative of the Cuba-Mexico-Canada Research Agreement of the
Council for Early Child Development (Canada) 2003-2010.

McMaster Institute for Music and the Mind (MIMM), Research Management Committee member 2006-present

ADMINISTRATIVE EXPERIENCE

Psychology Department colloquium organizer 1978-1980, 1981-1982, 1986-1987, 1997-1999, 2001-02, 2010-2012
Faculty Board executive 1975-1977

Secretary of Faculty Board 1976-1977
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Merit reform committee chair of BUFA 1978-1979
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Advisory Committee on the Appointment/Reappointment of a Dean of Social Sciences, 1984-85, 1990-91
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Member of Brock U. Research Board Committee July 1988 ~ 1989,

Curriculurm Commitiee, Dept. of Psychology 1988-95.
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Director, Institute of Applied Human Development, 1990 - 1992

Brain Injury Community Re-entry program {Niagara), Member of Board of Directors 1990-97.
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Brock Committee on Gender-related Salary Differences 1989 - 1991.

Faculty of Social Sciences Program Commitiee 1992.93.

Ontario Council on Graduate Studies (OCGS) 1992-1995,

Status of Women Committee of the Brock University Faculty Association 1992-1993.
Psychology Dept Graduate Program Committee and Graduate Admissions Committee 1992-1995.
Chair, Space Committee, Dept of Psychology 7/1993 — 6/2009.

Brock University Senate: 1998-2001.

Brock University Senate Nominations Committee, Chair: 1998-99

Brock University Senate Research Committee, member: 1998-99

BUFA observer on the University Senate Research Award Committee, 1998-99

Chair, Psychology Department, 2000-2003.

Member, University Committee for selection of V_P. Administration & Finance, 2001-02
Member, Board of Trustees, 2004-2007.

Member, Users’ committee, Lifespan Development Research Centre, 2004-

Member, Presidential Search Committee, 2005,

Member, CRC search committee in Aging (NSERC}, 2005

Member, Provost/Academic VP Search Committee, 2008-2009.

Director, Jack and Nora Walker Canadian Centre for Lifespan Development Research, 2007-present
Member of the Reviewers Panel for the MATH department evaluation (March 2011}

ACE Advisory Committee (2011 - 15)

Mental Health Innovations Fund committee {2012)

Member, Provost/Academic VP Re-appoiniment/Search Committee, 2013.
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Senate, Member of Committee on Informational Technology & Infrastructure (IT&1}, 2015-16, 2016-17
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NSERC USRA selection committee, March 2018
OGS PhD University Selection committee Jan 2018

Administrative reports;
Report to Faculty Association of a study to identify possible salary anomalies attributable to gender, 1991,
Report to Faculty Association on Merit Reform, 1979.

Thesis Supervision

Service on thesis committees:

Current: 0

Life Total: 32 Ph.D., 50 Masters (supervisor on 15 Ph.DD,, 18 M.A))
83 Honours theses supervised

Mentoring:

Postdoc supervisor for Michelle Jetha (Aug 2008 — 2012)

Postdoc supervisor for Diane Santesso {July 2008-2010)

Postdoc supervisor for Abbie Coy (June 15 2017-)

Postdoc supervisor for Meghan Weissflog (June 2017-)

Postdoc supervisor for Hiroaki Masaki {Japan Society for Advancement of Science), 2002.

N.LH. mentor in electrophysiology for Dr. Patricia Davies K-01 recipient, 1998-2003.

Summer fellowship students: Avital Sternin (NSERC USRA, 2013), Alan Campopiano (NSERC USRA, 20123, David Ly
(2010); William Marshall (NSERC USRA 2005, 2006}, Anthony Folino {NSERC USRA 2003), Kirsti Van Dorsser
{NSERC USRA, 2003).

5 NEUR coop supervisions



Thesis Supervision

Masters:
Supervisor:

15.

Diane Henderson (M.Ed., Brock, 1993}
lan Marsman {M.A. Brock, 1995)
Patricia Pailing (M.A. Brock, 1998)
Héléne Chevalier {M.A. Brock, 1997)
Mary-Claire Ferlisi (M.A. Brock, 1999)
Karen Baker (M.A. Waterloo, 1999)
Sonia Sanichara {(MA, Brock, 1999-2006)
Diane Santesso (MA, Brock, 2000-2003)
Danielle Dyke (M.A., Brock, 2002-2005)

. Xin Zheng (M.A ., Brock, 2006-2008)
. Angela Dzyundzyak, M.A., Brock, 2007-2009)

James Desjardins {MA, Brock, 2008-2011)

Meghan Weissflog (MA, Brock, 2008-2010)
Stefon Van Noordt (MA, Brock, 2009-2011)
Alan Campopiano (MA, Brock, 2013-2015)

Supervisor for students registered elsewhere:

16.
17.
8.

Rosanne Menna (M.A., OISE, 1992)
Carol Orr (M.A., York, 1986)
Barbara Horne {M.A.Sc., Waterloo, 1988)

On commiittee as nonsupervisor:

Debby Watmough {M.Ed, Brock, 1989}
Wendy Murphy (M.A., Brock, 19935)
Tim Murphy (M.A., Brock, 1995)
Christi Alioway (M.A., Brock, 1995)
Laurie Cesnick {M.Ed., Brock, 1995)
Wilma Veenhof (M.A., Brock, 1997)
Melanie Hopkins {M.A., Brock, 1997)
Lorissa Goertzen (M.A., Brock, 1999)
Ben Williams (M.A., Brock, 1999)

. Craig Stewart (M. A, Brock, 2000)

. Tammy James (M.A., Waterloo, 2001)

. Esko Vaisenan (M.A., Brock, 1997-2000)

. Belinda SantaMaria (M.A., Brock, 1999-2003}
. Karen Mathewson (M.A., Brock, 2000-02)

. Gillian Munro (M.A., Waterloo, 2002-2004)
. Bill Tays {M.A., Brock, 2002-2005)

. Brian Smith {MA, Brock, 2005-2008)

. Rona Kertesz (MA, Brock, 2005-2008)

. Natalie Elms (MA, Brock, 2005-2007}

. Lesley Capuana (MA, Brock, 2006-2008}

. Mary Maclean {(MA, Brock, 2007-2009)

. Julie St-Cyr-Baker (MA, Brock 2007-2009)
. Kirk Stokes (M.A., Brock, 2008-2010)

. Ryan Renn (MA, Brock, 2010-2012)

. Kevin MacDonald (MA, Brock, 2013-2014)
. Nathalie Gauthier (MA, Brock, 2013-2014)
. Sean Robb (MA, Brock, 2012-2015)

. Josh Augustino (MA, Brock CPCF, 2012-2014)
. Nicole Barry (MA, Brock, 2013-2016)

. Kari Lustig (MA, Brock 2014-2016 Sept)

. Joel Robitaiile {MA, Brock 2014-2016 Sept)
. Brent Pitchford (MA, Brock, 2016-2018)
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. Sarah Henderson (MA, Brock, 2017-)
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Thesis Titles
MA Supervisicn

1.
2.
k)

4.

9.

10.
11
12.

13.

14.

15.

Diane Henderson (M.Ed., Brock, 1993). “Effectiveness of computer training on attentionat skills”

lan Marsman (M.A., Brock, 1995). “Negative and positive priming in poor and good readers: an ERP study™

Patricia Pailing (M.A. Brock, 1998): “Predictors of academic achievement and social competence in adolescence:
Facilitation, inhibition and general cognitive processing”

Héléne Chevalier (M.A. Brock, 1997): “Gray’s motivational systems, inhibitory control and attention allocation:
Behavioural and electrophysiological correlates of behavioural inhibition and activation”

Karen Baker {M.A. Waterloo, 1999) “Construct validity of the Wisconsin Card Sorting Task and the Tower of
London from 7 years to young adulis”

Mary-Claire Ferlisi (M.A. Brock, 1999) “Speed of perceptual processing, spatial ability and executive functions
underlying fluid intelligence in childhood and adolescence™

Diane Santesso (M.A. Brock, 2003) “Developmental and individual differences in novelty and error detection in 10-
year-old children and young adults”

Danielle Dyke (M.A. Brock, 2005) *Individual Differences in Risk-taking and Associated Characteristics: A Test of
Specificity in Executive Functions”

Sonia Sanichara (M.A. Brock, 2006) “Charting Developmental EEG Gamma Changes In the Auditory Modality”

Xin Zheng (M.A. Brock, 2008) “What happens in the first 200 ms of word reading: ERP studies on visual word
recognition with top-down and bottom —up approaches”

Angela Dzioundziak (M.A. Brock, 2009} “Risk-taking and Personality:Event-Related Potentials Pilot Study™

Meghan Weissflog (M.A., Brock, 2010) “Behavioural and Neural Correlates of Emotion Recognition as a Function
of Psychopathic Personality Traits™

James Desjardins (M.A., Brock, 2011) “Electrophysiological constituents of the P100 and N170 ERP complex:
Deconstructing the critical timing and robustess of face processing using independent component analysis and
robust estimation™

Stefon Van Noordt {M.A., Brock, 2011) “Hot Cognition and Activation of the Medial Prefrontal Cortex: Self-
regulating and Contexts Involving Motivational Pressures”

Allan Campopiano {2013 - 2015) “Blocking Top-Down Awareness of Kanizsa Figures: An ERP Investigation into
Bottom-Up Processing of Hlusory Contours”

Ph.D. Supervisor:

L.
2,

3

wh

Ayse Unsal (Ph.D., Waterloo, 1991) “An investigation of sources of ERP variance in head injured and controls”
Jane Storrie-Baker (Ph.D., Waterloo, 1994) “An electrophysiclogical test of the arousal-hemispatial neglect
hypothesis”

Diane Velikonja (Ph.D., Waterloo, 1997): “An electrophysiological study of selective and sustained attentional
processing and arousal in the human cerebral cortex”

Linda Cudmore (Ph.D., Waterloo, 1999) “Behavioral and electrophysiological investigation of attention and
executive functions with and without minor head injury”

Patti Ross (Ph.D., Waterloo, 1999) “Electrophysiology of working memory: Task modality and load effects”
Cynthia Chan (Ph.D., Waterloo, 2003): “Electrophysiology of reading: Distinguishing phonological and
orthographic processes™

Patricia Pailing (Ph.D., Waterloo, 2004): "ERP investigations of error monitoring: performance, motivation, and
personality effects on the error-related negativity”

Tim Murphy (Ph.D., Waterloo, 2007): “Subtle effects of sleepiness on electrocortical indices of attentional
resources and performance monitoring”.

Diane Santesso (Ph.D., Brock, 2006): “Electrophysiological correlates of performance monitoring in middle and
late adolescence”

10.  Adote Anum (Ph.D. Brock, 2006): “Predicting Performance on Fluid Intelligence from Speed of Processing,

1.

Working Memory, and Controlied Attention™
Xin Zheng (Ph.D., Brock, 2012): * Electrophysiological investigations of the timing of face processing”

12, Chrissy Lackner (Ph.D., Brock, 2015): “Genetic and Electrophysiological Correlates of Self-Regulation in

14,

5.

Adolescence™

Angeia Dzioundziak (Ph.D., Brock, 2014): “Top-down and Bottom-up influences on ACC activation:
Evaluation of a proposed model of the feedback-related negativity”

Stefon van Noordt (Ph.D., Brock, 2016): “A domain-general perspective on medial frontal brain activity during
performance monitoring”

Meghan Weissflog (Ph.D., Brock, 2017): “Affective Traits of Psychopathy and the Role of Early Visual
Aftention: An Electrophysiological Study™
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When does the adolescent brain reach adult maturity?’

Sidney J. Segalowitz, Ph.D.
Brock University

St. Catharines, ON L2S 3Al
January 4, 2020

A brief historical summary of the trajectory of this research guestion.

Ignoring the brain in early developmental psychology. Academic developmental psychology
started as an empirical discipline in earnest about 120 years ago. The vast majority of studies for
the first 70 years were behavioural, whether with humans or with animals, describing factors
associated with learning. In North America, the primary approach during the first half of the 20
century was that of Behaviourism, in which psychological development was seen to be primarily
a function of experience and various types of conditioning. This was first inspired by Pavlov and
then expanded by a number of American psychology researchers — especially Edward Thorndike,
John B. Watson and B.F. Skinner. At the time, there were few technologies to explore the neural
bases of the models being touted, In 1949, Donald Hebb outlined ideas on how brain circuits
would have to be organized in order to account for thinking processes that were central to the
cognitive psychology of the day.’? His emphasis on the growth of neural networks (which he
called cell assemblies) captured the general model of brain circuitry. The developmental question
was, How do networks ‘know’ how to get connected? Roger Sperry’s work in the 1950s outlined
some important advances, demonstrating inherent organizing principles.®’ However,
developmental psychologists continued with the notion that whatever could be learned could be

unlearned, at least in theory, as suggested by Behaviourists.

1 I would like to thank Sara Stephenson, BSc, and Dawn Ryan, MA, for their help in reviewing
the literature on such short notice, and Jane Dywan, PhD, Professor of Psychology, for
discussions and suggestions in the writing of this Report.



Brain development enters the scene. A breakthrough occurred in the early 1960s, when David
Hubel and Torsten Wiesel outlined the initial organization of the visual system and, most
importantly for us, how early experiences could alter that organization, even into a dysfunctional
system.***%3637 What they showed was that the developing neurocircuits altered themselves to
efficiently code the input provided, thus demonstrating a mutual influence between structure and
function. Similarly, Conel published a series of atlases based on detailed studies showing growth
of cortical neurons in the human brain from birth to 6 years.!! Thus, it was abundantly clear by
the end of the 1960s that the cortex develops rapidly after birth in mammals and that experience
can alter the trajectory of that growth, perhaps permanently. Another important piece of the
puzzle was a summary of how the white matter of the brain, critical for communication between
neurons, rapidly grows during childhood but also continues to grow throughout the entire
lifespan, albeit more slowly as we age.”! Thus, the notion that all brain development is more or
less finished by the end of early childhood was shown to be wrong. Neuroscience technologies
improved rapidly and, by the 1990s, brain imaging and bench neuroscience provided yet more
evidence of continual changes throughout child development. For exampie, language skills in the
child grow in parallel with the growth of white matter connecting the language regions in the
brain>® and neurons mature earlier in sensory regions and later in regions of the cortex associated

with more abstract thinking,*%-#

The first three years and beyond. Meanwhile, behavioural and ethological data supported the
new concept of “critical periods”, whereby healthy psychological development usually requires
that normal developmental experiences (such as the presence of a consistent and warm caregiver
after birth) occur within specific developmental timelines (e.g., work of Konrad Lorenz and
Harry Harlow with animals; John Bowlby, René Spitz and Wayne Dennis with orphaned
children after WWII). Without these time-sensitive experiences, individuals developed along
abnormal tracks that were increasingly hard to correct. However, this emphasis on the earliest
period of rapid growth led to an almost total research emphasis on the first 3 years after birth.
This focus on only the earliest stages of development was subsequently criticized in an
influential paper outlining how the critical aspects of brain development do not stop at 3 years,

and that later development is also crucial.®



Simultaneously during the 1990s, it was discovered that a class of cognitive processes
collectively referred to as ‘executive functions’ continue to develop right through later childhood
and adolescence at least, and that these are associated with specific regions of the frontal lobe.
Some neurological studies had shown that the neurons in the forward sections of the frontal lobe,
referred to as the prefrontal cortex (PFC), are not tied to specific sensory modalities but are
rather involved in the integration of sensory experiences, multimodal in nature, with internal
drives, as well as memories of past experience and future intentions. It is this integration that
permits such higher order executive functions, such as planning, attention control, problem
solving, and emotional self-regulation. Moreover, the PFC is the last part of the brain to mature.
Such findings have led to much of the developmental research being done today with respect to

the question of when mature levels of self-regulation become fully “adult™.

With the advent of magnetic resonance imaging (MRI) of the brain, researchers could examine
neural structures, and with functional MRI (fMRI), they could examine neuronal activation.
Initially, researchers did not anticipate how late in development it might be before these
maturational changes reached adult levels. The initial landmark studies of Jay Giedd, Nitin
Gogtay and their associates”*7 demonstrated that there are continued structural changes right up
until the maximum age of participants in their study (20 years), especially in the multi-modal
(i.e., highly integrative) regions such as the PFC. Similarly, primate studies demonstrated that
dopamine-related neurons, upon which the PFC is highly dependent, continue to change in
density until late adolescence at least, expanding beyond adult levels and then pruning back (as 1s
normal).*’ Data from humans also demonstrated this rise-and-decline in dopamine sensitivity
during adolescence.®#**%% Behavioural work meanwhile continued past the age of 20, showing
that risk-taking and decision-making associated with “hot” cognition {decisions made in the
context of high emotional arousal) continue to be an issue into young adulthood. In the context

of adolescence, this can have forensic implications,58:6%70.71.72.74

Thus, the field has gone from not considering brain growth as necessary to understanding the
development of behaviour in humans to an appreciation that the various neural processes
mvolved in brain maturation underlie behavioural, cognitive and psychological development
through adolescence. Most recently we have now come to realize that normative changes do not

stop there, and that the very late adolescence period (or “emerging adulthood™) needs to be
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examined. In this report, adolescence will refer to the period from pubertal onset to 18 years of

age, and emerging adulthood from 18 to 25 years.

Bottom line

There is a growing consensus that, for many important functions, the average age at which brain
development in healthy individuals asymptotes is about 25 years. However, there will a sizable
group whose trajectory is behind this schedule as well as some ahead of it. This can be for a
number of reasons. Below is a more detailed discussion of the research that has led us to this
average figure of 25 years for some developmental processes and the various factors that can
interfere with this normative trajectory. This conclusion has come from work both with human
and animal brains. The general principles of brain maturation are similar across mammals, with
obvious species differences that are taken into account. Such species differences are especially
the case for regions associated with abstract thought, such as the PFC, which expanded
especially in primate evolution, and then again considerably more in homo sapiens evolution.
Thus, animal research is often appropriate for studying human brain growth and function with
respect to general principles and with nonhuman primates for basic cognitive and emotional

processes; clinical extrapolation can sometimes be made but must be done carefully.’

Data related to issues of general brain maturation
There are many aspects relating to brain growth and maturation, three of which are listed below.
Current research has focused primarily on the first {part ‘a” below).
a. Research has shown that brain maturation occurs in several basic neural processes:
i.  Development patterns of the grey matter (comprising the neuronal cell bodies in both
the cortex and in subcortical structures),
ii.  The growth of white matter (commonly known as ‘myelin’ that coats the axons that
carry signals from a neuron to others), and
iii.  The alteration of connectivity structures and patterns (the networks apparent from
patterns of white matter, and the activity of those networks evident in brain imaging

data).



b. Brain activity is based on chemical factors — the availability of neurotransmitters and
receptors for those neurotransmitters, with developmentalists focusing especially on
dopamine, norepinephrine and serotonin. However, these present very complex patterns,

interacting with genetics. Therefore, at present, all we can map out are very general patterns.

¢. Developmental patterns that are closely linked to specific genomic factors are now known to
be subject to epigenetics (the influence of experience and biology on the activation of
specific genes). Thus genetic correlates can themselves be influenced by important

biological variables such as activity of the stress system and hormonal changes.

Below is a series of examples to illustrate general findings. A comprehensive review is not
possible given the volume of publications (over 7500 research reports in the last 5 years alone in
PubMed using the search itemn ‘adolescent brain development’, although only a segment of these

address the current question).
Anatomical growth:

Grey matter development: Grey matter in the cortex follows a pattern of growth (increasing
thickness) and reduction (thinning) as a result of a process referred to as “pruning”. There are
actually several periods of growth and pruning, the latter seen as a mark of increased
sophistication of function, The enhancement of well-used connections occurring simultaneously
with the reduction in less-used connections associated with pruning is thought of as a process of

specialization.

Early studies examined brains only for the first 2 decades after birth, and reported that cortical
pruning continues to reshape the organization of the cortex at least through to 20 years of
age.>?” More recently, this timing has been extended past emerging adulthood (to 25 or 30 years

of agf:).i‘""7‘""{i

More specifically with respect to the PFC and executive functions, researchers used a task
requiring the integration of multiple relations among objects. Adolescents (14-18 y) and aduits
(22-30 y) were found to be significantly different with respect to the amount of grey matter

volume involved and also different in the degree to which these regions were activated during
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the task.'® Similarly, while performing memory and attention tasks, those in emerging adulthood
showed greater activation of more tightly focused regions of the PFC than did young

adolescents.’

With newer methods for analyzing cortical structures and functional integrations, other patterns
indicating yet later maturation periods are surfacing. For example, results of a recent study
document changes from birth to 88 years in a very large sample of normally developing
participants. Reported were dramatic changes in cortical structures until 30 years of age. These

changes continued in the same direction but at a slower pace afterwards.?

Also of interest are subcortical regions. These were traditionally thought to mature very early in
childhood in that they are essential for the basic neura} processing of sensory signals, affective
valence and the planning and execution of movement. However, this appears to be too simple a
generalization. In addition to the usual cortical grey matter decreases and white matter increases
into emerging adulthood and beyond, many subcortical regions actually asymptote in size only
by ages 18-20, and some continue to change up to 25 to 30 years. These include the cerebellum
grey matter, putamen, pallidum, accumbens.’® Similarly, microstructural development of many

subcortical regions proceeds until after age 25.%8

White matter (myelin): White matter is critical to the efficient transfer of signals around the brain
and to the muscles and these and white matter cells multiply rapidly after birth. Unless it is
attacked by white matter diseases, myelin continues to grow throughout the lifespan but at
slower and slower rates. Many studies have documented significant growth of white matter well
into the 4" decade or later after birth.?”*° The increase in white matter has been shown to
correlate with the consistency of responses, indicating their importance in the efficiency of

neural function.'8-66.76

Neural network connectivity: It goes without saying that it is the activity of neural networks in the
brain that account for mental functioning, not simply the existence of grey and white matter. The
technologies for mapping out networks and detecting their level of activation are relatively new,
and are improving rapidly to allow us to detect the level of microstructure function as well as gross

functioning. For example, Dennis and colleagues have shown, based on a large sample ranging in



age from 12 to 30 years, that connectivity continues to be refined through the 20’s.'® Similarly,
findings reported in a large study of structure-function coupling demonstrates changes to mid 20s
at least.* Porter and colleagues have shown the dynamic nature of these changes in a study
examining participants from 9 to 44 years of age. They found that the increases in connectivity of
dorsal striatum (important for cognitive processes) stabilize after the mid-twenties. However, there
are decreases in ventral striatum networks {(central to emotional processes) that persist into mid-
adulthood, indicating changes in motivation networks that occur well past 25 years.”’ Similarly,
an NIMH group document the stabilization of cortical function components around 25 years of
age.** The anterior cingulate is a cortical structure that is central to attention control, self-
monitoring and executive functions. Its networking is documented to show gradual development
into early 20°s at least.>® Another critical connective path is the one between the amygdala, a
structure central to emotional behaviour, especially for negative emotions, and the cortex. In an
animal study of these networks, it was found that they continue to grow into young adulthood,
accounting for continued growth of emotion self-regulation.'” Thus, whereas some neuronal

networks are mature by the end of adolescence (18 years), others continue to mature later (19-29

years), indicating that further age differentiation in needed in future studies.’

Data related to individual differences

Individual differences arise for many reasons, and therefore in the present context it is probably
safest to set a date of adult-level maturity that would capture not only the average but rather the
majority. This is because individuals who are latest to develop an adult level of maturity with

respect to judgement, planning, or impulse control, are the ones who are at most risk. There are

several sources of individual varation,

First, and most obvious, are the effects of frank compromises of the nervous system, whether

resulting in psychiatric/psychological diagnoses such as ADHD,!726-3044.335964 oD 547

auti sm, 17.60,61

anxiety or depressive disorders, ? and thought disorders,?®** or neurological
disruption such as cerebral palsy, FASD and FAEs,?*"? and genetic disorders such as Fragile

X, Williams syndrome, Tumner syndrome,'” etc.



Also central are effects of adverse childhood experiences (ACEs) including childhood poverty
and its correlates of pollution, poor nutrition, adverse drug exposure, poor educational
opportunities, and other various home stressors. These ACEs are expected to interact with many
factors, including temperament and sex, resulting in different levels of adaptability. They may
interact as well with gender, but this is less documented. There are now studies that demonstrate
that the ACESs of early childhood poverty affect outcome through emerging and full adulthood as
a function of the physiological stress experienced during early stages of

development, 192029334092
Whereas sex and gender differences have been reported in conjunction with various aspects of
cognitive, emotional and social development, it is difficult to draw a general conclusion at this
time about physiological correlates of these differences from the trajectories outlined in the
studies referred to here other than that females appear to mature somewhat earlier than males.
However, it is difficult at this time to tell whether this is sometimes masked by different end-
points and whether this is true throughout the developmental period.'*'***# There are certainly

bound to be such effects involving neural structures, but they are hard to articulate at this time.

Some specific functions central to psychological health, integration and growth during

adolescence and emerging adulthood

What is meant by “adulthood” or “maturity™? If peak development is the target, then clearly
there are differences depending on the aspect examined. Peak physical development occurs quite
carly, as we all know. What of emotional development? Cognitive development? Social
development? The latter three functions are well documented as continuing to change into one’s

third decade and beyond.

The mental functions most associated with adult maturity involve emotional self-regulation and
complex cognitive functions involving attention, memory and inhibitory control. These functions
are associated with various regions of the prefrontal cortex, areas that are documented as being
the last to mature, as already noted. Some of the social-cognitive functions subserved include

theory of mind, understanding irony, and picking up subtle social cues. Not only do these



functions continue to improve into adulthood, how they are mediated by cortical regions
significantly alters. For example, thinking about intentions is a primary social function, and
adolescents (12 to 18 y) and adults (23 to 38 y) differ in their cortical activation. Blakemore and
colleagues reported that whereas adolescents processed the intentions of others using the more
cognitive medial PFC region, adults activated the more social region of the right superior
temporal sulcus.® In fact, there are many such differences. For example, subtle emotions like
embarrassment and guilt activate connectivity patterns differently in adolescents and adults.®
Similarly, there is an increased neural response to rewards among adolescents (13-17 y)
compared to emerging adults and adults (18-30 y), which has been linked to adolescents’

vulnerability to poor decision-making and risk-taking behaviour.?

Empathy and issues of social acceptance are complex. See pp 33-36 in Jetha & Segalowitz
(2012) for a brief outline.*® These concepts overlap with theory of mind, and relate to aggression
and moral reasoning, with PFC crucially involved among other regions.'*'* The neural basis for
dealing with such thoughts, however, changes dramatically from childhood to adulthood. For
example, scenarios illustrating accidentally inflicted pain versus those illustrating intentionally
inflicted pain elicited age-related differences in regions of brain activation, indicating a shift
from visceral to evaluative responses between 10 to 30 years with some leveling off by 30

years. '

Similarly, social acceptance versus rejection has been studied in children, adolescents and
adults, with the finding that adolescents (14-16 y) show more distress at being socially excluded,
but also show brain activation patterns different from those of adults: a decrease in orbitofrontal
cortex activity in teens versus an increase in that activation in adults (23-38 y). The orbitofrontal
cortex has been shown to activate when the individual is trying to control their emotions,
suggesting that adults are more likely to engage in this activity than adolescents.®* More work is
needed to know exactly when this change reaches the adult pattern. Interestingly, the degree to
which activation increased in medial PFC during social exclusion (over inclusion) correlated
significantly with susceptibility to peer influence in the adolescents, but not adults. Thus, the
neural processing associated with social inclusion/exclusion experiences are processed in

significantly different ways in these two developmental stages.®



Risk-taking is often considered a primary issue of concern. The differences in brain maturity and
activation patterns during adolescence compared with adulthood are often embedded in
discussions on risk-taking behaviours. It is not that adolescents and young adults cannot reason
carefully about risks. The predominant thinking in the field is that they are less likely to reason
carefully when in a social context, very often associated with higher emotional valence.®*"*"
Capturing this is the Dual Process model, whereby the attraction force of an exciting or
rewarding stimulus (or situation or plan) is greater than the cautionary or evaluative force elicited
through executive functions. This is due to increased activation of the dopamine-sensitive ventral
striatum (the “reward centre”) during adolescence together with the more slowly maturing PFC
(see Figure 1). There 1s an abundance of data documenting increased risk-taking during
adolescence, especially in the presence of peers, with this being the key factor in a brief to the
US Supreme Court by one of the leaders in the field, Lawrence Steinberg.’’"’*™

To illustrate the repeated findings of this research group, 3 groups of individuals (14-16 y, 19-22
y, 24-29 y) play a video game while their brains are being scanned with fMRI. The game
involves driving a vehicle in a videogame whereby points are gained for the further distance
driven. However, there are traffic lights and cross traffic. Taking chances (shooting a red light)
can gain points because of time saved but can also lose points if a crash occurs. In one condition
the participant is aware that peers are watching their performance. In general, adolescents are
much more likely to show activation of the ventral striatum (reward centre) when taking a risky
chance than are young adults, and the adults show no such activation at all. But the influence of
peers is most interesting and dramatic: it leads to increases in PFC activation most in adults,
much less in young adults and very little with adolescents. Conversely, emotional regions —
especially the ventral striatum (registering reward) and orbitofrontal cortex (registering
emotional valence) — are much more active with peers present for adolescents, less so in young
adults and actually less active in adults than when alone.!” Thus, it is not surprising that risk
preferences continue to decline after adolescence, into emerging adulthood and right into fuil

adulthood.®®
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Figure 1. This schematic illustrates the Dual-Process

=
“E Ventral stristum growth {reward system) Model, whereby the ventral striatum (the central
::; aspect of the so-called reward centre) matures earlier
E than the prefrontal cortex (central to behaviour
g regulation) and therefore controls behaviour during
"o‘; Prefrontal corter growth the adolescent ‘window of wvulnerability’. Our
z LTS::;:;:::;:&;Sd question concerns the age at which the prefrontal
. cortex catches up and is able to regulate behaviour
Age - in an adult fashion.

Adolescence Adult self-regulation

window of

vulnerabitity

It is important to note, however, that risk-taking is more complicated than just being the resuit of
impulsive decision making or being with peers. Adults often take premeditated risks, such as
with financial gambles, planned marital infidelities, and so on, but in the context of peer-
influenced, high arousal risks, youth in the emerging adulthood stage may take even more risks
than adolescents, especially with drugs and alcohol and sexual behaviours. The difference is that
for adolescents, many of these behaviours are illegal, while the opportunities and legality are
more available to young adults.®® However, the same brain circuits are still in play with young
adults, not always with a fully mature PFC.*® Consistent with this perspective are self-report data
from Steinberg’s lab: While impulsivity and sensation-seeking behaviours do decrease gradually
through adolescence, there is relatively little drop off up to age 22-25 years, with a major drop in

the 26-30 years range.®®

Another prime variable in this dynamic is the distinction between “hot” vs “cold” cognition
mentioned above. During states of high arousal and emotionality, adolescents and young adults
are more prone to poor judgment calls than are adults. Interestingly, during discussions in a “cold
cognition” context, adolescents make many judgments very similar to those of adults.'®*!7*
Thus, the distinction between “saying” wise things and “doing” wise things should be kept in

mind.
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Implications

The role of major stressors in influencing brain development has been studied extensively over
the last 20 years. Such stress has been shown to alter fundamental circuits in the stress system
itself (the hypothalamic-pituitary-adrenal axis}, reducing the ability to regulate one’s stress
response, resulting in a downward spiral (removing the stressors can allow rebuilding of those
healthy circuits to some extent). These circuits involve the medial PFC, the hippocampus and the
amygdala, and help form contemporary models of PTSD. Application of this to conditions of

80.81,82.87,88.89

carly abuse have been documented,”®- as well as overall effects of stressors on brain

growth?!424? and specifically on the brain growth in adolescence.’!->5*

In the current context, early life experiences are very important, especially when they put the
developing child and youth at risk by compromising brain growth in regions related emotion
self-regulation and cognitive information processing. This is especially the case when they affect
the normal growth of the PFC and its network of connections. This happens in situations
involving chronic stress, poor nutrition, aspects of air and water pollution, pre- and post-natal
drug exposure, traumatic brain injury, and PTSD. Central to this, of course, is the issue of

poverty.

Thus, the large range in developmental experiences result in individual differences in brain
charactenistics and these vaniations can increase with age, both in positive and negative
directions. When negative factors, such as strong and chronic stress, are present during periods
of rapid developmental change, this puts at risk the individual’s mental health trajectory.
Individual differences occur also because of different prenatal and perinatal contexts (such as
drug experiences) and because of varying epigenetic processes. The latter result from factors that
alter hormone levels that can influence the activation of specific genes central to brain function,
leading to yet more developmental risks or at least variations. Thus, even with respect to genetic

influences, environment counts.
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The human cerebral cortex undergoes a protracted, regionally het-
erogeneous development well into young aduithood. Cortical areas
that expand the most during human development correspond to
these that differ most markedly when the brains of macaque
monkeys and humans are compared. However, it remains unclear to
what extent this relationship derives from allometric zcaling faws
that apply to primate brains in general, or represents unigue evolu-
tionary adaptations. Furthermore, it is unknown whether the relation-
ship only applies to surface area (SA), or also holds for cortical
thickness (CT). n 331 participants aged 4 to 30, we calculated age
functions of SA and CT, and examined the correspondence of human
cortical development with macague to human expansion, and with
expansion across nonhuman primates. CT followed a linear negative
age function from 4 to 30 years, while SA showed positive age func-
tions until 12 years with little further development. Differential cor-
tical expansion across primates was related to regional maturation
of SA and CT, with age trajectories differing between high- and low-
expanding cortical regions. This relationship adhered to allometric
scaling laws rather than representing uniquely macaque-human dif-
ferences: regional correspondence with human development was as
{arge for expansion across nonhuman primates as between humans
and macague.

Keywords: area, cortex, development, evolution, thicknass

Introduction

The human brain undergoes a protracted development, which
is traceable postnatally well into the third decade (Tamnes
et al. 2010; Lebel and Beaulicu 2011; Petanjek et al. 2017,
Raznahan, Shaw, et al, 2011; Grvdeland et al. 2013). This is un-
paralleled in comparison with other primates (Rilling 2014).
Human cortical development is highly heterogenecus across
regions (Shaw et al. 2008), with structural maturation proceed-
ing in a coordinated manner across large-scale neural networks
(Raznahan, Lerch, et al. 2011; Raznahan et at. 2012; Alexander-
Bloch et al. 2013; Walhovd et al, 2014). These coordinated
changes are related to development of cognitive abilities
(Shaw et al. 2006), and evolutionary adaptation has been sug-
gested as one principle governing the changes (Shaw er al.
2008y, but limited evidence exists. Intriguingly, Hill et al.
(2010) showed that cortical surface area (SA) in regions that
appear expanded in huinans, refative to the macaque monkey,
tend to be those that change the most between human infancy
and adulthood. 1t is unclear whether these relationships can be
found for surface expansion alone, or also apply to cortical

© The Author 2014. Published by Oxford University Press. Al rights reservedl.
For Permissions, please e-mail: journals permissions@oup.com

thickness (CT) (Gogtay et al. 2004), as these measures are
shaped by independent genes (Rakic 1988; Panizzon et al
2009) and neurobiological events (Rakic et al. 2009) and may
even be negatively correlated in adults (Hogstrom et al. 2013).

It also remains to be established whether the overlap
between human cortical development and interspecific cortical
expansion, assessed based on macaque-human comparisons,
is a result of human-specific evolutionary adaptations, or can
be explained largely due to allometric scaling laws—i.e., that
regional differences in cortical size can be predicted from in-
creases in brain size (Rilling 2014). For example, it has been
suggested that the relative immaturity of high-expanding areas
at birth reflects evolutionary pressure for these uareas to
develop postnatally, taking advantage of interactions with the
environment (Hill et al. 2010; Petanjek and Kostovid 2012;
Raznahan et al. 2012).

If regional differences in cortical size from a smaller to a
larger brained nonhuman primate can predict regional differ-
ences in brain growth in humans, then the “evo-devo” relation-
ship can be said to adhere to more general allometric scaling
laws.  Alternatively, the observed relationship between
macaque~human differential cortical expansion and cortical
development could represent more specific adaptations, which
evolved relatively late in human evolution in parallel with the
evolution of a larger complement of higher order association
areas (Hill et al. 2010).

In the present study, we calculated age functions across de-
velopment from 4 to 30 years based on cross-sectional brain
scans from 331 participants. We then tested how the estimated
developmental trajectories of CT, SA and cortical volume {(CV)
varied across the cortex as a function of cortical expansion in
humans refative to interspecific expansion, namnely compari-
sons between multiple primates—macaque vs. humans, mar-
mosel vs, macague, and marmoset vs. capuchin (Van Essen
and Dierker 2007; Hilk et al. 201(; Chaplin ct al. 2013). We hy-
pothesized that regions that are sefectively larger in humans
compared with nonhuman primates would show more pro-
tracted developmental curves for SA, and to a lesser degree CT.

We further tested whether the relationship between inter-
specific cortical expansion and human cortical development
changed as a function of age, and hypothesized that the refa-
tionship would be strongest in younger children, when cortical
development proceeds at a higher pace, and when the propor-
tion of cortical variability stemming from early events during
neurogenesis may be greater ( Rakic 2009).

Finally, by examining the relationships berween human cor-
tical development and interspecific cortical expansion, we
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Adolescence is a unique period of physical and cognitive de-
velopment that includes concurrent pubertal changes and sex-based
vuinerabilities. While diffusion tensor imaging {DTI} studies show
white matter maturation throughout the lfespan, the state of white
matter integrity specific to adolescence is not well understood as are
the contributions of puberty and sex. We performed whole-brain
DTI studies of 114 children, adolescents, and adulis to identify
age-related changes in white matter integrity that characterize
adolescence. A distinct set of regions across the hrain were found to
have decreasing radial diffusivity across age groups. Region of
interest analyses revealed that maturation was attained by
adolescence in broadly distrihuted association and projection fibers,
including those supporting cortical and brain stem integration that
may underlie known enhancements in reaction time during this
period. Maturation after adolescence included association and
projection tracts, including prefrontal-striatal connections, known
to support top-down executive control of behavior and interhemi-
spheric connectivity. Maturation proceeded in parallel with pubertal
changes to the postpubertal stage, suggesting hormonal influences
on white matter development. Females showed earlier maturation of
white matter integrity compared with males. Together, these findings
suggest that white matter connectivity supporting executive controt
of behavior is still immature in adolescence.

Keywaords: diffusion tensar imaging, gender, myelination, puberty

Introduction

Adolescence is a unique period of development characterized
by immature Dbrain processes and limitations in decision
making. While the gross morphology of the brain is in place
by this time as are core cognitive abilities, there are significant
refinements to brain processes (Yakovlev and Lecours 1967,
Huttenlocher 1990) that continue into adulthood as cognitive
control continues to improve (Demetriou et al, 2002; Luna
et al. 2004; Luciana et al. 2005). This period in development is
recognized for brain-based vulnerabilities that affect behavior,
including the emergence of psychopathology (Everling and
Fischer 1998; Chau et al. 2004; Sweeney et al. 2004; Paus et al.
2008) and increases in overall mortality rate due to risk-taking
behavior (Spear 2000). Adolescence is also characterized by
important pubertal changes that can influence hehavior and
brain processing, Puberty is a period of development in-
trinsically related to the timing and exposure to gonadal
hormones on the brain (McEwen 2001) and through these
mechanisms  exerts unique effects on brain and behavior
processes during adolescence (Spear 2000; Sisk and Zehr
2005). Finally, during this period there are important sex-based
differences that emerge, including the increased incidence
of mood disorders in  females (Giaconia et al. 1994;
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Nolen-Hocksema and Girgus 1994), higher mortality in males
due to risk-raking behavior and conduct disorders (Arnett 1992;
Zahn-Waxler et al. 2008), and sex-based disparities in visuo-
spatial versus verbal abilities (Delgado and Prieto 1996; Collins
and Kimura 1997). Understanding structural brain changes that
are unique 1o adolescence can better inform us regarding the
inherent vulnerabilities of this period of development.
Developmental valnerabilities in adolescence occur in the
context of imnuture ability to voluntarily control our behavior in
a planned fashion compared with adults. Overall improvements in
cognitive control and reaction time show a nonlinear develop-
mental trajectory with a sharp increase in percformance from
childhood to adolescence supporting increased speed of in-
formation processing that may be supported by enhanced white
matter connectivity. This pattern changes from adolescence to
adulthood as developmenial progressions are less steep, and
performance then atiains a relative plateau (Kail 1993; Luga et al.
2004). Functionad neurvimaging studies of voluntary control
also demonstrate that differences during childhood may be qual-
itatively different from those that occur during adolescence.
Functional magnetic resonance imaging (MRD) studies show
differential recruitment of prefrontal regions in childhood,
adolescence, and aduitbood during tasks requiring cognitive
control (Luna et al. 2000, 200 1; Tamm et al. 2002; Crone ctal. 2000
Velanova et al. 2008; Geier et al. 2009). Functional connectivity
analyses, which may be inde pendent from structural connectivity,
also show distinet patterns in childhood and adolescence
indicating protracted integration of long range connectivity
supporting cognitive control (Fair et al. 2007, 2009). Whether
the supporting white matter circuitry also demonstrates stage-like
developmental patterns has not ver been well understood.
Myelination, which speeds neuronal transmission by the
elaboration of a concentric phospholipid laver of insulation
around axons hy oligodendrocytes, continues to occur through
adolescence (Yakovlev and Lecours 1967; Huttenlocher 1990),
particularly in association areas into adulthood (Yakovley and
Lecours 1967; Benes 1989). Histologically based findings arc
supported by structural MRI studies (Prefferbaum et al. 1994;
Giedd, Blumenthal, Jeffries, Castellanos, et al. 1999; Sowell et al.
2003), which also show decreases in cortical gray matter in the
context of white matter development (Giedd, Blumenthal,
Jeffries, Castetlunos, et al. 1999; Sowell er al. 2001; Gogray et al.
2004; Giorgio et al. 2009). The concurrent changes in gray and
white matter may not represent a simple reciprocal refation-
ship and may be influenced by other neurobiological processes
and tissue properties related to MRI (Paus et al. 2008; Tamnes
er al. 2009). While histological studies of myelination empha-
size a posterior to anterior gradient (Yakovley and Lecours
1967), these findings have been extended to include prolonged
development in other regions such as the hippocamipus (Benes
et al. 1994) and temporal regions (Giedd, Blumenthal, Jeffries,

010Z "€ SUN[ UO [2aJUC 2P ausiaalun 18 Bio s|eumolpio)xe 10285/ dIy WOl PapEojuMOo(



Nremipaded st SAKES A GIREC LISRARY an January 1, 2000

&

Cheok tor
wdates

3
Development of structure—function coupling in human
brain networks during youth

Graham L. Baum®®, Zaixu Cui®®, David R. Roalf>?, Rastko Ciric", Richard F. Betzel®, Bart Larsen™®, Matthew Cieslak®®,
Philip A. Cook®, Cedric H. Xia®", Tyler M. Moore®®, Kosha Ruparel®®, Desmond J. Oathes?, Aaron F. Alexander-Bloch® ,
Russell T. Shinohara?" , Armin Raznahan', Raquel E. Gur™™i, Ruben C. Gur*®®, Danielle S. Bassett®i*tmn

and Theodore D. Satterthwaite®?

*Department of Psychiatry, University of Pennsylvania, Philadelphia, PA 19104; PLifespan Brain Institute, Children's Hospital of Phitadelphia, Philadelphia,
PA 19104; “Department of Bioengineering, Stanford University, Stanford, CA 94305; “Department of Psychalogical and Brain Sciences, Indiana University
Bloomington, Bloomington, IN 47405; *Department of Radiology, University of Pennsylvania, Phitadelphia, PA 19104; ‘Departrent of Psychiatry, Yale
University School of Medicine, New Haven, CT 06510; 9Penn Statistics in imaging and Visualization Center, Department of Biostatistics, Epidemiology and
Informatics, University of Pennsylvania, Phitadelphia, PA 19104; "Center for Biomedical Image Computing and Analytics, University of Pennsylvania,
Philadelphia, PA 19104; ‘Developmental Neurogenomics Unit, National Institute of Mental Health, Bethesda, MD 20814; 'Department of Neurology,
University of Pennsylvania, Phitadelphia, PA 19104; "Department of Bioengineering, University of Pennsylvania, Phifadelphia, PA 13104; ‘Department of
Electrical and Systems Engineering, University of Pennsylvania, Philadelphia, PA 19104; ™Department of Physics and Astronomy, University of Pennsylvania,

Philadelphia, PA 19104; and "Santa Fe Institute, Santa Fe, NM B7501

Edited by Marcus E. Raichle, Washington University in St. Louis, 5t. Louis, MO, and approved November 27, 2019 (received for review July 12, 2019)

The protracted deveiopment of structural and functional brain
connectivity within distributed association networks coincides with
improvements in higher-order cognitive processes such as executive
function. However, it remains unclear how white-matter architecture
develops during youth to directly support coordinated neurat activ-
ity. Here, we characterize the development of structure-function
coupling using diffusion-weighted imaging and n-back functional
MR data in a sample of 727 individuals (ages 8 to 23 y). We found
that spatial variability in structure~function coupling aligned with
cortical hierarchies of functional specialization and evolutionary ex-
pansion. Furthermore, hierarchy-dependent age effects on structure-
function coupling localized to transmodal cortex in both cross-
sectional data and a subset of participants with longitudinal data
(n = 294). Moreover, structure-function coupling in rostrolateral
prefrontal cortex was associated with executive performance
and partially mediated age-related improvements in executive
function. Together, these findings delineate a critical dimension
of adolescent brain development, whereby the coupling between
structural and functional connectivity remodels to support func-
tional specialization and cognition.

brain development | MRI | connectome | cortical organization |
structure-function

he human cerebral cortex is organized along a functionat hi-

erarchy extending [rom unimodal sensory cortex o transmodal
association cortex (1, 2). This macroscale functional hierarchy is
anchored by an anatomical backbone of white-matter pathways
that coordinate synchronized neural activity and cognition, Both
primaie cortical evolution and human brain development have
been characterized by the targeted expansion and remodeling of
transmodal association areas (3, 4), which underpin the integration
of sensory representations and abstract rules for executing goals.
The protracted development of transmodal association cortex
in humans provides an extended window for activity-dependent
myelination (5) and synaptic pruning (6). This period of cortical
plasticity sculpts functional specialization in transmodal associ-
ation cortex and may be critical for developing higher-order ex-
ecutive functions such as working memory, mental flexibility, and
inhibitory control (7).

Characterizing the functional specialization of cortical areas
based on their patterns of connectivity has been central to under-
standing hierarchies of brain organization (8, 9). Network theory
has provided a parsimonious framework for modeling structure—
function mappings in neurobiological systems across species and
spatial scales (10). Convergent evidence has highlighted the strong
correspondence between measures of structural and functional

wiww, pras.orgicgifdoi/t0.1073/pnas. 1912034117

brain connectivity at different spatiotemporal scales, inciuding
neural populations (11), specialized cortieal regions (12), and
large-scale brain networks (13-15), However, only sparsc data exist
regarding how the maturation of white-matter architecture during
human brain development supports coordinated fluctuations in
neural activity underlying cognition. Furthermore, aberrant de-
velopment of structural constraints on functional communication
could contribute to deficits in executive function and the emergence
of neuropsychiatric disorders during adolescence (16-18).
Structure~function coupling describes structural support for
functional communication and occurs when a cortical region’s
profile of interregional white-matter connectivity predicts the
strength of interregional functional connectivity. Here, we describe
the cortical topography of structure—function coupling and de-
lincate how it evolves with development. To do this, we tested
three related hypotheses. First, we hypothesized that structurc-—-
function coupling would reflect the functionat specialization of a
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The human brain is organized into a hierarchy of functional ;
. systems that evolve in childhood and adolescence to support the |
. dynamic contro! of attention and behavior. However, it remains
© unknown how developing white-matter architecture supports
¢ coordinated fluctuations in neural activity underlying cognition.
* We document marked remodeling of structure-function coupling
" in youth, which aligns with cortical hierarchies of functional
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strate that structure—function coupling in rostrolateral prefrontal
¢ cortex supports age-related improvements in executive ability.
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Adolescent development of the neural circuitry
for thinking about intentions
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In this fMRI study, we Investigated the development during adolescence of the neural network undetlylng thinking
about intentlons. A total of 19 adolescent particlpants {aged 12.1-18.1 years), and 11 adults (aged 22.4-37.8 years}, were
scanned using fMRI. A factorlal design was employed with between-subjects factor age group and within-subjects factor causality
{Intentional or physical}. In both adults and adolescents, answering questlons about intentional causality vs physical
causality activated the medlal prefrontal cortex (PFC), superior temporal sulcus (STS), temporal poles and precuneus bordering
with posterior cingulate cortex. in addition, there was a significant Interactlon between group and task In the medlal PFC. During
Intentlonal relative to physical causality, adolescents activated part of the medial PFC more than did aduits and adults
actlvated part of the right STS more than did adolescents. These results suggest that the neura! strategy for thinking
about Intentions changes between adolescence and adulthood, Although the same neural network Is active, the relative roles
of the different areas change, with activity moving from anterlor (medial prefrontal) regions to posterior (temporal) regions

wlth age.

Keywords: adolescence; theory of mind; mentalising; social cognition; development; intentional stance

INTRODUCTION

Adolescence is a time characterised by marked behav-
ioural, hormonai and physical changes (Feldman and
Elliotr, 1990; Coleman and Hendry, 1999). Adolescents
develop a capacity to hold in mind more multidimensional
concepts and are thus able to think in a more strategic
manner (Peterson, 1988). In addition to improvements
in such ‘executive functions’ (Anderson et al, 2001),
during adolescence there seems to be a qualitative shift
in the nature of social thinking such that adolescents
are more self-aware and self-reflective (Elkind, 1967;
Steinherg, 2005). In this study, we investigated the develop-
ment of the neural circuitry underlying the ability to predict
the actions that result from self-related intentions during
adolescence.

Recent structural MRI studies have demonstrated that
the brain undergoes considerable development during
adolescence. In particular, the prefrontal cortex (PFC)
undergoes the most pronounced course of structural
development, while development of superior temporal
cortex, including the superior temporal sulcus (STS), is
most protracted (Sowell ef al, 2003; Gogtay et al,, 2004;
Toga et al, 2006). These MRI studies demonstrate that
Received 12 March 2007; Accepted 23 March 2007
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in PFC, there is an increase in grey matter up to the onset of
puberty and a subsequent rapid decrease in grey
matter density from just after puberty and throughout
adolescence, continuing into early adulthood. While grey
matter development in the PFC follows a sharp inverted
U-curve, pgrey matter in the superior temporal
cortex/STS steadily declines during adolescence and
well into adulthood, reaching maturity relatively late
(Gogtay et al, 2004; Toga et al, 2006). At the same time,
there is an increase in cortical white matter density from
puberty, throughout adolescence and into adulthood (Giedd
et al, 1996; 1999; Reiss et al, 1996; Sowell et al, 2001;
Barnea-Goraly et al, 2005). Results of earlier post-mortem
investigations of human brain development suggest that the
cortical changes detected using MRI, especially in PEC,
mainly reflect two cellular processes occurring during
adolescence: (i) synaptogenesis, which is foliowed by
synaptic pruning, and (i) axonal myelination {Yakovlev
and Lecours, 1967; Huttenlocher, 1979; Huttenlocher et al.,
1983}, it has been hypothesised that these maturational
processes fine-tune neural circuitry in the PFC and other
cortical regions, and thus increase efficiency of the cognitive
systemns they subserve (see Blakemore and Choudhury, 2006a
for review)

Based on the finding that PFC and superior temporal
cortex/STS  underge  structural development during
adolescence, it was hypothesised that the functioning
within these regions would also show developmental
change during this time period. Many high-level cognitive

This is on Open Access orticle distributed under the terms of the Creative Commons Attribution Non-Commercial License (hatp:/ [creativecornmons.orglicenses{by-nc/2.0fuk/} which permits unrest-
ricted non-commerciai use, distribution, and reproduction in any medium, provided the eriginol work is properly cited.
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ARTICLE 1I1NFO ABSTRACT

Article kistory: Social cognition is the collection of cognitive processes required to understand and interact with oth-
Received 23 Aprit 2010 ers. The term ‘social brain® refers to the network of brain regions that underlies these processes. Recent
Received in revised form 1 October 2010 evidence suggests that a number of social cognitive functions continue to develop during adolescence.

Accepted 20 October 2019 resulting in age differences in tasks that assess cognitive domains inciuding face processing, mental state

inference and responding to peer influence and social evaluation. Concurrently, functional and séruc-
ig‘;‘;ﬁi’f{;ce tural magnetic resonance imaging (MRI} studies show differences between adolescent and adult groups
MRl within parts of the social brain. Understanding the relationship between these neural and behavioure_al
Social brain observations is a challenge. This review discusses current research findings on adolescent social cogni-
Development tive development and its functional MRI correlates, then integrates and interprets these findings in the
Mentalising context of hypothesised developmental neurocognitive and neurophysiological mechanisms.
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- L i 1. Introduction
Abbreviations: ACC, anterior cingufate cortex: ATC, anterior temposal cortex;

BOLD, blood oxygenation level-dependent; DLPFC, dorsolateral prefrontal cortex;

EA. fractionat anisotropy; FFA, fusiform face area; fMRI, functional magnetic reso- Humans are an intensely social species. Humans show a reper-
nance imaging; MPEC, medial prefrontal cortex; MRS, magnetic resonance imaging; toire of social abilities - from rapidly and automatically detecting
MTR, magnetisation-transfer ratio; OFA, occipital face area; OFC, orbitofrontal cor- the presence of another human in our environment, to making

tex; PE—C,'prefronraE c.orrex; pS?S, posterior supenortemporalsulcus;RP]. rgmstapce inferences about their emotions, beliefs and enduring charac-
to peer influence; STS, superior temporal sulcus; TP), ternporo-parietal junction;

VMPFC. ventromedial prefrontal cortex. ter traits, and finaily using this knowledge to guide interactions
* Corresponding author, Tel,; +44 2076795434, (Frith and Frith, 2008, 2010). The last two decades have seen sig-
E-mail address: burstephanie@gmail.com (5. Burnett). nificant progress in understanding the neural underpinnings of
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Abstract

Despite significant gains in the fields of pediatric neuroimaging and developmental
neurobiology. surprisingly little {s known about the developing human brain or the neural
bases of cognitive development. This paper addresses MRI1 studies of structural and
functional changes in the developing human brain and their relation to changes in cognitive
processes over the first few decades of human life. Based on post-mortem and pediatric
neuroimaging studies published to date, the prefrontal cortex appears to be one of the last
brain regions to mature, Given the prolonged physiological development and organization of
the prefrontal cortex during childhood, tasks believed to involve this region are ideal for
mvestigating the neural bases of cognitive development. A number of normative pediatric
fMRT1 studies examining prefrontal cortical activity in children during memory and attention
tasks are reported. These studies, while largely limited to the domain of prefrontal function-
ing and its develepment, iend support for continued development of attention and memory
both behaviorally and physiologically throughout childhood and adolescence. Specifically,
the magnitude of activity observed in these studies was greater and more diffuse in children
relative fo adults. These findings are consistent with the view thar increasing cognitive
capuacity during childhood may coincide with a gradual loss rather than formation of new
synapses and presumably a strengthening of remaining synaptic connections. It is clear that
imnovative methods like fMRI together with MRI-based morphometry and nonhuman
primate studies will transform our current understanding of human brain development and
its relation to behavioral development. © 2000 Elsevier Science B.V. All rights reserved,

Kezwords: Brain development: Neuroimaging: Prefrontal functioning: Magnetic resonance imaging
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Peers increase adolescent risk taking by enhancing activity

in the brain’s reward circuitry

Jason Chein, Dustin Albert, Lia O’Brien, Kaitlyn Uckert and Laurence

Steinberg

Depariment of Psychology, Temple Universiry, US4

Abstract

The presence of peers increases risk taking among adolescents but not adults. We posited that the presence of peers may promote
adolescent risk tuking by sensitizing brain regions associated with the anticipation of potential rewards. Using MR, we
measured brain activity in adolescents, young adults, and adults as they made decisions in a simulated driving task. Participanis
completed one task block while alone, and one block while their performance was observed by peers in an adjacenr room. During
peer observation blocks, adolescents selectively demonsiraied greater activation in reward-related brain regions, including the
ventral striatum and orbitofronial cortex, and activity in these regions predicted subsequent risk taking Brain areas associgted
with cognitive control were less strongly reeruited by adolescents than adults, bur activity in the cognitive controf system did not
vary with social context. Reswlls suggest that the presence of peers increases adelescent risk taking by heightening sensitivity to

the potential reward value of risky decisions.

Introduction

Teenagers are known o engage in more risky behavior
than children or adults: adolescents are more likely than
older or younger individuals to binge drink, smoke cig-
arettes, have casual sex partners, engage in violent and
other criminal behavior, and to be invelved in fatal or
serious automobile crashes, the majority of which are
caused by risky driving or driving under the influence of
aicohol {Steinberg, 2008). Many experts agree that these
preventable behaviors present the greatest threat to the
well-being of young people in industrialized societies.
Significantly, adolescent risk taking differs from that
ol adults in its social context as well as its incidence. One
of the halimarks of adolescent risk taking is that it is
much more likely than that of adults to occur in the
presence of peers, as evidenced in studies of reckless
driving (Stmons-Morton, Lerner & Singer, 2005), sub-
stance abuse (Chassin, Hussong & Beltran, 2009), and
crime (Zimring, 1998). Relatively greater adolescent risk
taking in the presence of peers could be explained simply
by the fact that adolescents spend more time with friends
than do adults. However, recent experimental evidence
(Gardner & Steinberg, 2005; O'Brien, Albert, Chein &
Steinberg, in press) indicates that adolescents’ decisions
are directly influenced by the mere presence of peers.
Gardner and Steinberg (2005), for instance, examined
risk taking in adolescents, college undergraduates, and

adults who were randomly assigned to engage in a sim-
ulated driving task alone or in the presence of two
friends. They found that adolescents (and undergradu-
ates to a lesser extent), but not adults, took a substan-
tially greater number of risks when observed by peers,

Many research groups (Casey, Getz & Galvan, 2008;
Luna, Padmanabhan & O'Hearn, 2010; Somervilic,
Jones & Casey, 2010; Steinberg, 2008; Van Leijenhorst,
Moor, de Macks, Rombouts, Westenberg & Croene,
2010a; see also Ernst, Pine & Hardin, 2006) have posited
that adolescents’ relatively greater propensity toward
risky behavior reflects the jeint contribution of two brain
systems that affect decision-making: (1) an incentive
processing system involving the ventral striatum (VS;
including the nucleus accumbens, NAcc) and the
orbitofrontal cortex (OFC), among other regions, which
biases decision-making based on the valuation and pre-
diction of potential rewards and punishments; and (ii) a
cognitive control system, including the lateral prefrontal
cortex (LPFC), which supports goal-directed decision-
making by keeping impulses in check and by providing
the mental machinery needed for deliberation regarding
alternative choices.

Neuroimaging studies conducted in both adult and
adolescent populations show that these systems con-
tribute to decision-making in an interactive fashion, with
impulsive or risky choices often coinciding with the
increased engagement of incentive processing regions

Address for correspondence: Jason M. Chein, Temple University, Department of Psychology, 6th FI. Weiss Hall, 1701 N. 13th Street, Philadelphia, PA
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Amygdalo-Cortical Sprouting Continues
Into Early Adulthood: Implications for
the Development of Normal and
Abnormal Function During Adolescence

MILES GREGORY CUNNINGHAM, SUJOY BHATTACHARYYA, anp
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Laboratory of Structural Neuroscience, McLean Hospital; Program in Neuroscience and
Department of Psychiatry, Harvard Medical School, Boston, Massachusetts 02478

ABSTRACT

Adolescence is a critical stage for the development of emotional maturity and diverse
forms of psychopathology. The posterior basclateral nucleus of the amygdala is known to
mediate fear and anxiety and is important in assigning emotional valence to cognitive
processes. The medial prefrontal cortex, a homologue of the human anterior cingulate cortex,
mediates emotional, attentional, and motivational behaviors at the cortical level. We postu-
late that the development of connectivity between these two corticolimbic regions contributes
to an enhanced integration of emotion and cognition during the postnatal period. In order to
characterize the development of this relay, injections of the anterograde tracer biocytin were
stereotaxically placed within the posterior basolateral nucleus of the amygdala of rats at
successive postnatal time points (postnatal days 6-120). Labeled fibers in the medial pre-
frontal cortex were evaluated using a combination of brightfield, confocal, and electron
microscopy. We found that the density of labeled fibers originating from the posterior
basolateral nucleus shows a sharp curvilinear increase within layers IT and V of the anterior
cingulate cortex and the infralimbic subdivisions of medial prefrontal cortex during the late
postweanling period. This increase was paralleled by a linear rise in the number of axospi-
nous and axodendritic synapses present in the neuropil. Based on these results, we propose
that late maturation of amygdalo-cortical connectivity may provide an anatomical basis for
the development and integration of normal and possibly abnormal emotional behavior during
adolescence and early adulthood. J. Comp. Neurol. 453:116-130, 2002.
© 2002 Wiley-Liss, Enc.

Indexing terms: medial prefrontal cortex; basolateral nucleus; postnatal; biocytin;anterograde
tracing

The most rapid biopsychosocial growth occurs during
adolescence, a period of social adaptation, emotional tur-
moil, impulsivity, and stress (Spear, 2000), This period is
also associated with the appearance of diverse psycho-
pathologic states, including psychosis, depression, sub-
stance abuse, violence, and suicide (Besseghini, 1997,
Safer, 1997; Beasley and Beardslee, 1998; Kools, 1998;
Albright, 1999; Kaminer, 1999; Pratt and Greydanus,
2000). Although changes within the brain during adoles-
cence may establish the foundation for the maturation of
normal, adaptive behaviors, they may also serve as “trig-
gers” for the onset of abnormal forms of behavior (Hutten-
locher, 1984; Benes, 1995, 1997), Historically, theorists
have emphasized the importance of adolescence in the

© 2002 WILEY-LISS, INC.

emergence of adult personality features {(Ewen, 1980), al-
though the substrates for such changes have only recently
begun to be explored. This research is now benefiting from
a paradigmatic shift toward viewing postnatal brain de-
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Neurodevelopmental changes in the circuits underlying empathy
and sympathy from childhood to adulthood

Jean Decety and Kalina ). Michalska
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University of Chicage, USA

Abstract

Empaihy and sympathy play crucial roles in much of human social imeraction and are necessary components for healthy
coexistence. Sympethy is thought to be a proxy for motivating prosocial behavior and providing the affective and motivational
base for moral development. The purpose of the present study s 1o use functional MR to characterize developmental chunges
in brain activation in the newral circuits wnderpinning empathy and sympathy. Fifty-seven individuals, whose age ranged from 7 to
40 years old, were presented with short animated visual stimuli depicting painful and non-painfidd situations. These situations
imvolved either a person whose pain was accidentally caused or a person whose pain was imtentionally inflicted by another
individual to elicit empathic { feeling as the other ) or sympathetic (feeling concern for the other } emotions, respectively. Results
demonstrate monctonic age-related changes in the amygdala, supplementary motor area, and posterior insula when participants
were exposed te painful situations that were accidentally caused. When participants observed painful situations intenrionally
inflicted by another individual, age-relared changes were detected in the dorsolateral prefrontal and ventromedial prefromial
cortex, with a gradual shift in that latter region from its medial 10 its lateral portion. This pattern of uctivation reflects a change
fram a visceral emational response critical for the analysis of the affective significanee of stimuli to a more evaluazive function.
Further, these data provide evidence for partially distinet neural mechanisms subserving empathy and sympathy, and demonstrate

the usefulness of a developmental neurobiological approach to the new emerging area of moral neuroscience.

Introduction

The ability to perceive, appreciate and respond to the
affective states of another, and predict the subsequent
events that will result, is an important and valuable
interpersonal phenomenon (Decety & Batson, 2007).
Among the psychological processes that are the basis for
nost of social perception and interaction, empathy and
sympathy play key roles. Empathy is one of the higher-
order emotions that typically emerge as the child comes
to a greater awareness of the experience of others, during
the second and third vears of life, and that arises in
the context of someone else’s emotional experience
(Robinson, 2008). Here, we distinguish between empathy
(the ability to appreciate the emotions and feelings of
others with a minimal distinction between sell and other)
and sympathy (feelings of concern about the welflare of
others). While empathy and sympathy are often con-
flated, the two can be dissociated, and although sym-
pathy may stem from the apprehension of another’s
emotional state, it does not have to be congruent with the
affective state of the other.

Empathy and sympathy are thought to play a central
role in moral development and prosocial behavior

(Smetana & Killen, 2008). Individuals who experience
another’s emotion and feel concern for them are
expected to be motivated to help and not hurt other
peopie (Eisenberg & Eggum, 2009; Zahn-Waxler &
Radke-Yarrow, 1990}, Sympathy is viewed by develop-
mental psychelogists as contributing to the development
and elicitation of higher levels of moral reasoning
{Eisenberg, 1986; Grusec, Davidov & Lundell, 2004:
Hoffman, 2000; Knafo, Zahn-Waxler, Van Hulle, Rob-
inson & Rhee, 2008).

The complex construct of empathy can be decomposed
in a modei that includes bottom-up processing of affec-
tive sharing and top-down processing in which the per-
cejver’s motivation, inientions, and self-regulation
influence the extent of an empathic experience (Decety,
2007; Decety & Jackson, 2004; Decety & Meyer, 2008,
Eisenberg & Eggum, 2009; Hodges & Wegner, §997).
Recent cognitive neuroscience empirical research with
adult participants indicates that the affective, cognilive,
and regulatory aspects of empathy involve interacting,
yet partially non-overlapping neural circuits {Lamin,
Batson & Decety, 2007a; Lamm, Nusbaum, MeltzofT &
Decety, 2007b; Lamm, Meltzo(T & Decety, 2009). There
is, to our knowledge, no study that has explored the

Address for correspondence: Jean Decety, Center for Cognitive and Social Nevroscience. Department of Psychology and Psychiatry, University of
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Abstract
Empathy, which implies a shared interpersonal experience,
is implicated in many aspects of social cognition, notably
prosocial behavior, morality and the regulation of aggres-
sion. The purpose of this paper is to critically examine the
current knowledge in developmental and affective neuro-
science with an emphasis on the perception of pain in oth-
ers. It will be argued that human empathy involves several
components: affective arousal, emotion understanding and
emotion regulation, each with different developmental tra-
jectories. These components are implemented by a complex
network of distributed, often recursively connected, inter-
acting neural regions including the superior temporal sul-
cus, insula, medial and orbitofrontal cortices, amygdala and
anterior cingulate cortex, as well as autonomicand neuroen-
docrine processes implicated in social behaviors and emo-
tional states. Decomposing the construct of empathy into
subcomponents that operate in conjunction in the healthy
brain and examining their developmental trajectory pro-
vides added value to our cutrent approaches to understand-
inghuman development. It can also benefit our understand-
ing of both typical and atypical development.

Copyright @ 2010 5. Karger AG, Basel

Introduction

Among the psychological processes that are the basis
for much of social perception and smooth social interac-
tion, empathy plays a key role. Empathy-related respond-
ing,including caring and sympathetic concern, is thought
to motivate prosocial behavior, inhibit aggression and
pave the way to moral reasoning [Eisenberg and Eggum,
2009]. On the other hand, children suffering from certain
developmental disorders such as conduct disorder and
disruptive behavior disorders are considered to have little
empathy and concern for the feelings and wellbeing of
others, as well as a lack of remorse and guilt, all of which
are regarded as risk factors in developing hostile, aggres-
sive or even violent behavior [de Wied et al., 2006},

This paper critically examines our current knowledge
about the development of the mechanisms that support
the experience of empathy and associated behavioral re-
sponses such as sympathy in the human brain. I begin by
clarifying some definitional issues of empathy and asso-
ciated phenomena. Next I address the neurodevelopment
of empathy in relation to a model that distinguishes (a)
bottom-up processing of affective communication, (b)
emotion understanding, (c) top-down reappraisal pro-
cessing in which the perceiver’s motivation, intentions
and attitudes moderate the extent of an empathic experi-
ence, and (d) an awareness of a self-other differentiation.
I argue that studying subcomponents of more complex
sociopsychological constructs like empathy can be par-
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Fax +41 61 30612 34
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Development of brain structural connectivity between ages 12 and 30: A 4-Tesla
diffusion imaging study in 439 adolescents and aduits
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ARTICLE INFO ABSTRACT

Understanding how the brain matures in heatthy individuals is criticat for evatuating deviations from parmal
development in psychiatric and neurodevelopmental disorders. The brain's anatomical networks are pro-
foundiy re-modeled between childhood and adulthood, and diffusion tractography offers unprecedented
power to reconstruct these networks and neural pathways in vivo. Here we tracked changes in structural con-
nectivity and netwaork efficiency in 439 right-handed individuals aged 12 to 30 {211 female/126 male adults,
mean age = 23.6, SD=2,19; 31 female/24 male 12 year olds, mean age = 12.3, SD = 0.18; and 25 female/22
male 16 year olds, mean age =16.2, SD=10.37). All participants were scanned with high angular resolution
diffusion imaging (HARD!) at 4 T, After we performed whole brair tractography, 70 cortical gyral-based
regions of interest were extracted from each participant's co-registered anatemical scans. The proportion
of fiber connections between alt pairs of cortical regions, or nodes, was found to create symmetiic fiber den-
sity matrices, reflecting the structural brain network. From those 70 x 70 matrices we computed graph theory
metrics characterizing structural connectivity. Several key global and nodal metrics changed across develop-
ment. shewing increased nerwork integration, with some connections pruned and others strengthened. The
increases and decreases in fiber density, however, were not distributed proportionally across the brain. The
frontal cortex had a disproportionate number of decreases in fiber density while the temporal cortex had a
disproportionate number of increases in fiber density. This large-scale analysis of the developing structurat
connectome offers a foundation to develop statistical criteria for aberrant brain connectivity as the human
brain matures,

Article history:
Accepted 3 September 2012
Avaitable oniine 14 September 2012

Keywaords:

HARDI

Structural connectivity
Graph theory
Deveiopment

© 2012 Elsevier Inc. All rights reserved.

employed resting-state fMRI data to estimate the “deveiopmental
ages” or relative maturity of participants, finding that chronological
age accounts for over half of the variance in functional brain connectiv-

Introduction

The human brain changes profoundly, both functionally and struc-

turally, between childhood and adulthood (Dosenbach et al., 2010;
Gogtay et al., 2004; Lenroot et al,, 2007; Shaw et al., 2008: Sowell et
al, 2003). Following the massive growth in the number of synapses
after birth, anatemical studies show a decline in synaptic density, as
short-range connections are pruned in favor of long-range ones
{(Huttenlocher, 1979, 1990}, Studies of structural connectivity using
diffusion imaging show that the fractional anisotropy of water along
white matter tracts - an index of myelination and axonal coherence -
increases in childhood, plateaus in adulthood, and declines in old age
{Kochunov et al. 2010). Studies of functional connectivity have

* Corresponding author at: Laboratory of Neuro Imaging, Department of Neurology,
UCLA Schoel of Medicine, 635 Charles Young Drive South, Suite 225. Los Angeles, CA
90095-7334, USA, Fax: +1 310 206 5518,

£-majl address: thompson@loniuclaedu (P.M. Thompson),

1053-8119/% - see front matrer © 2012 Elsevier Inc. All rights teserved.
http:/dx.dni.org/10.1016/).neuroimage.2012,09.004

ity in developmental samples (Dosenbach et ai, 2010), Defining the
developmental trajectory for various measures of brain structure and
function is critical for understanding the general principles of neural
network development. Determining the normal developmentat
trajectory will also help to identify deviations in structural circuitry im-
plicated in neuropsychiatric disorders such as autism or schizophrenia
{Scott-Van Zeeland et al., 2010).

Graph theory is a branch of mathematics developed o describe and
analyze networks, offering a variety of metrics that have become
poputar for characterizing networks in the brain, By modeling the
brain as a collection of nodes (hubs) and edges (connections between
them), graph theory quantifies network topology through a number
of standard parameters (Sporns et al, 2004}. One of these is path
length, a measure of the distance, in edges, between cne brain region
(node) and another (Rubinov and Sporns, 2010}, Global efficiency is



Developmental Science 13:6 (2010}, pp F15-F24

12

FAST-TRACK ARTICLE

Development of relational reasoning during adolescence
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Abstract

Non-finear changes in behaviour and in brain activity during adolescent development have been reported in a variety of cognitive
tasks. These developmental changes are often interpreted as being a consequence of changes in brain striucture, including non-
limear changes in grey matter voltunes, which occur during adolescence. However, very few studies have aitempted 1o combine
behaviowal, functional and structural data. This multi-method approach is the one we took in the current study, which was
designed to investigate developmentad changes in behaviour and brain activity during relational veasoning, the simultaneous
integration of multiple relations. We used a relational reasoning task knovn to recruit rostrolateral prefrontal cortex { RLPFC).
a region that undergoes substantial structural changes during adolescence. The task was administered 1o female participants in a
behavioural (N = 178, 7-27 years) and an fMRI study (N = 37, 11-30 years). Non-linear changes in acenracy were observed.
with poorer performance during mid-adolescence. fMRI and VBM resudts revealed a complex picture of lmear and possibly non-
linear changes with age. Performance and structural changes partly accounted for changes with age in RLPFC and medial
superior fiontal gyrus activity but not for g decrease in gctivation in the anterior insula/frontal operculum between mid-

DO1: 10.1111/3.1467-7687.2010.010 14 .x

adelescence and adulthood. These functional changes might instead reflect the maruration of newrocognitive strategies.

Introduction

Previous studies have reported non-linear developmental
changes in performance on cognitive tasks, including
face processing and match-to-sample tasks, during ado-
lescence (e.g. Carey, Diamond & Woods, 1980; Diamond,
Carey & Back, 1983; McGivern, Andersen, Byrd, Mutter
& Reilly, 2002). Typically, a dip in performance is
observed around the start of puberty (age 11-12 years
old) and its timing can differ between genders (McGivern
et al., 2002), Non-linear developmental changes in brain
structure, in particular grey matter volumes (Giedd,
Blumenthal, Jeffries, Castellanos, Zijdenbos, Paus, Evans
& Rapoport, 1999; Shaw, Kabani, Lerch, Eckstrand,
Lenroot, Gogtay, Greenstein, Clasen, Evans, Rapoport
& Giedd, 2008), and in brain function during face pro-
cessing and po-nogo tasks (Hare, Tottenham, Galvan,
Voss, Glover & Casey, 2008; Uhlhaas, Roux, Singer,
Haenschel, Sireteanu & Rodriguez, 2009) have also been
reporied. Behavioural and functional changes are often
interpreted as being a consequence of the structural
changes (Horskd, Kaufmann, Brant, Naidu, Harris &
Barker, 2002; Lewis, 1997, Tseng & O’Donnell, 2005,

2007; see Spear, 2000, for review). However, very few
studies to date have attempted to combine behavioural.
functional and structural data to better understand non-
linear developmental changes. This multi-method
approach is the one we took in the current study. We [irst
carried oul a large-scale behavioural study to evaluate
development in performance on a specific cognitive
control task, and then a functional magnetic resonance
imaging (FMRI} study to investigate the relationship
between functional and structural neural changes with
age in this task.

The rostrolateral prefrontal coriex (RLPFC), caorre-
sponding to the lateral portion of Brodmann area 10
{BA10}, undergoes substantial structural changes during
adolescence {see Dumontheil, Burgess & Blakemore,
2008, for review). RLPFC is involved in the elaboration,
evaluation and maintenance of abstract rules and
information (Burgess, Dumontheil & Gilbert, 2007,
ChristofT & Gabrieli, 2000; Christofl, Keramatian,
Gordon, Smith & Midler, 2009; Koechlin, Ody &
Kouneiher, 2003; Ramnani & Owen, 2004) and has been
particutarly implicated in relational reasoning (ChristofT.
Prabhakaran, Dorfman, Zhao, Kroger, Holyoak &
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The income-achievement gap is a formidabie societal problem, but
little is known about either neurocognitive or biological mecha-
nisms that might account for income-refated deficits in academic
achievement. We show that childhood poverty is inversely related
to working memory in young adults. Furthermore, this prospective
relationship is mediated by elevated chronic stress during child-
hood. Chronic stress is measured by allostatic load, a biological
marker of cumutative wear and tear on the body that is caused by
the mobilization of muttiple physiological systems in response to
chronic environmental demands.

large, robust literature demonstrates a pervasive income-

achievement gap. Family income is a strong and consistent
predictor of multiple indices of achievement, including standard-
ized test scores, grades in scheool, and educational attainment.
Family income matters to children’s cognitive development
(1-3), with more enduring economic hardship particularly harm-
ful (4, 5). The income-achievernent pap is already present by
kindergarten and accelerates over time (6, 7). The longer the
duration of childhood exposure to poverty, the worse achicve-
ment levels become. Achievement test scores and school per-
formance, however, do not inform us about what neurocognitive
processes are influenced by childhood poverty. Furthermore, the
voluminous income-achievement gap literature is silent on
underlying biological explanations.

Here, we test 2 hypotheses. One is that childhood poverty will
interfere with working memory in young adults, Working mem-
ory is the temporary storage mechanism that enables us to hold
a small amount of information active over a short interval and
to manipulate it. Working memory is essential to language
comprehension, reading, and problem solving, and it is a critical
prerequisite for long-term storage of information. The second
hypothesis we test is that the prospective relationship between
childhood poverty and aduilt working memory will be mediated
by chronic stress exposure, (i.e., poverty — chronic stress —
working memory). Farah and colleagues (8) found significant
deficits in working memory betiween low- and middle-
socioeconomic status (SES) kindergarten children and, in a
second sample, between low- and middle-SES 11-year-olds (9).
In a third study of first-graders, SES was a significant predictor
of working memory (10). An important, missing component of
this groundbreaking work is the underlying biological mecha-
nisms to account for the SES—neurocognitive link.

Both animal and human studies reveal that working memory
resides in the prefrontal cortex, although it is clearly infiuenced
by hippocampal, and possibly amygdala, interactions with the
prefrontal cortex as well (11-14). The human hippocampus and
prefrontal cortex are each disrupted by chronic physiological
stress (14-17). Chronically elevated physiological stress is a
plausible model for how poverty could get into the brain and
eventually interfere with achievement.

We measure chronic physiological stress by using allostatic
load. Allostatic load is an index of cumulative wear and tear on
the body caused by repeated mobilizations of multiple physio-
logical systems over time in response to environmental demands
(16, 18-24). Allostasis is a dynamic and interactive set of
multipie physiological systems of bodily equilibrium mainte-

www.pnas.crg/cgi/doi/10.1073/pnas.0811310106

nance, According fo allostasis theory, the body continuously
adjusts its normal operating range in responsc to external
requirements. These dynamic adjustments reflect downward
regulation {0 maintain the organism’s internal stability. but at
levels more congruent with environmental conditions. The
active, ongoing maintenance of internal equilibrium increases
allostatic load, which reflects chronic wear and tear caused by
the mobilization of resources to meet changing environmental
exigencies, Overexposure to a combination of multiple, activated
bodily response systems (¢.g., neuronal, endocrine, cardiovascu-
lar) alters the ability of the body to respond efficiently to
environmental demands. Longer, more frequent exposure 1o
environmental stressors accelerates bodily wear and tear.
Chronic and more intensive environmental stressors cause the
body to mobilize multiple physiological systems to mect those
demands, but at higher levels of activity. Conversely, when
environmental demands are low, individuals who have had a
higher allostatic load burden will be less efficient in turning off
the multiple physiological resources marshaled to deal with
chronic demands,

Interest in allostasis has risen primarily for 2 reasons. First,
whereas singular physiological markers of adaptation to envi-
ronmental demands (e.g., blood pressure) are modestly finked to
various discase endpoints (e.g., coronary heart diseasc), the
combined effect of singular physiological changes across multi-
ple biological systems captured by allostatic load is substantialy
more predictive of disease outcomes (18-24). Second, in addi-
tion to contributing to physical morbidity, chronically elcvated
allostatic load also influences neurological processes. particu-
larly in the hippocampus and prefrontal cortex, that are capabie
of disrupting cognitive functioning. These neurofogica! pro-
cesses include altered neurotransmilter activity (e.g., dopamine,
norepinephrine, glutamate), suppression of neurogenesis as well
as glevated neurotoxicity, alterations in receptor binding sites
(e.g., mineral corticoid, glucocorticoid), and morphological
changes, such as dendritic remodeling and smaller hippocampal
and prefrontal cortex velumes (14-17). Thus, chronically ele-
vated allostatic load could lead to disturbances in working
memory in human beings. To date, however, this has not been
tested.

Thus, in this paper we bring together 2 scparate research
literatures, neurocognition and physiological stress, to address a
major socictal problem, namely, the income-achievement gap.
Numerous investigators employing a wide array of study designs
have uncovered consistent evidence of an income-achievement
gap. Missing in this voluminous literature is evidence of under-
lying neurocognitive and biological mechanisms. We hypothe-
size that a plausible contributor to the income—achievement gap
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ARTICLE INFO ABSTRACT

Growing up in poverty is associated with reduced cognitive achievernent as measured by
standardized intelligence tests, but little is known about the underlying neurocognitive
systems responsible for this effect. We administered a battery of tasks designed to tax-
specific neurocognitive systems to healthy low and middie SES children screened for
medical history and matched for age, gender and ethnicity. Higher SES was associated with
better performance on the tasks, as expected, but the SES disparity was significantly
nonuniform across neurocognitive systems. Pronounced differences were found in Left
perisylvian/Language and Medial temporal/Memory systems, along with significant
differences in Lateral/Prefrontal/Working memeory and Anterior cingulate/Cognitive
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Memory control and smaller, nonsignificant differences in Occipitotemporal/Pattern vision and
Environment Parietal/Spatial cognition.

© 2006 Elsevier BV. All rights reserved.
1. Introduction concerning future life trajectory. However, they do not

correspond in any straightforward way to the current scien-

Beginning as early as preschool and persisting throughout
childhood and beyond, individuals of low socioeconomic
status (SES) perform below their middle class counterparts
on tests of intelligence and schocl achievement (e.g., Bradley
and Corwyn, 2002). Measured in standard deviation, SES
gradients for cognitive achievement are even steeper than
those for physical health (Duncan et ai., 1998} and are likely to
play a role in the persistence of poverty across generations.
Little is known about the underiying mental systems that
mediate the SES disparities in cognitive performance. IQ tests
and school achievement are valuable in that they have well-
understood psychometric properties and predictive power

tific “parse” of cognitive function into underlying components.
In the present investigation, we attempt to characterize the
cognitive outcomes of childhood poverty in terms of the
framework of cognitive neuroscience.

How and why might a sociological construct, SES, be
associated with brain function? The answer lies in the nature
of SES itself. Although SES is generally estimated by measur-
ing parental education and occupational status, it encom-
passes far more than these simple indices, including
associated differences in physical and mental health {Adler
et al., 1994} and in physical and psychosocial aspects of the
environment {Evans, 2004). Important psychosocial factors

* Corresponding author. Center for Cognitive Neuroscience, 3720 Walnut St., Philadelphia, PA 19104, USA. Fax: +1 215 898 1982,

E-mail address: mfarah@psych.upenn.edu (MJ. Farah).
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Affective and Deliberative Processes in Risky Choice:
Age Differences in Risk Taking in the Columbia Card Task

Bernd Figner

Calumbiz Universily

Rachael J. Mackinlay and Friedrich Wilkening

University of Zurich

Elke U. Weber

Columbia University

The authors investigated risk taking and waderlying information use in 13- to 16- and [7- w0 {9-year-old
adolescerts and in adulls in 4 experiments, using a novel dynamic risk-1aking task, the Columbia Card
Task {€CCT). The authors investigated risk taking under differential involvement of affective versus
deliberative processes with 2 versions of the CCT, constituting the most direct test of a dual-systern
cxplanation of adolescent risk taking in (he literawre so far. The “het” CCT was designed 1o trigger more
alfective decision making, whereas the “cold” CCT was designed (o trigger more deliberative decision
making. Differential involvement of affective versus deliberative processes in the 2 CCT versions was
established by self-reports and assessment of clecrodermal actvity. Increased adolescent risk taking,
coupled with simplified information use, was found in the hot but not the coid condition. Need-for-
arousal predicted risk taking only in the hot condition, whercas exceutive funclions predicted information
use in the cold condition. Resulis are consistent with recent dual-systent cxplanations of risk taking as
the result of competition between affective processes and deliberative cognitive-eentrol processes, with
adolescents’ affective system tending to override the deliberative sysiem in states of heigiiencd
emotional arousal.

Keywords: visk taking, adolescence, affeciive and deliberative decision making, dual system, cognilive
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Supplemental materiads: hupiidx.doi.org/10.1037/a0014983 supp

Everyday risk taking shows a typical developmental trajectory.
Comparalively low during childhood, risk taking increases when
individuals reach puberty, peaks in adolescence and early aduit-
hood, and decreases again during adulthood. This age pattern has
been documented in different risk-1aking behaviors, such as the use
of hicit and illicit substances, dangerous behavior in traffic, unsafe
sexual practices. delinquent behaviors, and risky recreational
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sports (Boyer, 2006; Cascy, Getz, & Galvan, 2008; Revina &
Farley, 2006; Rivers, Reyna, & Milis, 2008; Sweinberg. 2008).
Although for many adolescents increased risk taking 15 & transicnt
phenomenon, it can have a negative impact on adull lile. For
example, adolescent alcohol. nicotine, or drug use is a powerful
predictor for later substance use and other behavioral problems
{c.g.. Ellickson. ID’Amice, Collins, & Klein, 2005; Granl et al.,
2006). 1t is therefore imponant 1o explore the causcs and mecha-
nisms of risk taking in adoiescents. which are curremty not well
understood.

Psychological research has investigaled risk taking with dilier-
ent methods. Most common have been risky decision-miaking tasks
in the laboratory and sclirepon questionnaires of everyday risk-
laking behaviors. Resudls from studics using these methods have
sometimes observed the typical age (and gender') patterns, but
other times not (Boyer, 2006: Reyna & Farley, 2006). Shedding
some light on this inconsistency, Byrnes, Miller, and Schafer
(1999) found that the kind of measure used 10 assess risk waking

"'When gender differences are observed, male adoleseents wpically ke
even greater risks than de female adolescents te.g. Flander. West. &
French, 1993; Gullone, Moore, Muoss, & Bovd, 2000; Turner & McClure.
2003; Wilson & Daly. 1985). However, this patiem is nol consistent across
domains, and gender differences have been reported o have grown smaller
aver the 1ast decades (Byrnes el al., 1999).



i ﬁ Cerebral Cortex, 2018; 1-12

doi: 10.1093/cercor/bhy266
Originai Article

ORIGINAL ARTICLE
Continuity and Discontinuity in Human Cortical

Development and Change From Embryonic Stages to

Old Age

Anders M. Fjell ® 12, Chi-Hua Chen3, Donatas Sederevicius?,

Markus H. Sneve @ !, Hakon Grydeland ® *, Stine K. Krogsrud?,

Inge Amlien?, Lia Ferschmann?, Hedda Ness?!, Line Folvik?!, Dani Beck?,
Athanasia M. Mowinckel?, Christian K. Tamnes!, René Westerhausen?,
Asta K. Haberg*>, Anders M. Dale®® and Kristine B. Walhovd?:2

‘Department of Psychology, Center for Lifespan Changes in Brain and Cognition, University of Osle, 0317 Oslo,
Norway, “Department of Radiology and Nuclear Medicine, Oslo University Hospital, 0372 Oslo, Norway,
*Department of Radiology, University of California, San Diego, La Jolla, CA 92093, USA, *Department of Medical
Imaging, St. Olav's Hospital, 7491 Trondheim, Norway, *Department of Neuroscience, Norweglan University of
Science and Technology (NTNU), N-7491 Trondheim, Norway and “Department of Neurosciences, University of
California, San Diego, La Jolla, CA 92093, USA

Address correspondence to Anders M. Fjell, Department of Psychalogy, Center for Lifespan Changes in Brain and Cognition, University of Oslo, Pb. 1094
Blindern, 0317 Oslo, Norway. Email: andersmf@psykologi.uio.no @ orcid.crg/0000-0003-2502-8774

Tl

Abstract

The human cerepral cortex is highly regionalized, and this feature emerges from morphometric gradients in the cerebral
vesicles during embryonic developrment. We tested if this principle of regionalization could be traced from the embryanic
development to the human life span. Data-driven fuzzy clustering was used to identify regions of coordinated longitudinal
development of cortical surface area {SA) and thickness (CT) {n = 301, 4-12 years). The principa! divide for the developmental
SA clusters extended from the inferior-posterior to the superior-anterior cortex, corresponding to the major embryonic
morphometric anterior-posterior {AP) gradient. Embryonic factors showing a clear AP gradient were identified, and we
found significant differences in gene expression of these factors between the anterior and posterior clusters. Further, each
identified developmental SA and CT clusters showed distinguishable life span trajectories in a larger longitudinal dataset
(4-88 years, 1633 observations), and the A and CT clusters showed differential relationships to cognitive functions. This
means that regions that developed together in childhood also changed together throughout life, demonstrating continuity
in regionalization of cortical changes. The AP divide in SA development also characterized genetic patterning obtained in an
adult twin sample. In conclusion, the development of cortical regionalization is a continuous process from the embryonic
stage throughout life.

Key words: aging, cognition, cortical development, magnetic resonance imaging, protomap theory
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Immaturities in Reward Processing and Its
Influence on Inhibitory Control in
Adolescence

The nature of immature reward processing and the influence of
rewards on basic elements of cognitive control during adolescence
are currently not well understood. Here, during functional magnetic
resonance imaging, healthy adolescents and adults performed
a modified antisaccade task in which trial-by-trial reward
contingencies were manipulated. The use of a novel fast, event-
related design enabled developmental differences in brain function
underlying temporally distinct stages of reward processing and
response inhihition to be assessed. Reward trials compared with
neutral trials resuited in faster correct inhikitory responses across
ages and in fewer irhibitory errors in adolescents. During reward
trials, the blood oxygen level-dependent signal was attenuated in
the ventral striatum in adolescents during cue assessment, then
overactive during response preparation, suggesting limitations
during adolescence in reward assessment and heightened re-
activity in anticipation of reward compared with adults. Impor-
tantly, heightened activity in the frontal cortex along the precentral
sulcus was also observed in adolescents during reward-trial
response preparation, suggesting reward modulation of oculomotor
control regions supporting correct inhibitory responding. Collec-
tively, this work characterizes specific immaturities in adolescent
brain systems that support reward processing and describes the
infiuence of reward on inhihitory control. In sum, our findings
suggest mechanisms that may underlie adofescents’ vulnerability to
poor decision-making and risk-taking behavior.

Keywords: adolescence, antisaccade, MBI, response inhibition, reward

Introduction

Negative outcomes associated with risky or reckless behaviors
are a4 major contributor 1o sharp increases (~200%) in
morbidity and mortality rates observed during adolescence
(Arpett 1992; Spear 2000; Dahl 2004). Risk taking can be
defined as engaging, often impulsively, in behaviors that are
high in suhjective desirability or excitement but which expose
the individual to potential injury or loss (e.g., driving extremely
fast and engaging in unprotected sex) (Irwin 1990). Adoles-
cents’ propensity to engage in risk taking provides compelling
behavioral  evidence for immaturities in  decision-making
abilities. However, our understanding of the neural basis of
risk taking remains limited. Although multiple functional
circuitries are expected to contribute o behavioral risk taking,
2 likely prinrary systems are rewiard processing and inhibitory
control (Steinherg 2004). Immature detection and appraisal of
rewards coupled with limitations in endogenous impulse
control could result in poor decision making that may then
set the stage for engaging in risk taking. In order to inform the
neurad basis of risk-taking behavior, in this paper, we compare
T 2009 The Authors

C.F. Geier, R. Terwilliger, T. Teslovich, K. Velanova and B. Luna

Laboratory of Neurocognitive Development, Department of
Psychiatry and Psychology, Center for the Neural Basis of
Cognition, University of Pittsburgh, Pittsburgh, PA 15213, USA

reward processing and its effects on inhibitory control in
adolescents compared with adules.

An extensive literature has delineated the neural circuitry
supporting reward processing in mature adults (Schultz 2000,
Breiter et al. 2001; O'Doherty et al. 2001; Roesch and Olson
2004; Hikosaka et al. 2000). In particular, the orbitofrontal
cortex (OFC), dorsal and ventral striatum (VS), and medial
prefrontal cortex (PFC) have been identitied as key compo-
nents (Schultz 2000; McClure et al. 2004). Importantly, the
temiporal resolution of single-unit and evenr-related functional
magnetic resonance imaging (MRI) studies has shown that
reward processing is not a monolithic function but rather
a dynamic saite of interrelated computations. Distinct signals
occurring before ("anticipatory” signals) and after reward
delivery (“consummatory”  signals) have been  identifed
(Schultz 2000; Hare et al. 2008). Anticipatory signals are
associated with the initial detection and determination of the
valence of reward-predicting cues, as well as with assessment
of the anticipated value of a future reward (Knutson et al. 2001,
O'Doherty et al. 2002). Consummuatory signals include those
related to the magnitude of the received reward (Dedgado et al.
2000, 2003; Rolls 2000, O'Doherty et al. 2001} and whether or
not the received reward matched up with predictions (“pre-
diction-error” signals) (Schultz 2000; Schultz et al. 2000).

Comparatively, our understanding of the development of
reward processing through adolescence remains quite limited,
Anatomical studies indicate that primary reward regions show
persistent immaturities through adolescence, inchuding contin-
ued thinning of gray matter in basal ganglia and OFC (Giedd et al
1996; Sowell et al. 1999; Gogray et al. 2004; Toga ct al. 2006),
which in part are likely due to the loss of weak or unuscd
synapses via synaptic pruning (Gogtay ct al. 2004). During
adolescence, an increased number of underspecitied synapses
could result in limitations in the identification of reward cues
and value representations relative to adults. In parallel with
synaptic pruning, myelination increases lineary throughout
development (Yakovlev and Lecours 1967). Myclination cnhan-
ces the efficiency of information processing by increasing the
speed and fidelity of distal neuronal transmission, aiding the
functionat integration of the widely distributed brain circuitry
critical for the emergence of complex higher-order behavior
(Goldman-Rakic et al. 1992; Luna and Sweeney 2004). A
comparative undermyelination of the adolescent brain could
contribute to 4 limited ability to efficiently integrate reward
signals with efferent motor systems necessary for motivated
behavior (Roesch and Olson 2003, 2004).

Along with persistent microstructural maturation, converg-
ing data from human and anima} models indicate that dopamine
(DA) neurorransmission in  striatal and cortical systems

This is an Open Access article distributed under the 1emms of the Crearive Commons Arribetion Non-Commercial License (hirp:// creativecommons.org/Beenses/by-ne/ 2,50k ) which
penmits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly ciied.
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Structural Magnetic Resonance Imaging of the
Adolescent Brain

JAY N. GIEDD

National Institute of Mental Health, National Institutes of Health, Department of Health
and Human Services, Bethesda, Marviand 20892, USA

ABSTRACT: Magnetic resonance imaging (MRI) provides accurate anatomical
brain images without the use of ionizing radiation, allowing longitudinal stud-
ies of brain morphometry during adolescent development. Results from an on-
going brain imaging project being conducted at the Child Psychiatry Branch
of the National Institute of Mental Health indicate dynamic changes in brain
anatomy throughout adolescence. White matter increases in a roughly linear
pattern, with minor differences in slope in the four major lobes {frontal, pari-
etal, temporal, occipital). Cortical gray matter follows an inverted U-shape de-
velopmental course with greater regional variation than white matter. For
instance, frontal gray matter volume peaks at about age 11.0 years in girls and
12.1 years in boys, whereas temporal gray matter volume peaks at about age at
16.7 years in girls and 16.2 years in boys. The dorsal lateral prefrontal cortex.,
important for controlling impulses, is among the latest brain regions to mature
without reaching adult dimensions until the early 20s. The details of the refa-
tionships between anatomical changes and behavioral changes, and the forces
that influence brain development, have not been well established and remain a
prominent goal of ongoing investigations.

KEYWORDS: magnetic resonance imaging (MRI); adolescence; gray matter;
white matter

INTRODUCTION

It comes as no surprise to parents of teens that the brain of an § year old is differ-
ent than the brain of a I3 year old. Yet to pin down these differences in a scientific
way has been elusive. Nature has gone to great extremes to protect this most vital
organ. It is wrapped in a leathery case, surrounded by a protective moat of fluid, and
completely encased in bone. This has shielded the brain from falls or attacks from
predators, but it has alse shielded the brain from scientists. Even after the availability
of X rays or CT scans, the study of the healthy teen brain remained indirect, because
such techniques usc ionizing radiation, which ethically precludes their use in non-iil
populations,

Address for correspondenge: Jay N. Giedd, M.D., National Insiitute of Mental Health,
National Institutes of Health, Department of Health and Hurman Services, Room 4CI110, 10 Cen-
ter Dr. MSC 1367, Bethesda, MD 208921367, Voice: 301-435-45| 7; fax: 301-480-8898.

jgiunih.gov

Ann. N.Y. Acad. Sci. 1021: 77-85 (2004). © 2004 New York Academy of Sciences.
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Dynamic mapping of human cortical development
during childhood through early adulthood
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We report the dynamic anatomical sequence of human cortical
gray matter development between the age of 4-21 years using
quantitative four-dimensional maps and time-lapse sequences.
Thirteen healthy chitdren for whom anatomic brain MRI scans were
obtained every 2 years, for 8-10 years, were studied. By using
models of the cortical surface and sulcal landmarks and a statistical
model for gray matter density, human cortical development could
be visualized across the age range in a spatiotemporaily detailed
time-lapse sequence. The resulting time-lapse “movies” reveal that
(9 higher-order association cortices mature only after lower-order
somatosensory and visual cortices, the functions of which they
integrate, are developed, and (i) phylogenetically older brain areas
mature earlier than newer ones. Direct comparison with normal
cortical development may help understanding of some neurade-
vefopmental disarders such as childhood-onset schizophrenia or
autism.

H uman brain development is structurally and functionally a
nonlinear process (1-3), and understanding normal brain
maturation is essential for understanding neurodevelopmental
disorders (4, 5). The heteromodal nature of cognitive brain
development is evident from studies of neurocognitive perfor-
mance (6, 7), functional imaging (functional MR1 or positron-
emission tomography) (8~10), and electroencephalogram co-
herence studies (1, 2, 10). Prior imaging studies show regional
nonlinear changes in gray matter {GM) density during childhood
and adolescence with prepubertal increase followed by postpu-
bertal loss {(11-14). The GM density on MRI is an indirect
measure of a complex architeciure of glia, vasculature, and
neurons with dendritic and synaptic processes. Studies of GM
maturation show a loss in cortical GM density over time {15, 16),
which temporally correlates with postmortem findings of in-
creased synaptic pruning during adolescence and early aduit-
hood (17-19). Herc we present a study of cortical GM devel-
opment in children and adolescents by using a brain-mapping
technique and a prospectively studied sample of 13 healthy
children (4--21 years old), who were scanned with MRI every 2
years for 8—1(years, Because the scans were obtained repeatedly
on the same subjects over time, statistical extrapolation of points
in between scans enabled construction of an animated time-lapse
sequence (“movic”) of pediatric brain development. We hypoth-
esized that GM devefopment in childhood through early adult-
hood would he nonlinear as described before and would progress
in a localized, region-specific manner coinciding with the func-
tional maturation. We also predicted that the regions associated
with more primary functions {e.g., primary motor cortex} would
develop earlier comparcd with the regions that are involved with
more complex and integrative tasks (e.g., temporal lobe).

The result is a dynamic map of GM maturation in the pre- and
postpuhertal period. Our results, while highlighting the remark-
able heterogencity, show that the cortical GM development
appears to follow the functional maturation sequence, with the
primary sensorimotor cortices along with frontal and occipital
poles maturing first, and the remainder of the cortex developing
in a parietal-to-frontal (back-to-front) direction. The superior

§174-8179 | PNAS | May25,2004 | vol. 101 | no.2t

temporal cortex, which contains association areas that integrale
information from several sensory modalities, matured last. Fur-
thermore, the maturation of the cortex also appeared to follow
the evolutionary sequence in which these regions were created.

Methods

Subjects. Sampie demographics are shown in Table 1. All subjects
were recruited from the community for an ongoing National
Institute of Mental Health study of human brain development
(20). Briefly, each subject was given a structured diagnostic
interview to rule out any psychiatric diagnoses at each visit.
Subjects returned every 2 years for a follow-up MRI together
with psychiatric and neurocognitive reassessment. A subset of all
children who had three or more usable MRT scans and were
between the ages of 4 and 21 years was chosen to be included in
this study. The study was approved by the National Institute of
Menial Health institutional review board, and an informed
consent was obtained from subjects >18 years old or from
parents of minor subjects, and an additional written assent was
obtained from each minor subject.

Image Processing and Analysis. MR images were acquired at the
National Institute of Mental Health on the same 1.5-T General
Electric scanner. The MRI sequence was consistent throughout
the study. Tl-weighted images with contiguous 1.5-mm slices in
the axial plane and 2.0-mm slices in the coronal plane were
obtained by using 3D spoiled-gradient recalled echo in the steady
state. Imaging parameters were: echo time, 5 ms; repetition time,
24 ms; flip angle, 45°; acquisition matrix, 256 X 192; number
of excitations, 1; and field of view, 24 em. With cach major
software /hardware upgrade, the reliability of the data before
and after the upgrade was tested by scanning a set of subjects
before and after the upgrade (20). Briefly, for cach scan, a
radio-frequency bias field-correction aigorithm was applied.
Baseline images were normalized, transforming them (o a stan-
dard 3D stereotaxic spacc (21). Follow-up scans were then
aligned to the baseline scan from the same subject, and mutually
registered scans for each subject were lincarly mapped into the
International Consortium for Brain Mapping (ICBM) space
{22). An extensively validated tissue classifier generated detailed
maps of GM, white matter, and cerebrospinal fluid by using a
Gaussian mixture distribution to generate a maximum a poste-
riori segmentation of the data (23, 24), and a surface model of
the cortex was then automatically extracted for each subject and
time point as described (25).

An image-analysis technique known as cortical pattern
matching (25-27) was used to better localize cortical differ-
ences over time and increase the power to detect systcmatic
changes (25). This approach matches gyral features of cortical

Abbreviations: GM, gray matter; 5TG, superior temporal gyrus.
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ARTICLE INFO ABSTRACT

Recent studies with brain imagnetic resonance imaging (MRI) have scanned large aumbers of children and
adolescents repeatedly over time, as their brains develop, tracking volumetric changes in gray and white
matter in remarkable detail, Focusing on gray matter changes specifically, here we explain how carlier

Article history:
Available online 30 September 2008

Keypwords: studies using lobar volumes of specific anatomical regions showed how different lobes of the brain
Bram matured at different rates. With the advent of more sophisticated brain mapping methods, it became pos-
Imaging sible to chart the dynamic trajectory of cortical maturation using detailed 3D and 4D (dynamic) models,

Development

showing spreading waves of changes evoiving through the cortex. This led to a variety of time-lapse films
Psychapathology £ 5P 8 B £ £ v p

revealing characteristic deviations from normal development in schizophrenia, bipolar illzess, and even
in siblings at genetic risk for these disorders. We describe how these inethods have helped clarify how
cortical development relates to cognitive performance, functional recavery or decline in illness, and ongo-
ing myelination processes. These time-lapse maps have also been used to study effects of genotype and
medication on cortical maturation, presenting a powerful framework to study factors that influence the

develaping brain.

Published by Elsevier inc,

1. Introduction

Human brain development is a structurally and functionatly
non-linear process (Johnson, 2001; Thatcher, 1992: Thatcher,
Wallker, & Giudice, 1987) and most major neuropsychiatric disor-
ders are now thought to arise out of deviations froim normal brain
development, suggesting a neurodevelopmental basis for these dis-
orders, It is therefore important to study both normal and abnor-
mal brain changes with age in order to understand how major
neuropsychiatric disorders emerge (Schlaggar et ak., 2002; Stiles,
2000). Postmortemm studies provide information at molecular and
celular Jevels, but are limited by the scarcity of human brain tis-
sue, inability to provide inforination during life, and the inability
to use longitudinal designs. Noninvasive brain imaging, with re-
cent advances in the resolution of MRI and in mapping methodol-
ogy, provides a unique alternative to study brain development
during life, allowing studies that assess the same individual or
group of subjects repeatedly. This allows the dynamic trajectory
of an iliness, or the profile of corticat development throughout
childhood and adolescence, to be visualized as a time-lapse map,
presenting statistics on the 3D profites of brain changes at different

* Corresponding author. Fax: +1 301 402 0296.
E-moil addresses: gogtayn@mail.nih.gov [N, Gogtay), thompson@loni.ucla.edu
{P.M. Thompson).

0278-2626f3% - see front matter Published by Elsevier [nc.
doi: 10.1016/j.bandc.2009.08.009

ages (Gogtay, Giedd et al.,, 2004; Gogtay, Greenstein et al.,, 2007;
Gogtay et al, 2008; Thompson, Mega, Vidal, Rapopoit, & Toga,
2001; Thompson, Vidal et al., 2001).

Earlier brain imaging studies using prospective anatomic MRI
scans measured gray and white matter changes that were summa-
rized for individual lobes of the brain, While providing new insights,
these lobar volume measures were limited by the lack of fine-scale
details at sub-regional levels. These region-of-interest measures, for
example, could not generally establish whether the functionally
distinct sub-regions within a cortical lobe had structurally distinct
developmental trajectories. They could not detect sweeping waves
of dynamic changes that spread across the cortex, and were rela-
tively insensitive to effects that did not coincide neatly with lobar
boundaries. These limitations were overcome by maore recent tech-
niques that allow the measurement of cortical thickness or gray
matter density at individual voxel locations in the image {(e.g.,
voxel-based morphometry, VBM) (Ashburner et al, 2003) or
across surface models of the entire cortex (Luders et al., 2005;
Thompsan et al., 2004, 2005). Thus, ideally, using both globaiflebar
measures and GM density/thickness measures in a complementary
way can provide clearer understanding of brain development.

By aligning images from multiple subjects to a common refer-
ence brain or coordinate systemn, statistical maps can be made to
show the evidence for group differences in gray matter at each
location in the co-registered images. Additicnal detailed maps can
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How Early Experience Matters in Intellectual Development

in the Case of Poverty!

Gilbert Gottlieb?# and Clancy Blair?

Experiments with rodents indicate that severe early psychological and social deprivation has
lasting detrimental effects on learning ability that are not remedied by exposure to enriching
experiences in adulthood. Findings indicate that environmental adversity early in life works Lo
limit the development of intelligence with consequences for later functioning. Animat experi-
ments are best viewed as supplying a rationale for early intervention in disadvaniaged infants
and children who would otherwise be likely to evince low intellectual capabilities later in life.
Animal experiments conducted to date do not support an interpretation that early enrich-
ment necessarily boosts later intellectual performance beyond the normal or species-typical
range. They indicate that early intervention promotes normative development by preventing
adverse early rearing conditions from leading to negative consequences for cognitive ability
and self-regulation. The Abecedarian Project, an early enrichment intervention with infants
from cconomically deprived backgrounds, is presenied as an example of how early experience
maiters in terms of human intellectual development in disadvantaged populations. The results
of that program reflect what one would expect from the rodent studies mentioned above,

KEY WORDS: early intervention: intelligence; animal models.

The evidence Lo be reviewed in the first section of
the paper indicates that rodents reared in “enriched”
psychological environments show better learning
ability than animals reared under psychologically
and socially impoverished circumstances. However,
there is no evidence that animals reared in so-called
enriched laboratory environments show learning
abilities beyond the normal or species-typical range.
Rather, the rodent research indicates that the en-
riched early cxperience averts the deterioration of
learning ability that is seen when animals are reared

"Fhis article is based, in part, on an invited preseniation by the
first author at the 2002 meeting of the American Psychological
Association, in Chicago.

*Center for Developmental Science. University of North Carolina
at Chapel Hill, Chapel Hill, North Carolina.

*Human Development and Family Studies, Pennsylvania State Uni-
versity. Pennsylvania.

*Correspendence should be directed to Gilbert Gottlieb, Center for
Developmental Science, CB# 8115, University of North Carofina
at Chapel Hill, Chapel Hill, North Carolina 27599-8115; e-mail:
gotthieb@email.unc.edu,

under impoverished conditions early in life. Exposure
to enriched conditions later in life is without effect in
rodents that have been severely deprived early in life.
These findings suggest that interventions with impov-
erished human populations should be instigated as
early as possible with a view Lo preventing intellec-
tual deterioration in such populations.

The earliest systematic study of the role of early
experience in influencing the later learning abilities
of rodents was done by Bernard Hymovitch (1952). a
doctoral student of Donald Hebb. Hymovitch reared
young rats under four conditions and then later tested
them in the very challenging Hebb-Williams maze.
The maze test consists of a series of twelve problems
in which the path between the start and finish (food)
boxes is altered from problem to problem by rear-
ranging the internal walls of the maze. This maze is
considerably more difficult than a Y- or T-inaze, so it
taxes the animal’s learning ability to a much greater
degree than usual maze tasks.

Hymovitch’s animals were housed individually in
(1) a stovepipe cage (which permitted little motor or

1389-4986/04/1 200-02451 € 2004 Society for Prevention Ressarch
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Neglected Infections of Poverty in the United
States and Their Effects on the Brain

A group of neglected infections are emerging as im-
portant causes of psychiatric and mental ilfness amang
vulnerable populations living in extreme poverty in the
United States. These chronicinfections may partially ac-
count for the achievement gap noted among socioeco-
nomically disadvantaged students.

The neglected tropical diseases (NTDs) are a group
of chronic parasitic and related infections that can last
decades or even the lifetime of anindividual. During this
time, they produce long-lasting and debilitating effects
that impair productive capacity and child develop-
ment. indeed, the NTDs have actually been shown to
trap people in poverty through these adverse effects.

The NTDs are not rare diseases. Quite the opposite-
the NTDs are now recognized as the most common af-
flictions of impoverished people living in low- and
middle-income countries of Africa, Asia, and Latin
America. The NTOs are also considered a major reason
why the "bottom billion” (ie, the 1.3 billion) people liv-
ing below the poverty level cannot escape poverty.

In 2008, |identified a group of neglected parasitic
and related infections of poverty among the extreme
poor inthe United States that closely resemblethe NTOs
interms of their ability to produce chronic, debilitating,
and poverty-promoting effects.’ A new review reveals
that these neglected infections remain widespread and
disproportionately affect selected vulnerable popula-
tions, including African American and Hispanic popula-
tions living in poverty and the homeless.? Texas, the Gulf
Coast region, and ather parts of the southern United
States represent the major affected areas, most lilkely be-
cause of their association with the extreme poverty in
these regions 2

Now, additional information has determinedthat the
negtected infections of poverty also cause important psy-
chiatric and neurological effects on vuinerable popula-
tions in the southern United States (Table}. Toxocaria-
sis is a larval parasitic worm infection of the brain and
viscera that results from accidental ingestion of Toxo-
cora species eggs shed by dogs and cats. The eggs are
nearly ubiquitous in disadvantaged urban and rural en-
vironments-the seroprevalence among disadvan-
taged African American popufations exceeds 20%.*2 An
estimated 2.8 million African Americanindividuals have
toxocariasis.' In a large survey of the US population.? it
was recently found that children who are seropositive
for Toxocara infection (a marker of exposure and infec-
tion) scored significantly lower an the Wechsler Intelli-
gence Scale for Children-Revised and the Wide Range
Achievement Test-Revised than did seronegative chil-
dren. Toxocariasis is also associated with epilepsy and
may be an important cause of epilepsy among African
American chitdren.?

Copyright 2094 American Medical Association.
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Persons with toxocariasis are also more likely to be
co-infected with Toxoplasma gondii, a parasitic proto-
zoan that causes toxoplasmosis. Both of these zoo-
noticinfections can be acquired from cats, Like toxaca-
riasis, toxoplasmosis also disproportionately occurs
among non-Hispanic black individuals and is linked to
paverty.* Approximately 1 miflion new cases occur an-
nually inthe United States.? A recent body of iterature
has identified provocative associations between toxo-
plasmosis and adutt psychiatric iflness, possibly a long-
tesm consequence from congenital Toxoplasma infec-
tion and the resuiting disruptions in fetal
neurodevelopment.*® Specifically, seropositivity for
toxoplasmosis has been strongly linked to bipolar mood
disorder and schizophrenia.>® Still another congenital
infection that causes intellectual disabilities {as welf as
lossesin hearing and vision} and disproportionately af-
fects African American childrenis congenital cytomega-
lovirus (CMV) infection." in pregnancy, non-Hispanic
black women are at substantialty increased risk of ac-
quiring primary CMV infection compared with non-
Hispanic white women, especially during teen
pregnancies,’ An estimated 27 000 new cases of con-
genital CMV infection occur annually.’

Beyond African American individuals, 2 neglected
infections of poverty also affect other vulnerable popu-
lations inthe United States. Neurocysticercosis, alarvai
pork tapeworm infection, is an important cause of epi-
lepsy and chronic headaches in mostly Hispanic
individuals.?2 My previous estimate indicates that be-
tween 41 000 and 169 000 peaple are living with cys-
ticercasis in the United States.' Several studies have
identified cognitive impairments in patients with neu-
rocysticercosis and even dementia. in addition, the larg-
est numbers of new cases of West Nile virus (WNV) in-
fection are currently found in Texas—during a 2012 WNV
outbreak there, almost 2000 cases were reported.
Homeless poputations are considered at risk for acquir-
ing WNV infection. Neuroinvasive WNV infection has
now beentinked to chronic depressiorin a high propor-
tion of patients.”

Thelinks between these neglected infections of pov-
erty and psychiatric and neurologic ifinesses have po-
tentially important implications for mental health care
providers. The neglectedinfections outlined here are not
rare diseases in the United States, and mitlions of peopte
in this country are estimated to be living with chranic
toxocariasis, toxopfasmesis, CMV infection, neurocys-
ticercosis, and WNV infection. Together, they likely ac-
count for a substantial yet hidden burden of mentat ill-
ness in the United States. These infections can be
extremely challenging todiagnose, manage, treat, or pre-
vent. A national awareness program should be imple-

JAMA Psychiatry  October 2014 volume 71, Number 10

All rights reserved.

1099



oo

Opinion  Vicwpomnt

23

Table. Summary of the Effect of Neglected infections of Poverty on the Mental Health of the US Population

Vulnerable Population

Disease Living in Poverty Estimated No. of Cases

Neuracognitive or Psychiatrics
Effects

Toxacariasis African American Up to 2.8 million

~1 Million new cases
annually

>6000 of Almost 30 000
new cases annually

Tens of thousands

Toxoplasmosis African American

Congenital cytomegalovirus — African American
infection
Neurocysticercosis Hispanic Amearican

1868 Cases reported in
Texasin 2012

West Nile virus infection Homeless

Diminished cognitive function,
epitepsy

Bipolar and other mood disarders,
schizophrenia, vision loss

Inteliectual disabilities, hearing
and vision loss

Epiiepsy, headache, cognitive
impairments, dementia

Depression

mented that would include specific commitments to the training of
psychiatrists and mentai health care professionals, with opportuni-
ties for joint patient management with experts in infectious and tropi-
cai diseases.

Yet another untapped aspect of the neglected infections of pov-
ertyis their potential contribution to the achievement gap that has
been noted between wealthy suburban populations and sacioeco-
nomically disadvantaged minority populations. Specific pragrams
of treatment and prevention could represent a major step toward
improving the mental health of African American and Hispanic chit-
dren affected by the neglected infections of poverty. Today in de-
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Development of Anterior Cingulate
Functional Connectivity from Late
Childhood to Early Adulthood

Human cerebral development is remarkably protracted. Although
microstructural processes of neuronal maturation remain accessi-
ble only to morphometric post-mortem studies, neuroimaging tools
permit the examination of wmacrostructural aspects of brain
development. The analysis of resting-state functional connectivity
(FC) offers novel possibilities for the investigation of cerebral
development. Using seed-based FC methods, we examined the
development of 5 functionally distinct cingulate-based intrinsic
connectivity networks {ICNs) in children {n = 14, 10.6 = 1.5 years),
adolescents {n = 12, 15.4 £ 1.2} and young adults (n==14, 22.4 + 1.2}.
Children demonstrated a more diffuse pattern of correlation with
voxels proximal to the seed region of interest {ROl} (“local FC™},
whereas adults exhibited more focal patterns of FC, as well as
a greater number of significantly correlated voxels at long
distances from the seed ROI. Adolescents exhibited intermediate
patterns of FC. Consistent with evidence for different matura-
tional time courses, ICNs associated with social and emotional
tunctions exhibited the greatest developmental effects. Our
findings demonstrate the utility of FC for the study of developing
functional organization. Moreover, given that ICNs are thought to
have an anatomical basis in newronal connectivity, measures of
FC may provide a gquantitative index of brain maturation in
healthy subjects and those with neurodevelopmental disorders.

Keywords: anterior cingulate, BA 25, development, functional connectivity,
self-regulation

introduction

Neuronal Maturation and Cerebral Development

Histological and stereclogical post-mortem studies of human and
nenbuman primate brain have provided profound insights into
the microstructural processes of neuronal maruration and the
development of cerebral functional organization. These studies
suggest that postnatal cerebral development is marked by
a period of “exuberant” and redundant synaptic connectivity,
likely reflecting an overproduction of dendrites, dendritic spines,
and axons during the perinatal period (Huttenlocher et al. 1982;
LaMantia and Rakic 1994; Petanjek et al. 2008). This superabun-
dant connectivity is maintained throughout childhood, such that
synaptic density remains at higher-than-adult levels until about
the onset of puherty, from which time tbere is a net elimination
of synapses. As a result of such “pruning,” the density of syn-
apses declines by ~40% during adolescence, before reaching
a platean in adolthood (Huttenlocher 1979; Huttenlocher
et al. 1982; Rakic et al. 1980; Bourgeois and Rakic 1993;
Bourgeois et al. 1994; Rakic et al. 1994). The rate at which

S The Aurher 2008, Published by Oxford University Press. All rights reserved.
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pruning occurs varies across the cerebrum: the decline in
synaptic density appears to hegin  earlier in visual and
somatosensory cortex than in prefrontal cortex (Bourgeois
et al. 1994; Huttenlocher and Dabholkar 1997). Neuronal
myelination, another key process in postnatal neuronal matu-
ration, appears to follow a similarly protracted and regionafly
specific time course. Though few studics have examined this
process in human brain, post-mortem analyses suggest that
myelination begins near the end of the second trimester of
fetal life, increases intensely during the first 2 decades of life,
then continues at a slower rate into middie adufthood, with
the most protracted development in the frontal and temporal
lobes (Yakovlev and Lecours 1967; Brody et al. 1987; Benes
et al. 1994).

That the nonlinear developmental pattern of synaptogencsis
and synaptic elimination is associzted with concurrent functional
development of neuronal nerworks is suggested by the observi-
tion that neurotransmitter innervation and receptor density
follow a similar developmental trajectory throughout the cortex
(Goldman-Rakic and Brown 1982; Lidow et al. 1991; Lidow and
Rakic 1992; Rosenberg and Lewis, 1995; Lambe et al. 2000). Early
synaptic redundancy has been suggested as the basis for the
emergence of cognitive function in the infant (Goldman-Rakic
1987, Petanjek et al. 2008), as well as the synaptic plasticity that
characterizes children’s ability for learning and recovery from
injury (Changeux and Danchin 1976). Thougb associaied with
the loss of this superabundant plasticity, synaptic pruning nuy
enable more efficient information transter across spatially distal
regions in the brain, and may therefore undertic the development
of mature cognitive function (Changeux and Danchin 1976,
Goldman-Rakic 1987; Huttenlocher 1990; Paus et al. 1999).

Magnelic Resonance Imaging Studies of Cerebral
Development

The emergence of magnetic resonance imaging (MRI) and
more recently, diffusion tensor imaging (DTI) have permitted
the noninvasive examination of age-related structural changes
in vivo (e.g., Giedd et al. 1999; Paus et al. 1999; Sowell ¢r al.
1999; Sowell et al. 2003; Gogtay et al. 2004). Thesc studics have
been largely consistent with the human and nonhuman
morphometric data: the observed age-related increases in
white matter (WM) are primarily thought to reflect progressive
myelination, whereas age-related decreases in gray matter are
thought to reflect both synaptic pruning and myelination
(Bartzokis et al. 2001; Giedd 2004; Gogtay et al. 2004; Sowclt
et al. 2004). Specifically, studies have observed that global WM
volume increases linearly between the ages of 4 and 22 vears
(Giedd er al. 1999), with continued increases observed up to
the fifth decade of life (Bartzokis et al, 2001; Sowell et al. 2003).



NAS

tr"

: 2 :
Effects of childhood poverty and chronic stress on
emotion requlatory brain function in adulthood

Pilyoung Kim®', Gary W. Evans®,
Israel Liberzon®, and K. Luan Phan®'

Michael AngstadtS, S. Shaun Ho®, Chandra S. Sripada‘, James E. Swain®",

*Department of Psychology, University of Denver, Denver, CO 80208; ®Departments of Design and Environmental Analysis and Human Devetopment,
Bronfenbrenner Center for Translational Research, Cornell University, fthaca, NY 14853; “Department of Psychiatry, University of Michigan, Ann Arbor,
Mi 48109 3¢hild Study Center, Yale University, New Haven, CT 08520-7900; *Department of Psychiatry, University of Illinois at Chicago, Chicago, IL 60608;
and ‘Mental Heaith Service Line, Jesse 8rown Veterans Affairs Medical Center, Chicago, IL 60612

Edited* by Bruce 5. McEwen, The Rockefeller University, New York, NY, and approved August 21, 2013 {received for review May 2, 2013)

Chiidhood poverty has pervasive negative physical and psycho-
logical health sequelae in adulthood. Exposure to chronic stressors
may be one underlying mechanism for childhood poverty—health
retations by influencing emotion regulatory systems. Animal work
and human cross-sectional studies both suggest that chronic
stressor exposure is associated with amygdala and prefrontal cor-
tex regions important for emotion regulation. In this iongitudinal
functional magnetic resonance imaging study of 49 participants,
we examined assodations between childhood poverty at age 9
and adult neural circuitry activation during emotion regulation
at age 24. To test developmental timing, concurrent, adult income
was included as a covariate. Adults with lower family income at
age 9 exhibited reduced ventroiateral and dorsolateral prefrontai
cortex activity and faiture to suppress amygdala activation during
effortful regulation of negative emotion at age 24. In contrast to
childhood income, concurrent adult income was not associated
with neural activity during emotion regulation. Furthermore,
chronic stressor exposure across childhood (at age 9, 13, and 17)
mediated the relations between family income at age 9 and ven-
trolateral and dorsolateral prefrontal cortex activity at age 24. The
findings demonstrate the significance of childhood chronic stress
exposures in predicting neural outcomes during emotion regula-
tion in adults who grew up in poverty.

fMRI | childhood adversity | socioeconomic status | reappraisal

hildhood poverty is related to increased risk of psychopa-

thology (1-3) and physical illness in adulthood (4, 5). Fur-
thermore, childhood poverty predicts adult morbidity irrespective
of adult poverty (5-7). One possible mechanism to explain the
far-reaching effects of childhood poverty on health is chronic
stress (8). Chronic exposure to stressurs associated with living in
low-income families has long-term negative effects on physio-
logical stress regnlatory systems (9-12), eventually resulting
in pathology (13, 14). Growing evidence suggests exposure to
chromnic stress and socioeconomic adversity produces lasting
neurobiological changes (15, 16). However, littfe is known about
whether childhood poverty is prospectively associated with cen-
tral nervous system mechanisms involved in emotion regulation.
Such knowledge may provide insights into identifying neural
patterns for emotion regulatory dysfunction among adults who
grew up in childhood poverty.

The amygdala and prefrontal cortex (PFC) play a critical role
for stress and emotion regulation. The amygdala detects and
responds to threats from the environment, activating physiological
stress responses (17). The PFC is widely considered as a top-down
region that regulates the amypdala (18, 19). More specifically, the
ventrolateral PFC (VLLPFC), dorsolateral PFC (DLPFC), and
medial PFC (mPFC}) implement cognitive strategies such as cog-
nitive reappraisat involved in emotion regulation (18-20). During
reappraisal of negative stimuli, increased activity in the VLPFC,
DLPFC, and mPFC regions is associated with diminished amyg-
dala reactivity to negative stimuli as well as decreased perceived
negative affect (21). Amygdala and PFC dysregulation has also
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been observed in populations with mood dysregulation, including
depression (22), anxiety disorders (23, 24) including post-
traumatic stress disorder {25), impulsive aggression (26). and
substance abuse (27). Aberrant amygdala reactivity and in-
efficient or blunted PFC regulatory function are considered
a neurobiological mechanism involved in impaired cmotion
regulation in these psychiatric disorders.

Amygdala and PFC functions have also been shown to be af-
fected by socioeconomic disparities (28, 29). In children, low
sociocconomic status (SES) has heen related to greater amyg-
dala volume (30) and reduced PFC activity during cognitive tasks
(31). In adults, retrospective reports of childhood SES were as-
sociated with elevated amypdala activity while processing nega-
tive facial expressions independently of adult SES (32) and
reduced VLPFC activity while experiencing social exclusion (33).
However, whether the amygdala and PFC functions associated
with childhood poverty are directly related to effortful emotion
regulation has never heen examined.

At present, little is known about underlying mechanisms that
account for the relation between childhood SES and ncural
functioning. Chronic stress is one hypothetical mediator of the
negative tink between childhood poverty and aduli health out-
comes (8, 1(). For example, children living in poverty are more
likely to be exposed to multiple chronic stressors including vio-
lence, family turmoil, separation from family members, and
substandard living environments (34, 35). In our previous stud-
ies, poverty exposure at age 9 prospectively predicted physio-
logical stress dysregulation (34) and emotion dysregulation

Significance

Childhood poverty has been linked to emotion dysreguiation,
which is further associated with negative physical and psy- .
chological health in adulthood. The current study provides
evidence of prospective associations between childhood pov-
erty and adult neural activity during effortful attempts to
i regulate negative emotion. Adults with lower family income at
¢ age 9 exhibited reduced ventrolateral and dorsolateral pre-
- frontal cortex activity and failure to suppress amygdala acti-
vation at age 24. Chronic stressor exposure across childhood :
mediated the relations between family income at age 9 and -
prefrontal cortex activity. The concurrent adult income, on the -
| other hand, was not associated with neural activity. The in- :
: formation on the developmental timing of poverty effects and
neural mechanisms may inform early interventions aimed at |
reduc:ng health dlsparltles ‘

Author contributions: P.K., GW.E, 5.5.H, L.ES, L, and K.LP. designed research; M.A.,
5.5.H., and LES. performed research; P.K, GW.E, M.A, C5.5, LL, and K.L.P. analyzed
data; and P.K, GW.E, MA, S5.H, €55, LES, L.L, and K.LP. wrote the paper.

The authors declare no conflict of interest,
*This Rirect Submission article had a prearranged editor.
"Ta whom correspendence should be addressed. E-mait: pilyoung kim@du.eduy.

This article contains supporting information online at www.pnas.org/lookupfsupplidoi: 10
1073/pnas.1308240110//B Supplemental.

www. pnas.org/cgi/doi/10.1073/pnas. 1308240110



Brain Plasticity and Behaviour in the Developing Brain

Bryan Kolb PhD; Robbin Gibb PhD!

Obhjective: To review general principies of brain development, identify basic principles of brain plasticity, and discuss factors
that influence brain development and plasticity. Method: A literature review of relevant English-language manuscripts

on brain development and plasticity was conducted. Results: Brain development progresses through a series of stages
beginning with neurogenesis and progressing to neural migration, maturation, synaptogenesis, pruning, and myelin
formation, Eight basic principles of brain plasticity are identified. Evidence that brain development and function is influenced
by different environmental events such as sensory stimuli, psychoactive drugs, gonadal hormones, parental-chiid
relationships, peer relationships, early stress, intestinal flora, and diet. Conclusions: The development of the brain reflects
more than the simple unfolding of a genetic biueprint but rather reflects a complex dance of genetic and experiential factors

that shape the emerging brain. Understanding the dance provides insight into both normal and abnormal development.

Key words: brain development, cerebral plasticity, environmental stimulation, epigenetics

Objectifs: Présenter les grandes lignes du développement cérébral; expliquer le principe de [a plasticité du cerveau;
exposer les facteurs qui influencent son développement et sa plasticité. Méthodologie: Analyse de fa littérature publiée
en anglais sur le développement et fa plasticité du cerveau. Résultats: Le cerveau se développe par étapes, la premiére
étant la neurogénése, suivie de fa migration des neurones, de la maturation, de la synaptogénése, de I'élagage synaptique
et de Ia myélinisation. Les auteurs présentent huit principes fondamentaux de la plasticité du cerveau. lis constatent que

le développement et le fonctionnement du cerveau sont influencés par divers facteurs environnementaux comme les
stimuti sensoriels, les substances psychoactives, les hormones gonadales, les relations parent-enfant, les refations avec
les pairs, le stress dans la petite enfance, la flore intestinale et le régime alimentaire. Conclusion: Le développement du
cerveau va au-dela de la construction de la carte génétique; certaines interactions complexes entre facteurs géneétiques et
expérimentaux agissent sur le cerveau en formation. Comprendre ces interactions permettra d'étudier le développement

normal ou anormal du cerveau.

Mots clés: développement cerebral, plasticité du cerveau, environnementaux comme les stimuli, épigénétique

he development of the brain reflects more than the
Tsimple unfolding of a genetic blueprint but rather re-
flects a complex dance of genetic and experiential factors
that shape the emerging brain. Brains exposed to different
environmental events such as sensory stimuli, drugs, diet,
hormones, or stress thus may develop in very different
ways. The goal of the current article is to review the ways
the developing brain can be sculpted by a wide range of
pre- and postnatal factors. We begin with an overview of
brain development, followed by a brief review of principles

of brain plasticity and finally a consideration of how factors
influence brain development and adult behaviour. Because
most of what we know about brain plasticity and behaviour
in development comes from studies of the laboratory rat
our discussion will focus on the rat but will consider hu-
mans when possible, In addition, the discussion will be bi-
ased towards plasticity in cerebral structures because most
of what we know about modulation of brain development is

based upon studies of cerebral development, There is little
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REVIEW
Brain Development, Experience, and Behavior

Bryan Kolb, rhp,* Richelle Mychasiuk, rho, and Robbin Gibb, php

Brain development progresses through a series of stages beginning
with neurogenesis and progressing to neural migration, maturation,
synaptogenesis, pruning, and myelin formation. This review examines
the literature on how early experiences alter brain development,
including environmental events such as sensory stimuli, early stress,
psychoactive drugs, parent-child relationships, peer relationships,

Key words: brain development; cerebral plasticity; environmental stimulation; epigenetics

intestinat flora, diet, and radiation, This sensitivity of the brain o early
experfences has important implications for understanding neuro-
developmental disorders as well as the effect of medical interventions
in children. Pediatr Blood Cancer 2014;61:1720-1723,

{5 2013 Wiley Periodicals, inc.

INTRODUCTION

Brain development is a prolonged process that reflects more than
the simple unfolding of a genetic blueprint but rather reflects a
complex interaction of genetic and experiential factors that shape
the emerging brain and ultimately behavior. Brains exposed to
different environmental events or perturbations thus may develop in
very different ways. The goal of the current article is to review
the ways the developing brain can be sculpted by a wide range of
pre- and postnatal factors. We begin with an overview of brain
development, foliowed by a consideration of how factors influence
brain development and adult bebavior. Because most of what we
know about brain plasticity and behavior in development comes
from studies of the laboratory rat our discussion will focus on the rat
but will consider humans when possible.

BRAIN DEVELOPMENT

Brain development can be divided loosely into two phases. In
most mammals the first reflects a genetically determined sequence
of evenis in mtero that can be modulated by maternal environment
and pre-conceptual events, The second phase, which is both pre-
and postnatal in humans, is a time when the connectivity of the brain
is very sensitive not only to the environment but also to the palterns
of brain activity produced by experiences. More importanily,
however, il is now recognized that epigenetic changes, which can be
defined as changes in developmental outcomes, including regula-
tion of gene expression, are based upon mechanisms other than
DNA itseif [1]. For example, gene expression can be altered by
specific experiences, including pre-conceptual experiences, and
this in twm can lead to orpanizational changes in the nervous
system.

Figure | outlines the general stages characteristic of brain
development in ail mammals. Cells that are destined to produce the
nervous system begin to form about 3 weeks after fertilization in
humans. Once formed, the presumptive neurons must migrate Lo
their eventual correct location, differentiate into the appropriate
phenotype, form connections, and then are pruned based upon
experience. Pruning is an important stage: the number of excitatory
synapses is 2-to-3 times greater in children than in adults and that
spine density begins to decrease during puberty, stabilizing at the
adult level around age 30 [2].

Not all brain regions mature at the same rate. In particular, the
prefrontal cortex is very slow to develop, finally reaching maturity

€ 2013 Wiley Periodicals, Inc.
DOI 10.1002/pbc.24908

at about 30 years [2]. The plasticity and prolonged development of
the brain provides an opportunity for continual modification of
cognitive function but, in addition, creates a potential susceptibility
to the formation of abnormal circuitry leading to compromised
behavioral function. The brain is especially vulnerable to
experiences at the onset of puberty when the frontal lohe is
massively pruning synapses. Thus, the peak age of onset Tor most
mental disorders is estimated at 14 years {3], inciuding anxiety
disorders, psychoses (including schizophrenia), bipolar disorder,
depression, ealing disorders, and substance abuse most commonly
emerge by or during adolescence.

FACTORS INFLUENCING BRAIN DEVELOPMENT

Over the past 20 years it has become clear that even [lairly
innocuous-looking experiences can profoundly affect brain
development and that the range of experiences that can alter brain
development is much Jarger than had been once believed. We wil}
highlight some of the most well studied effects.

The simplest way to manipulate experience across ages is o
compare brain structure in animals living in standard laboratory
caging to animals placed either in so-called enriched environments or
in severely impoverished environments. When animals are placed in
complex environments in which there is an opportunity for animals
to inferact with a changing sensory and social environment and Lo
engage in far more motor activity than regular caging. There are
many of neural changes associated with this form of enrichment
including increases in brain size, comical thickness, neuron size.
dendritic branching, spine density, synapses per newron, glial
numbers and complexity, and vascular arborization [4]. In contrast,
impoverishment produces changes in the opposite direction, as well
as cell loss [5].
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Stress and prefrontal cortical plasticity in the developing
brain
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ARTICLE INFO ABSTRACT

Article liistory: There is a large literature showing that stress in adulthood induces the production of stress

Received 30 April 2016 hormones teading to a modulation of brain function, which is accomplished, in part, by

i“e“’ei ‘5“ revised g%r]“;_ 31 October 2016 changing the structure of neurons, especially in the hippocampus and prefrontal cortex,
ceepred 5 January and these changes are correlated with behavioral change. Here we review the effects of
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The Integration of Functional Brain Activity from
Adolescence to Adulthood

Prantik Kundu,' Brenda E. Benson,’ Dana Rosen,* Sophia Frangou,? Ellen Leibenluft,’ Wen-Ming Luh,®

Peter A. Bandettini,’ Daniel S. Pine,” and Monique Ernst*
'Section en Advanced Functional Neuroimaging, Brain Imaging Center, 2Department of Psychiatry, Icahn School of Medicine at Mouant Sinai, New York,
New York 10029, *Emotion and Development Branch, *Section on Neurebiology of Fear and Anxiety, 3Section on Functional Imaging Methods, National
institute of Mental Health, Bethesda, Maryland 20892, and “Cornell MRI Facility, Cornell University, Ithaca, New York 14853

Age-related changes in human functional neuroanatomy are poorly understood. This is partly due to the limits of interpretation of standard
fMRI. These limits relate to age-related variation in noise levels in data from different subjects, and the common use of standard adult brain
parcellations for developmental studies. Here we used an emerging MRI approach called multiecho (ME)-fMRI to characterize functional brain
changes with age. ME-fMRI acquires blood oxygenation level-dependent (BOLD) signals while also quantifying susceptibility-weighted trans-
verse relaxation time (T3) signal decay. This approach newly enables reliable detection of BOLD signal components at the subject level as
opposed to solely at the group-average level. In turn, it supports more robust characterization of the variability in functional brain organization
across individuals. We hypothesized that BOLD components in the resting state are not stable with age, and would decrease in number from
adolescence to adulthood. This runs counter to the current assumptions in neurodevelopmental analyses of brain connectivity that the number
of BOLD signal compenents is a random effect. From resting-state ME-fMRI of 51 healthy subjects of both sexes, between 8.3 and 46.2 years of
age, we found a highly significant (r = —0.55, p << 0.001) exponential decrease in the number of BOLD components with age. The number of
BOLD components were halved from adolescence to the fifth decade oflife, stabilizing in middle adulthood. The regions driving this change were
dorsolateral prefrontal cortices, parietal cortex, and cerebellum. The functional network of these regions centered on the cerebellum, We
conclude that an age-related decrease in BOLD component number concurs with the hypothesis of neurodevelopmental integration of func-
tional brain activity. We show evidence that the cerebellum may play a key role in this process.

Key words: complexity; development; fMRI; multiecho; resting state

-
( Significance Statement

Human brain development is ongoing from childhood to at least 30 years of age. Functional MRI (fMRI) is key for characterizing
changes in brain function that accompany development, However, developmental fMRI studies have relied on reference maps of
adult brain organization in the analysis of data from younger subjects. This approach may limit the characterization of functional
activity patterns that are particular to children and adolescents. Here we used an emerging fMRI approach called multi-echo fMRI
that is not susceptible to such biases when analyzing the variation in functional brain organization over development. We hypoth-
esized an integration of the components of brain activity over development, and found that the number of components decreases
exponentially, halving from 8 to 35 years of age. The brain regions most affected underlie executive function and coordination. In
summary, we show major changes in the organization and integration of functional networks over development into adulthood,
with both methodological and neurobiological implications for future lifespan and disease studies on brain connectivity.

e

Introduction heaithy brain function. However, the trajectories of changes in
functional organization during brain development are not yet
well characterized. Developmental studies of white matter
structural change based on diffusion weighted MRI report
Received Jine 27, 2017: revised Jan. 21, 2018: accepted Jan. 25, 2018 nonlinear trajectories involving faster changes at earlier ages,
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Characterizing brain development from adolescence to adult-
hood is critical for understanding neuropsychiatric disease and
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Differential Postnatal Development of Catecholamine and Serotonin
Inputs to Identified Neurons in Prefrontal Cortex of Rhesus Monkey

Evelyn K. Lambe, Leonid S. Krimer, and Patricia S. Goldman-Rakic
Section of Neurobiology, Yale University School of Medicine, New Haven, Connecticut 06520

The monoaminergic innervation of cerebral cortex has jong been
implicated in its development. Methods now exist to examine
catecholaming and serotonin inputs to identified neurons in the
cerebral cortex. We have quantified such inputs on pyramidat
and nonpyramidal cells in prefrontal cortex of rhesus monkeys
ranging in age from 2 weeks to 10 years. Individual layer !l
neurons were filled with Lucifer yellow and double-
immunostained with axons containing either tyrosine hydroxy-
lase {TH) or 5-hydroxytryptamine {5-HT). The filled cells were
reconstructed, and putative appositions between the axons and
dendritic spines and shafts were quantified at high magnification
using light microscopy.

The density of catecholamine appositions on pyramidal neu-
rons matures slowly, reaching only half the adult level by 6
months of age and thereafter rising gradually to adult levels by 2

years of age. By contrast, the density of serotonin appositions on
pyramidal cells reaches the adult level before the second week
after birth. The average adult pyramidai neuron in {ayer #l of area
9m receives three times stronger input from catecholaminergic
than from serotoninergic axons. The overall density of both in-
puts to interneurons does not appear to change during postnatal
development. Selective changes in the TH innervation of pyra-
midal cells against a backdrop of constant TH innervation of
interneurons suggest that the balance between excitation and
inhibition may change developmentally in the prefrontat cortex.
By contrast, 5-HT innervation of both types of neurons remains
relatively constant over the age range studied.

Key words: tyrosine hydroxylase; dopamine; serotonin; 5-hy-
droxytryptamine, pyramidal neuron; interneuron; rhesus monkey;
nonhuman primate; prefrontal cortex

Monoaminergic systems of the brain modulate excitatory transmis-
sion in cortical circuits that are critical for normal adult function of
prefrontal cortex (Williams and Goldman-Rakic, 1995; Vollenwei-
der et al., 1998). The same neurotransmitters have been implicated
directly and indirectly in several aspects of neurodevelopment
{Mattson, 1988; Levitt et al., 1997), in the pathophysiology of
schizophrenia (Licberman, 1999), and in the psychotomimetic ef-
fects of certain hallucinogens (Breier, 1995; Farber et al., 1999;
Gouzoulis-Mayirank et al., 1999). There are timing similarities
amang the attainment of peak working memory performance (Di-
amond and Goldman-Rakic, 1989), the typical age of onset of
schizophrenia (Lieberman, 1999), and the age at which certain
drugs begin to trigger psychosis (Farber et al., 1999). These devel-
opmental parallels suggest that a detailed understanding of the
postnatal changes in monoaminergic input to cortical neurons may
shed light on the changes in circuitry needed for mature working
memory performance, as well as on how this circuitry may become
disrupted in psychosis.

Monoamines have been extensively studied during embryonic
devetopment {Lauder and Bloom, 1974; Coyle and Molliver, 1977;
Buznikov, 1984; Mattson, 1988; Verney et al.,, 1993; Levitt, 1997,
yet relatively few studies in vitro have addressed postnatal changes
in monoaminergic innervation of frontal cortex. Over the prepu-
bertal period, serotonin and dopamine levels appear to fluctuate
before rising to adult levels at puberty (Goldman-Rakic and
Brown, 1982). However, differences exist between these two neu-
rotransmitters. From birth to adulthood, there is a protracted and
dramatic increase in the synthetic capacity for dopamine, whereas
that for serotonin stays at a constant low level {Goldman-Rakic and
Brown, 1982). Furthermore, the length of axons that contain ty-
rosine hydroxylase (TH), an enzyme critical for the production of
dopaming, continues to increase until puberty (Rosenberg and
Lewis, 1995}, In addition, adult TH density in arca 9 of frontal

Received July 18, 2000; revised Aug. 31, 2000; accepted Scpt. 12, 2000,
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cortex is much greater than that for 5-hydroxytryptamine (5-HT)
(Lewis et al., 1992).

These differences in axonal density during postnatal develop-
ment raise the question of how they affect individual neurons in
prefrontal cortex. Anatomical work in the adult has shown a pre-
dominance of TH innervation onto pyramidal cells relative to
interneurons {Krimer et al., 1997). Functional studies in the adult
have shown that dopamine modulates the ability of prefrontal
neurons to maintain activity during the delay period of working
memory tasks (Sawaguchi et al, 1990; Williams and Goldman-
Rakic, 1995). In view of pronounced differences in working mem-
ory ability across postnatal development (Diamond and Goldman-
Rakic, 1989), understanding of the dcvelopmental changes in
monoaminergic innervation of single neurons in frontal cortex may
provide insight into the anatomical underpinming of cognitive
maturation.

In summary, this study presents findings using infrared differen-
tial interference contrast (IR-DIC) videomicroscopy to fill selected
individual neurons in rhesus monkeys, followed by double-
immunostaining and quantification of contacts between monoam-
inergic axons and labeled cortical neurons. The pattern of TH and
5-HT innervation to identified pyramidal cells and interneurons
shows changes over the first 10 postnatal years. The relevance of
these findings in regard to changes in dopamine-dependent prop-
ertics of prefrontal function, including its vulnerability during
adolescence to schizophrenia and ketamine-induced psychosis, is
discussed.

MATERIALS AND METHODS

Tissue preparation. Twelve monkeys between the ages of 2 weeks and 10
years were administered ketamine {5-10 mg/kg) and atropine (0.2 mg/kg)
and placed under deep surgical anesthesia with sodium pentobarbital {100
mg/kg). They were tgen perfused transcardially with a solution of 4%
parafermaldehyde, 15% picric acid, and 0.2% Tpluteraldchyde in 0.1 s
phosphate buffer (PB) for 4-7 min, depending on the age and the size of
the animal. The apes of the monkeys are shown in Tables | and 2. Two
animals were included at the following apes: 2 weeks, 2 months, and 2
years. Tissue blocks from dorsomedial area 9 in the left hemisphere were
excised and sectioned with a microiome inta 400 um slices. These slices
were maintained in ice-cold PB until injection.

Injection of fluorescent dye. Layers within the cortex were visualized
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Microstructural maturation of the human brain

from childhood to adulthood
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Brain maturation is a complex process that continues welf beyond
infaney, and adolescence is thought to be a key period of brain rewiring.
To assess structural brain maturation from childhood to adulthoed, we
charted brain development in subjects aged 5 to 30 years using diffusion
tensor magnetic resonance imaging, a novel brain imaging technique
that is sensitive to axonal packing and myelination and is particakarly
adept at virtually extracting white matter connections. Age-related
changes were seen in major white matter tracts, deep gray matter, and
subcortical white matter, in our large (#=202), age-distributed sample.
These diffusion changes follawed an expenential pattern of maturation
with considerable regional variation. Differences observed in develop-
mental timing suggest a pattern of maturation in which areas with
fronto-temporal connections develop more slowly than other regions,
These in vivo results expand upon previous postmertem and imaging
studies and provide quantitative measures indicative of the progression
and magnitude of regional human brain maturatien.

© 2007 Elsevier Inc. Al rights reserved.

Introduction

Brain development is a complex process linked with behaviora,
emotional, cognitive, and overall maturation that progresses
throughout chitdhood. adolescenee, and into adulthoed. A thorough
knowledge of structural brain development during adolescence is
crucial for understanding the extensive cognitive and behavioral
advances that oceur during the same period, and for linking brain
structure with brain function in both healthy and disease states.
Postmortem studies can and have provided valuable insight into

* Corresponding author. Fax: +1 780 492 §259.
E-muil address: christian.beaulieuiiualbena.ca (C. Beaulieu).
' These authors contributed equally to this work.
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white maiter development, demonstrating continued myelination of
white matter tracts into the sccond and third decades of life
{Yakovlev and Lecours, [967; Benes., 1989). However, these studies
are limited by the availability of young, previcusly healthy subjects.

Magnetic resonance imaging (MRI) is a powerful tool that has
made it possible to investigate healthy brain development in vivo,
demonstrating both global brain development, as well as more spe-
cific brain maturation. MR has been used extensively to study brain
and tissue volume changes, and has demonstrated that though total
brain volume remains approximately constant after early childhood,
the volume of the individual tissue components changes throughout
the life span (Giedd et al., [999: Good etal.. 2001}, Studies of corticai
gray matter development have shown regional patterns of brain
maturation, with distinct areas developing at different rates (Sowell
et al., 2004; Lerch et al.. 2006; Whitford et al., 2007).

Despite the fact that adolescence is considered a crucial period of
brain rewiring, relatively little is known about the development of
the white matter tracts that form this wiring or the deep gray matter
structures that provide the relay stations. Previous studies using Tl -
weighted anatomical MRI have shown various brain white matter
changes during adolescence, inctuding an overall volume increase
(Giedd et al., 1999), and increases of “white matter density™ in the
internal capsule and the left arcuate fasciculus (Paus of al.. 1999).
Diffusion tensor MRI {DTIi) is a non-invasive tool that provides
unique information about tissue microstructure, including indirect
measures of myelination and axonal growth, and may be more sen-
sitive than conventional imaging (Basser ct al.. 1994; Beaulicu.
2002: Le Bihan, 2003), DTI has demonstrated more widespread
white matter and deep gray matter development with age during
chitdhood and adolescence (Mukherjee et al., 2001; Schmithorst
et al., 2002; Barnea-Guoraly et al.. 2005; Ben Basha et al., 2005;
Snook et ai., 2005; Ashtari et al., 2007) than is observed on T1-
weighted scans. However, previous DT studies oladoiescence were
limited by small sample sizes (Morriss et al., 1999; Cluvathingal
ctal., 2007}, limited brain regions analyzed (Ben Bashat et al.. 2003;
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Abstract

In this study, the development of white matter was studied using an optimized diffusion tensor imaging ( DTI) protocol in 20
normal subjects (1040 years old ). The normal development of white matter tracts was uddressed hy comparing the diffusion
anisotropy resulls between nwo sub-groups: eight adulis {26 -38 years old) and eight udolescents {13--15 years old). The dif-
Sference in myelination extent betwveen rhese two groups us indexed by the fractional anisotrapy was ideniified by conducting u
student t-test of the measured diffusion anisotropy maps. Significant differences (p <0.01 ) were detected in the gyrus frontalis
medialis ( GFM ), gyrus temporalis medialis { GTM ) and gyrus einguli { GC ), in addition 1o the developmental changes in corpus
callosum. A bricf overview of previous published DT studies in developmenral science and curvent progress in DTT technigues
is also given ar the end of this paper. It may be useful for readers interested in ysing DTI to study developmental problems hur

whe are not fumiliar with the various technical aspects.

Introduction

The measurement of the diffusion coefficient with nuclear
magnetic resonance (NMR) has long been exploited as
a method for investigating molecular motions in
complex biological systems (Callaghan, 1991; Cory &
Garroway, 1990; Li, Haggkvist & Odberg, 1997; Stejskal
& Tanner, 1965; Tanner, 1983). Diffusion-weighted contrast
was subsequently applied in MR imaging with the acqui-
sition of diffusion-weighted images along three orthogonal
gradients. However, robust miethods for the characteriza-
tion of the full diffusion tensor were not developed until
more recently. The power of DTI to reveal the details of
microstructure in biological tissues relies on the fact that
the random, three-dimensional, diffusion-driven molec-
ular motion is sensitive to the tissue structure at a micro-
scopic scale. The molecular mobility in tissues may not
be the same in all directions, because of either a peculiar
physical arrangement of the medium, or the presence of
obstacles that may limit molecular movement in some
directions. Diffusion in a heterogeneous system has the
characteristics of a second order symmetric tensor rather
than a scalar, as would be appropriate for an isotropic
system with Gaussian diffusion.

The diffusion tensor can be fully determined by
diffusion-weighted MRI with diffusion-weighting grad-

lents applied in at least six non-collinear directions. As
shown in Figure 1, with DTI the average diffusitivity,
diffusion anisotropy and directionality can be fully extracted,
characterized and exploited to provide even more exqui-
site details of tissue microstructure well beyond the usual
image resolution. DTI provides a great opportunity to
study the development of myelination in the brain, map
white matter tracts connecting different brain regions and
relate these changes with the development of normal
cognitive ability and disorders. A typical DTI study
entails three steps: (1) determination of six independent
diffusion tensor elements in the laboratory frame with
diffusion-weighted imaging measurements; (2) evaluation
of eigenvalues and cigenvectors of the diffusion tensor;
and (3) calculation and display of diffusion anisotropy
and directionality. Due to the requirement for pulse
sequence programming and post-processing technigues,
this procedure, until more recently, was limited to exper-
imental and research settings with MRI physics support.
However, the number of DTI capable facilities is
growing and is therefore being applied in the study of
numerous brain pathelogies including demyelinating
disorders (e.g. multiple sclerosis), epilepsy, brain tumours,
ischemia and psychological problems (c.g. schizophrenia,
dyslexia). In addition to neuropathological processes,
the normal development of the brain can also be

Address for correspondence: Tie-Qiang Li, Department of Radiology, Indiana University School of Medicine, 541 Clinical Drive. Room 112,

Indianapolis. Indiana 46202-5111. USA; e-mail: tili@iupui.edu
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Abstract

In this review, we report on studies that have assessed the effects of exogenous and endogenous increases in stress hormones on human
cognitive performance. We first describe the history of the studies on the effects of using exogenous stress hormones such as glucocor-
ticoids as anti-inflammatory medications on human cognition and mental health. Here, we summarize the cases that led to the diagnosis
of glucocorticoid-induced “steroid psychosis’ in human populations and which demonstrated that these stress hormones could thus cross
the blood-brain barrier and access the brain where they could influence cognition and mental health. We then summarize studies that
assessed the effects of the exogenous administration of glucocorticoids on cognitive performance supported by the hippocainpus, the
frontal lobes and amygdala. In the second section of the paper, we summarize the eflects of the endogenous release of glucocorticoids
induced by exposure to a stressful situation on human cognition and we further dissociate the efiects of emotion from those of stress on
human learning and memory. Finally, in the last section of the paper, we discuss the potential impact that the environmental context Lo
which we expose participants when assessing their memory could have on their reactivity to stress and subsequent cognitive performance.
In order to make our point, we discuss the field of memory and aging and we suggest that some of the age-related memory impairments’
observed in the literature could be partly due to increased stress reactivity in older adults to the environmental context of testing. We also
discuss the inverse negative correlations reported between hippocampal volume and memory for young and older adults and suggest that
these inverse correlations could be partly due to the effects of contextual stress in young and older adults, as a {unction of age-related
differences in hippocampal volume.
© 2007 Published by Eisevier Inc.

Keyvords: Stress; Glucocorticoids; Catecholamines; Memory; Aging; Hippocampus

1. Introduction

Stress is a popular topic these days. A week seldom
passes without hearing or reading about stress and its del-
eterious eflects on heaith. Given this negative impact of
stress on human health, many lypes of stress management
therapies have been put forward lo decrease stress and
thus, promote health. However, there is a great paradox

" Corresponding auther. Fax: +1 514 888 4064.
F-miail adddress: sonta lupienf@megitl.ca (S.J. Lupien).
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in the field of stress research, and it relates to the fact that
the popular definition of stress is very different from the sci-
entific definition of stress. This has left a multitude of peo-
ple and experts talking about, and working on, very
different aspects of the stress response.

In popular terms, stress is mainty defined as time pres-
sure. We feel stressed when we do not have the time to per-
form the tasks we want 1o perform within a given period of
time. This time pressure usually triggers a set of physiofog-
ical reactions that give us the indication that we are
stressed. Although this definition is certainly accurate
in terms of one component of the stress response, it is
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Stress is a state of the mind, involving both brain and body as well
as their interactions; it differs among individuails and reflects not
only major life events but also the conflicts and pressures of daily
life that alter physiological systems to produce a chronic stress
burden that, in turn, is a factor in the expression of disease. This
burden reflects the impact of not only life experiences but aiso
genetic variations and individual health behaviors such as diet,
physical activity, sleep, and substance abuse; it also reflects stable
epigenetic modifications in development that set lifelong patterns
of physiological reactivity and behavior through biological embed-
ding of early environments interacting with cumulative change
from experiences over the lifespan. Hormones associated with the
chronic stress burden protect the body in the short run and promote
adaptation (allostasis), but in the long run, the burden of chronic
stress causes changes in the brain and body that can lead to disease
(allostatic ioad and overload). Brain circuits are plastic and remod-
eled by stress to change the balance between anxiety, mood
control, memory, and decision making. Such changes may have
adaptive value in particular contexts, but their persistence and lack
of reversibility can be maladaptive. However, the capacity of brain
plasticity to effects of stressful experiences in adult life has only
begun to be explored along with the efficacy of top-down
strategies for helping the hrain change itself, sometimes aided
by pharmaceutical agents and other treatments.

brain structural plasticity | adverse childhood experiences | interventions

he brain is the central organ of stress and adaptation (Fig. 1).

The social environment as well as the physical environment
have powerful effects on the body and the brain through the
neuroendocrine, autonomic, and immune systems (1-3). Two
important processes are evident: The first process is the bi-
ological embedding of early experiences, the subject of this
symposium, that determines operating ranges of physiological
systems for the effects of later experiences, and the second
process is the cumulative wear and tear of the physical and social
environment on the brain and body acting through the neuro-
endocrine, autonomic, metabolic, and immune systems. This re-
view focuses on the central role of the brain in both processes (2, 3)
and the interaction of biological embedding with cumulative
wear and tear over the life course; it considers the nature of
interventions that can aiter the predispositions and risks created
by biological embedding as well as those interventions caused by
life experiences and the health-damaging and -promoting behav-
iors by which individuals live their lives. In particular, increasing
understanding of the plasticity of the mature brain offers some
hope for finding better strategies to help those individuals whose
lives have been burdened by adverse early-life experiences. At
the same time, this view presents an encouraging and broader
message as to the potential for experience—and pharmacologically
regulated brain plasticity. Our current understanding in this
arca has been facilitated by advances in neuroendoerinology
and neuroscience.

Historical Background

Neuroendocrinology, which developed and fiourished beginning
in the 1950s through the pioneering work of Geoffrey W. Harris

17180-17185 | PNAS | October 16, 2012 | wvol. 109 | suppl. 2

(4) and many others (5) and led to the Nobel Prize recognition of
Roger Guillemin (6} and Andrew V. Schally (7), focused on the
hypothalamus and its connection with the pituitary gland. Hor-
monal feedback on these organs was part of the nepgative and
positive feedback regulation of pituitary hormone secretion.
Work on estradiot feedback (8, 9) called attention to hormone
effects on mating bchavior and defense of territory and brought
in structures like the amygdala in addition 1o the hypothalamus.
Glucocorticoid actions were focused on the hypothalamus until
the discovery of glucocorticoid and mineralocorticoid receptors in
the hippocampus (10) began to shift the focus from the feedback
regulation of neurcendocrine function to other aspects of be-
havior, including cognition, mood, and sc¢lf-regulatory hehaviors.

Robert M. Sapolsky (11), studying the aging brain, developed
the “glucocorticoid-cascade hypothesis™ of stress and aging in the
work by Sapolsky et al. (11), which focused on the deleterious
cffects of glucocorticoid feedback on the hippocampus, and this
finding was reinforced by the eiegant studies of Landfield et al.
{12). Other than damage, however, there are now known to be
many beneficial, adaptive actions of adrenal steroids on memory
and immune function (13-15). Moreover, adrenal steroids do not
work in a vacuum, but rather, they work in concert with other
mediators of the autonomic, immune, and metabolic hormone
systems (1); this work, together with the adaptive as well as po-
tentially damaging aspects of these mediators, became part of
the concepts of allostasis and allostatic load (16).

This notion of protection and damage as ends of possible
outcomes of the actions of the mediators of allostasis was ex-
tended back to the brain hy the finding of structural plasticity not
only in hippocampus but in other brain regions, such as amyg-
dala, prefrontal cortex, and nucteus accumbens (2). The concept
of the plasticily of the adult brain is traccable to the enriched
environment studies of the 1960s (17), Indeed, acute and chronic
stress-induced plasticity is reversible, at least in young aduli
brains (18), and it does not constitutc brain damage per se;
however, the overstimulation of these systems (c.g., by seizures,
head trauma, and ischemia) does causc permanent irreversible
damage (19). Moreover, there is evidence that the aging brain
loses its resilience [that is, its ahility to recover from stress-induced
changes (18) as well as those changes caused by isolation and an
unhealthy tifestyle], which can be ameliorated by top-down
interventions, such as physical activity and positive social inter-
actions (20, 21). In this connection and others, modern imaging
methods are enabling translation from animal models o the
human brain.

This paper resuits from the Arthur M. Sackler Colloquium cof the National Academy of
Sciences, “Biologital Embedding of Early Social Adversity: From Fruit Flies to Kindergart-
ners,” held December 9-10, 2011, at the Arnold and Mabel Backman Center of the
Natioral Academies of Sciences and Engineering in Irvine, CA. The complete program
and audio files of most presentations are available on the NAS Web site at www .nasonline.
orghbioiogical-embedding.
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Heterogeneity in Subcortical Brain Development:
A Structural Magnetic Resonance Imaging Study of
Brain Maturation from 8 to 30 Years
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Brain development during late childhood and adelescence is characterized by decreases in gray matter {(GM) and increases in white
matter {(WM) and ventricular volume. The dynamic nature of development across different structures is, however, not well understood,
and the present magnetic resonance imaging study took advantage of a whole-brain segmentation approach to describe the developmen-
tal trajectories of 16 neuroanatomical volumes in the same sample of children, adolescents, and young adults (# = 171; range, 8 -30
years). The cerebral cortex, cerebral WM, caudate, putamen, pallidum, accumbens area, hippocampus, amygdala, thalamus, brainstem,
cerebellar GM, cerebellar WM, lateral ventricles, inferior lateral ventricles, third ventricle, and fourth ventricle were studied. The cerebral
cortex was further analyzed in terms of lobar thickness and surface area. The results revealed substantial heterogeneity in developmental
trajectories. GM decreased nonlinearly in the cerebral cortex and linearly in the caudate, putamen, pallidum, accumbens, and cerebellar
GM, whereas the amygdala and hippocampus showed slight, nenlinear increases in GM volume. WM increased nonlinearly in both the
cerebrum and cerebellum, with an earlier maturation in cerebellar WM. In addition to similarities in developmental trajectories within
subcortical regions, our results also point to differences between structures within the same regions: among the basal ganglia, the caudate
showed a weaker relationship with age than the putamen and pallidum, and in the cerebellum, differences were found between GM and
WM development. These results emphasize the importance of studying a wide range of structural variables in the same sample, for a

breader understanding of brain developmental principles.

Introduction

Subcortical structures are important in developmental disorders
(Krain and Castellanos, 2006), and we need a better understand-
ing of the dynamics of differential subcortical brain development.
However, few magnetic resonance imaging (MRI) studies cover
normal hrain development in multiple subcortical regions in
childhood and adolescence. The aim of the present study was to
describe and compare the developmental trajectories of several
subcortical structures in the same saniple of participants, thereby
shedding light on the dynamic interplay between different brain
structures in development.

It is generaily acknowledged that gray matter (GM) volume
increases in early childhood and decreases during adolescence
(Jernigan et al., 1991; Reiss et al., 1996; Giedd et al., 1999; Sowell
et al., 1999, 2002; Lenrooct et al., 2007; Wilke et al., 2007; Shaw et
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al., 2008). This may, in part, reflect early synaptic arborization
and later pruning (Huttenlocher, 1990). Results indicate that
subcortical GM structures show differential developmental tra-
jectories (Giedd et al., 1996b; Sowell et al,, 2002; Toga et al.,
2006). Because most studies have quantified only one or a few
structures, the relative development of the subcortical structures
is stiil unclear, however. For instance, different emphasis has
been put on either the caudate or lenticular nuclei in develop-
ment in various reports, sometimes because of methodological
constraints (Jernigan et ak., 1991; Giedd et al., 1996a; Sowell et al.,
1999, 2002; Wilke et al,, 2007). There has been some focus on
structural development of the cerebellum {Sowell et al., 2002; Liu
et al., 2003; Mackie et al., 2007) and accumbens {Sowell et al.,
2002), but cerebellar development is still not characterized in
terms of separate WM and GM development. Furthermore, there
is a need for a broader understanding of the development of
hippocampus and amygdala, as these structures often appear to
increase during development, although discrepancies exist
(Giedd et al., 1996b; Sowel} et al., 2002; Gogtay et al., 2006; Toga
et al., 2006; Guo et al., 2007). It is not clear how this is to be
understood within a (proposed) framework of arborization/
pruning as general principles of GM development, White matter
{WM) volume has been shown to increase, often linearly, prob-
ably driven by increased myelination during adolescence and early
adulthood {Reiss et al., 1996; Giedd et al., 1999; Sowell et al., 2002;
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The striatum codes motivated behavior. Delineating age-related differences within striatal
circuitry can provide insights into neural mechanisms underlying ontogenic behavioral
changes and vulnerabilities to mental disorders. To this end, a dual ventratf{dorsal model
of striatal function was examined using resting state intrinsic functional connectivity (iFC)
imaging in 106 healthy individuals, ages 9-44. Broadly, the dorsat striatum {D$) is con-
nected to prefrontal and parietal cortices and contributes to cognitive processes; the ventral
striatum (V5) is connected to medial orbitofrontal and anterior cingulate cortices, and con-
tributes to affective valuation and motivation. Findings revealed patterns of age-related
changes that differed between VS and DS iFCs, We found an age-refated increase in DS iFC
with posterior cingulate cortex (pCC) that stabilized after the mid-twenties, but a decrease
in VS iFC with anterior insula (alns) and dorsal anterior cingulate cortex (dACC) that per-
sisted into mid-adulthood. These distinct developmentat trajectories of VS vs. DS iFC might
underlie adolescents’ unique behavioral patterns and vulnerabilities to psychopathoiogy,

and also speaks to changes in motivational networks that extend well past 25 years old.
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http:/foreativecommons.orgilicensesiby-ne-nd; 3.0

1. Introduction

cognitive, and affective functions that are subserved by
cortical-striatal-thalamic—cortical loops (Alexander ex ai.,

The basal ganglia, at the intersection of the midbrain
and forebrain, are implicated in a wide range of motor,

* Corresponding author at: Head of Neurodevetopment of Reward Sys-
tems, Emetienal Development and Affective Neuroscience Branch{EDAN),
Section on Neurobiology of Fear and Anxiety (NFA), National Institute of
Mental Healeh/NIH, 15K North Drive, Bethesda, MD 20892, USA.
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E-mail address: crosimeemail.nihgov (M, Emst),
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198G, Haber, 2003; Selemon and Goldman-Rakic, 1935),
Accordingly, the striatum, the major input component
of the basal ganglia, receives connections from all corti-
cal regions in a parallel, segregated fashion. Five paraliel
networks were originally proposed in the classic paper
by Alexander et ak {198G); more recent accounts add the
notion of a functional gradient within the striatum {11aher,
2003). Specifically, a ventral to dorsal schema has been
linked with an affectivefmotivational to cognitive/motor

1878-9293/© 2014 Published by Elsevier Ltd. This is an open access article under the €CC BY-NC-ND license (hitp::icicativecnmmans.areficonsess

e el 3.0,



Myelination of lanéﬁage-related areas
in the developing brain
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and J. Deus, PhD

Abstract--Background: The rapid development of language abilities in early childhood coincides with a similarly acceler-
ated progression in brain maturation. Objective: To quantitate myelination in the lateral part of the verbal left hemisphere
from birth to 3 years in the living human brain. Methods: One hundred children {mean age 16.6 months) were examined
using three-dimensional MRI, and a subgroup of 40 children were also evaluated behaviorally. The volume of myelinated
white matter was measured in language-related temporal and frontal regions and in the central sensorimotor region. A
method was developed to compose a movie sequence for all the myelination process using volumetric data. Results: A plot
of age against relative volume of myelinated white matter graphically detailed the myelination progress in the lateral
brain. The changes started in sensorimotor white matter and the Heschl gyrus and ultimately extended to the language-
related areas. Both comprehension and production regions showed a very similar myelination course, suggesting simulta-
neous maturation of the temporofrontal language network. The movie sequence of white matter images dynamically
displayed the anatomic details of myelin deposition in this part of the brain. The analysis of language performance showed
acceleration in children’s vocabulary after 18 months, once a rapid myelination phase was attained in the language brain.
Conclusions: This volumetric study may contribute to further characterize the early stages of brain maturation by showing
the fine progression of myelin deposition in the language domains and illustrating its relationship to children’s vocabulary
acquisition.

NEUROLOGY 2006;66:339-343

Language is a complex cognitive ability that devel-
ops with extraordinary speed during early child-
hood.! Maturation of the developing brain is also
accelerated in the early years and involves many
changes in all neuronal elements, including the pro-
gressive myelination of white matter.®® Myelin is
present at birth in the pyramidal tract and primary
sensory pathways. During the following months, my-
elin deposition progressively spreads to neocortical
domains devoted to higher cognitive processes.*s
Most of the histologic and imaging studies assessing
myelination during the first years of life are based on
the estimation of the age at which representative
cerebral structures achieve myelination maturity 514
Nevertheless, there are no studies specifically as-
sessing the course of myelination in language-related
areas.

In this study, we quantitated myelination in the

Additional material related %o this article can be found on the Neurology
Web site. Go to www, neurology.org and scroll down the Table of Con-
tents to the February 14 issue to find the litle link for this article,

lateral aspect of the left hemisphere in the living
human brain from birth to 3 years using volumetric
MRI. Children with no imaging evidence of brain
damage were assessed to describe the course of my-
elination in temporal and frontal language-related
areas and in the reference sensorimotor region. The
MRI exams from a subgroup of neurologically intact
children were used to create a movie sequence that
dynamically showed the anatomic details of myelin
deposition in this part of the brain. Word production
was also evaluated in the normal children as a rep-
resentative measurement of language performance
to illustrate the relationship between vocabulary
growth and rapid myelination occurring in the stud-
ied age period,

Methods, Subjects. We studied 100 children showing normal
MRL. Forty of these subjects were neurologically intact children,
referred for noncranial MRI examination and showing no active
systemic disease, whose parents agreed to the acquisition of the
additional three-dimensional brain sequence. A family report of
normal development was required, and each subject in this neuro-
logically normal group received specific language assessment. The

Editorial, see page 304
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Recent structural and functional imaging studies have provided evidence for continued developnient of
brain regions involved in social cognition during adolescence. In this paper, we review this rapidly
expanding area of neuroscience and describe medels of neurocognitive developiment that have emerged
recently. One implication of these models is that neural development underlies commonly observed ado-
lescent phenomena such as susceptibility to peer influence and sensitivity to peer rejection. Experimental
behavioural evidence of rejection sensitivity in adolescence is currently sparse. Here, we describe a study
that directly compared the affective consequences of an experimental ostracism manipulation {Cyber-
ball) in femate adolescents and adults, The ostracism condition led to significantly greater affective con-
sequences in the adolescents compared with adults. This suggests that the ability to regulate distress
resulting from ostracism continues to develop between adolescence and adulthood. The resuits are dis-
cussed in the context of models of neurocognitive development.

Prefrontal cortex

€ 2009 Elsevier [nc. Ali rights reserved.

1. Introduction

Human adolescence is a period of physical, psychological and
social transition between childhood and adulthood {Spear, 2000).
In recent years it has been established that substantial neural
development also occurs during this period of life (see Paus,
2005 for a review; Gogtay & Thompson, 2010; Paus, this issue;
Giedd & Lenroot, 2010; Schmithaorst, 2010). There are significant
changes in grey matter and white matter volumes in brain regions
responsible for complex human behaviours, notably the prefrontal
cortex and temporo-parietal regions {Giedd et al., 1999; Gogtay
et al., 2004; Shaw et al., 2008; Sowell et al,, 1999), These regions
are involved in a variety of cognitive functions, including sccial
cognition, mentalising {the attribution of mental states {o oneself
and to other people) and self-related processing. In this paper,
we review developmental functional imaging studies of social cog-
nition, mentalising and self-processing, and discuss recent models
of adolescent neurocognitive development. We then describe a
behavioural study that investigated affective reactions to an in-
stance of experimentally induced ostracism in adolescents, com-
pared with adults. Finally, we evaluate how the results of our
study can inform models of adolescent development.

* Corresponding author. Address: UCL Institute of Cognitive Neuroscience, 17
Queen Square, London, WCEN 3AR, UK, Fax: +44 20 7813 2835.
E-mail address: c.sebastian@ucl.ac,uk {C, Sebastian).
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doi:10,1016(j.bandc.2009.06.008

2. Developmental functional imaging studies of the social brain
2.1. The social brain

The social brain is defined as the network of brain regions sub-
serving social cognition, i.e. those enabling us to recognise others,
and to evaluate our own and others’ mentat states (intentions, de-
sires and beliels), feelings, enduring dispositions and actions
(Brothers, 1990; Frith & Frith, 2007). Many different brain regions
are involved in social cognition, including medial prefrontal cortex
(mPFC), anterior cingulate cortex {ACC), inferior frontal gyrus, pos-
terior superior temporal sulcus (pSTS), temporo-parietal junction
{TP]), the amygdala and anterior insula (see Fig, 1). Some of these
brain regions are activated during the attribution of mental states
to oneself and to others. This ability, known as mentalising or the-
ory of mind, enables us to understand other peopie's behaviour and
actions in terms of underlying mental states such as intentions, de-
sires and beliefs (Frith & Frith, 2007). Social cognitive processes
underlying mentalising range from basic perceptual processes such
as biological motion and face perception (Frith, 2007; Pelphrey &
Carter, 2008) to those enabling us to perceive and understand emo-
tional responses in ourselves and others (Olsson & Ochsner, 2008),
to more abstract meta-representational abilities enabling us to
hold an ‘intentional stance’, i.e, the idea that others’ act on the ba-
sis of their mental states (Dennett, 1987).

Using functional imaging and a wide range of stimuli, several
studies have shown remarkable consistency in identifying the
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Relational aggression such as social rejection is common within school peer groups. Converging evidence
suggests that adalescent females are particuiarly sensitive to social rejection. We used a novel fMR! adaptation
of the Cyberball social rejection paradigm to investigate the neural response ta sacial rejection in 19 mid-
adolescent {aged 14-16) and 16 adult female participants. Acrass all participants, saciat exclusion (relative to
inclusion) elicited a response in bilaterai medial prefrontal cortex (mPFC) extending into ventral and
subgenual anterior cingulate cortex and medial orbitofrontal cortex; and the left ventrolateral PFC (vIPFC):
regions that have been associated in previous studies with social evaluation, negative affective processing,
and affect regulation respectively. However, the exclusion-related response in right vIPFC, a region associated
in previous studies with the regulation of rejection-related distress, was attenuated in adolescents. Within
mPFC, greater activation during exclusion vs. inclusion was associated with greater self-reported
susceptibility to peer influence in adolescents but not in adults. This suggests that the brain's response to
experimentally-induced social rejection relates to adotescent behaviour in real-world social interactions. We
speculate about the potential implications of these findings for educational settings. [n particular, functional
development of affective circuitry during adolescence may influence secial interaction within the school peer

group.

© 2010 Elsevier Enc. All rights reserved.

Introduction

In exploring the contributions that neuroscience can make to
educational practice, it is important to consider the pastoral role that
schools must fill, particularly at secondary level. Adolescence is a time
of opportunity for learning new skills and forging an adult identity.
However, it is also a time of vulnerability, as adolescents begin to face
adult challenges while still developing physically, socially and
cognitively {Steinberg, 2005). Understanding the brain basis of social
development and functioning during adolescence is crucial for the
fostering of social competence and psychological wellbeing inside and
outside the classroom (Blakemore, 2010).

Managing social relationships is a significant challenge for adoles-
cents. Relational or social forms of bullying are common within school
peer groups, particularly among adolescent girls, One recent study
{(Wang et al., 2009} found that 27.4% of adolescent girls (mean age

* Corresponding auther. Clinical, Educational and Health Psychology, University
College London, 26 Redford Way, London, WC1H OAR, UK, Fax: 444 20 7436 4276.
E£-moit gddresses: c.sebastian@uclacuk (CL Sebastian), g.tan@uctac.ulk
(G.C.Y. Tan], jroiser@ucl.ac.ui {).P. Raiser], e.viding@uclac.uk ¢E. Viding),
rLdumontheii@uclac.uk (1. Dumoniheil}, s.blakemore@ucl.ac.uk {5.-). Blakemore).

1053-8119/8 - see front matter © 2010 Elsevier Inc. All rights reserved.
doi: 10,101 6/j.newroimage.2010.09.063

14.3 years) reported being excluded or ignored by a group of peers
while at school. Being bullied (including relational aggression) is
associated with decreased school achievement and psychologica
wellbeing (Hawker and Boulton, 2000; Boulton et al., 2008} thus, a
greater understanding of adolescent responses to phenomena such as
social rejection may contribute to greater understanding of the factors
contributing to scheoling success and faiture {Blakemore, 2010),
Recently, several influential fMRI studies have investigated the neural
bases of respanses to social rejection. However, responses in adolescents
and adults have not been directly compared. Given evidence showing
continuing structural and functionat development in social brain regions
during adolescence (Blakemore. 2008) the current study investigated
whether adolescents differ from adults in the neural processing of social
rejection,

One of the difficulties in investigating social rejection with fMRI is
the choice of an appropriate rejection paradigm. This must aim to
preserve some of the ecological validity of social rejection, while
maintaining sufficient experimental control. The paradigm most
commonly used with fMRI is the Cyberbail game (Williams et al.,
2000). Participants believe they are playing a game of ‘catch’ over an
internet connection with two other players, whereas the actions of
these players are actually pre-programmed to include or exclude the
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Abstract Fluctuations in gray and white matter volumes
in addition to the fibers’ reorganization and refinement of
synaptic connectivity apparently happen in a particular tem-
poro-spatial sequence during the dynamic and prolonged
process of cerebral maturation. These developmental events
are associated with regional modifications of brain tissues
and neural circuits, contributing to networks’ specialization
and enhanced cognitive processing. According to several
studies, improvements in cognitive processes are possibly
myelin-dependent and associated to white matter matura-
tion. Of particular interest is the developmental pattern of
the prefrontal cortex (PFC), more specifically the PFC white
matter, due to its role in high-level executive processes such
as attention, working memory and inhibitory control. A
systematic review of the literature was conducted using the
Web of Science, PubMed and Embase databases to analyze
the development of PFC white matter using Ditfusion Ten-
sor Imaging (DTI), a widely used non-invasive technique
10 assess white matier maturation. Both the research and
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reporting ol results were based on Cochrane’s recommenda-
tions and PRISMA (Preferred Reporting Items for System-
atic Reviews and Meta-Analysis) guidelines, Information
extracted from 27 published studies revealed an increased
myelination, organization and integrity of (rontal white
marter with age, as revealed by DTI indexes (fractioaal
anisotropy [FA], mean diffusivity [MD], radial diffusivity
[RD] and axial diftusivity {AD]). These patterns highlight
the extended developmental course of the fromal structural
connectivity, which parallels the improvements in higher-
level cognitive functions observed between adolescence and
early adulthood.

Keywords Prefrontal cortex - White maiter -
Myelination - Diffusion tensor imaging - Development

Introduction

Several studies assessed white matter maturation through
non-invasive imaging techniques such as DTI. This tech-
nique has become popular considering its sensitivity in
evaluating axons’ features, using the random motion of
water molecules known as thermal Brownian motion (Hag-
mann et al. 2006; Le Bihan 2003; Themason and Thomp-
son 2011} This random motion of water molecules is
essential to the accuracy of DTI and therefore deserves
a detailed explanation of its underlying mechanisim. The
random displacement observed in biological tissues, seems
to be driven by its anatomical architecture, and depend-
ent on the histological properties of tissues such as cell
membranes, myelin sheaths and molecules (Hagmann et al,
2006, Mori and Zhang 2006). In this sense, water diffu-
sion within a specific milien might be classified as iso-
tropic—water molecules travel randomly in all directions,

@ Springer
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Less Guilty by Reason of Adolescence

Developmehtdl .[r}irharuri.ty, Diminished Responsibility,

and the Juvenile Death Penalty

Laurence Steinberg
Elizabeth S. Scott

Temple University
University of Virginia School of Law

The authors use a developmental perspective to examine
questions about the criminal culpability of juveniles and
the fuvenile death penalty. Under principles of criminal
faw, culpability is mitigated when the actor's decision-
making vapacity Is diminished, when the criminal act was
coerced, or when the act was out of character. The authors
argue that juveniles should not be held to the same stan-
dards of criminal responsibility as adults, because adoles-
cents' decision-making capacity is diminished, they are
less able to resist coercive influence, and their character is
still undergoing change. The uniqueness of immaturity as a
mitigating condition argues for a commitment to a legal
environment under which most youths are dealt with in a
separate justice system and none are eligible for capital
punishment.

ince 1990, only a handful of countries in the

world—Congo, Iran, Yemen, Saudi Arabia, Paki-

stan, Nigeria, and the United States—have exe-
cuted individuals whose crimes were committed when they
were juveniles (Bradley, 2002; de la Vega, 2002). Twenty-
one states in the United States allow the execution of
individuals under the age of 18, and in most of these states,
adolescent offenders as young as 16 can be sentenced to
death (Streib, 2002). The United States Supreme Court has
held that the death penalty is unconstitutional for youths
who are under [6 at the time of their offense {Thompson v.
Oklahoma, 1998) but has declined to categorically prohibit
capital punishment for 16- and 17-year-olds (Stanford v.
Kentucky, 1989).

Several events have oecurred recently that, considered
together, suggest that it is time to reexamine the constitu-
tionality of the juvenile death penalty. First, in Azkins v.
Virginia (2002), the Supreme Court ruled that the execu-
tion of mentally retarded offenders violates the U.S. Con-
stitution; some of the reasons offered by the Court for the
ban may also apply to the capital punishment of juveniles.
Second, following the Arkins decision, three Supreme
Court justices took the unusual step of urging reconsider-
ation of the constitutional status of the juvenile death
penalty, suggesting considerable dissatisfaction at the high-
est level with current doctrine (Lane, 2002). Finaly, after
the apprehension of the Washington-area serial snipers, one

of whom, Lee Malvo, was 17 years old, prosecutors vied
for the ripht to try the case in their jurisdiction. It was
widely speculated that Attorney General Ashcroft selected
Virginia as the venue, in large part, because that jurisdic-
tion permits the execution of juveniles, whereas Maryland,
where the majority of the killings took place, docs not
{Lichtblau, 2002). Thus, this highty publicized casc has
focused national attention on the debate over the juvenile
death penaity.

The juvenile death penalty is a critically important
issue in juvenile crime policy, but it is not our solc focus in
this article. We are interested in the broader question of
whether juveniles should be punished to the same extent as
adults who have committed comparable crimes. Capital
punishment is the extreme case, hut in practical effect, it is
not the most important one in an era in which youth crime
policy has become increasingly punitive. The guestion of
whether juveniles should be punished like adults is impor-
tant to discussions about sentencing guidelines, the transfer
of juvenile offenders into the adult criminal justice system,
and the incarceration of juveniles in adult facilitics (Fagan
& Zimring. 2000). High-profile murder cases. like those
involving Lee Malvo or Lionel Tate, the Florida {4-year-
old who was sentenced to life in prison for killing a
playmate during a wrestling match, generate public atten-
tion to these matters (e.g., Browning, 2001), but questions
about the appropriate punishment of juvenile offenders
arise In many less visible cases, including those involving
nonviolent crimes such as drug selling (Clary, 2001).

In this article, we draw on research and theory about
adolescent development to examine questions about the
criminal culpability of juveniles. Recent shifts in juvenile
justice policy and practice toward the harsher treatment of
youthful offenders are grounded in concerns about puhlic
protection and the belief that there is no good reason to
exercise leniency with young offenders. This view rejects

Laurcrce Steinberg, Department of Psychelogy, Temple University: Eliz-
ahcth S. Scott, University of Virginia Schoo} of Law.
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Age Differences in Resistance to Peer Influence

Laurence Steinberg and Kathryn C. Monahan
Temple University

Prior research describes the development of susceptibility to peer pressure in adolescence as following
an wverted U-shaped curve, increasing during early adolescence, peaking around age i4, and declining
thereafter. This pattern, however, is derived mainly from studies that specifically examined peer pressure
o engage tn antisocial behavior. In the present study, age differences and developmental change in
resistance to peer influence were assessed using a new self-report instrument that separates suscepiibility
to peer pressure from willingness to engage in antisocial activity. Data from four ethnically and
socioeconomically diverse samples comprising more than 3,600 males and females between the ages of
10 and 30 were pooled from one longitudinal and two cross-sectional studies. Results show that across
all demographic groups, resistance to peer influences incrcases linearly between ages 14 and 18. In
contrast. there is little evidence for prowth in this capacity between ages 10 and 14 or between 18 and
30. Middle adolescence is an especially significant period for the development of the capacity to stand

Capyright 2007 hy the American Psycholagical Association
DOL 101037001 2- 1649336153

up for what one believes and resist the pressures of one’s peers to do otherwise.

Keywords: adolescence. peer pressure. peer influence

The heightened importance of peer influence is a hallmark ol
adolescent psychosocial functioning (Brown, 2004}, Peer pressure
is commonly invoked in discussions of adolescent misbehavior
and is implicated in many accounts of adolescent risk taking,
because most risky behavior in which adolescents engage, such as
detinquency, substance use, and reckless driving, takes place in the
company of peers (Chassin et al., 2004; Simons-Morton, Lerner, &
Singer, 2005). Although studies of homophily {the tendency flor
individuals to affiliate with like-minded friends) during adoies-
cence have yielded different estimates of the relative importance of
selection versus socialization as contributors to behavioral and
altitudinal similarity between adolescents and their (riends
(Brown, 2004}, there is little doubt that peers actually influence
each other and that the effects of peer influence are stronger during
adolescence than in adulthood. Indeed, one recent experimental
study found that exposure (o peers during a risk-taking task dou-

Laurence Steinberg and Kathryn C. Monahan, Department of Psychol-
opy. Tempte University.
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bled the amount of risky behavior among middle adelescents,
increased it by 50% among college undergraduates, and had no
impact at ali among adults (Gardner & Steinberg, 2005).

Two mutually compatible explanations for the increased signil-
icance of peer influence during adolescence have been offered
(Brown, Clasen, & Eicher, 1980). One, which stresses changes in
the salience of peers as a reference group, points to the increas-
ingly important role that peer crowds play in defining the social
landscape of earty and middle adolescence. Ay individuals begin to
sort themselves into crowds, both perceived and actual pressure to
adopt the styles, values, and interests of one's friends may inten-
sify as adolescents use social influence to regulate each other’s
behavior in an attempt to foster solidarity and uniformity within
their group and to develop and maintain a group identity that
distinguishes them {rem other students, This process of normative
regulation may be an especially powerful force during imiddle
adolescence, when upwards of 85% of American youth report
membership in at least one peer crowd (Brown, 2004).

The second account focuses more on the individual than the
social context. According to this view, the heightened significance
of peer influence in adolescence is due mainly to changes in
individuals® suscepiibility to peer pressure. The increased impor-
tance of peers leads adolescents to want to alter their behavior in
order to fit in; because they care more about what their friends
think of them, they are more likely to go along with the crowd to
avoid being rejected (Brown et al., 1986). It is possible that this
heightened conformity to peer pressure during early adolescence is
a sign of a sort of emotional “way station” between becoming
emotionally autonomous from parents and becoming a genuinely
autonomous persen (Steinberg & Silverberg, 1986). In other
words, the adolescent may become emotionally autonomous trom
parents before he or she is emotionally ready for this degree of
independence and may turn te peers to Iil! this void. There is also
some emerging evidence, albeit preliminary, that brain systems
that are important in the processing of social information may
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Abstract

This article proposes a framework for theory and research on risk-taking that is informed by
developmental neuroscience. Two fundamental questions motivate this review. First, why does
risk-taking increase between childhood and adolescence? Second, why does risk-taking decline
between adolescence and adulthood? Risk-taking increases between childhood and adolescence as
a result of changes around the time of puberty in the brain’s socio-emotional system leading to
increased reward-seeking. especially in the presence of peers, fueled mainly by a dramatic remodeling
of the brain's dopaminergic system. Risk-taking declines between adolescence and adulthood
because of changes in the brain's cognitive control system--changes which improve individuals’
capacity for self-regulation. These changes occur across adolescence and young adulthood and are
seert in structural and functional changes within the prefrontal cortex and its connections to other
brain regions. The differing timetables of these changes make mid-zdolescence a time of heightened
vulnerability to risky and reckless behavior.

@ 2007 Elsevier Inc. All rights reserved.
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Peer influence; Decision making; Dopamine; Oxytocin; Brain development
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The authors respond to both the general and specific con-
cerns raised in Fischer, Stein, and Heikkinen’s (2009)
commemntary on their article (Steinberg, Cauffman, Wool-
ard, Graham, & Banich, 2009), in which they drew on
studies of adolescent development to justify the American
Psvchological Association’s positions in two Supreme
Court cases involving the construction of legal age bound-
aries. In response to Fischer et al.’s general concern that
the construction of bright-line age boundaries is inconsis-
tent with the fact that development is multifaceted, variable
across individuals, and conmtextually conditioned, the au-
thors argue that the only logical alternative suggested by
thar perspective is impractical and unhelpful in a legal
context. In response to Fischer et al.’s specific concerns
thar their conclusion about the differential timetables of
cogninve and psvchosocial maturiry is merely an artifact of
the variables, measures, and methods they used, the au-
thors argue that, unlike the alternatives suggested by Fi-
scher er al., their choices are aligned with the specific
capacities under consideration in the two cases. The au-
thors reaffirm their position thar there is considerable
empirical evidence that adolescents demonstrate adult lev-
els of cognitive capability several years before they evince
adulr levels of psychosocial maturiry.

Kevwords: policy, science, adolescent development, chro-
nological age

n our article (Steinberg, Cauffman, Woolard, Graham,

& Banich, 2009, this issue), we asked whether there

was scientific justification for the different positions
taken by the American Psychological Association (APA) in
two related Supreme Court cases—Hodgson v. Minnesota
{1990; a case concerning minors’ compelence to make
independent decisions about abortion, in which APA ar-
gued that adolescents were just as mature as adults) and
Roper v. Simmons (2005; a case about the constitutionality
of the juvenile death penalty, in which APA argued that
adolescents were not as mature as adults). On the basis of
our reading of the extant literature in developmental psy-
chology, as well as findings {rom a recent study of our own,

we concluded that the capabilities relevant to judging in-
dividuals’ competence to make autonomous decisions
about abortion reach adult levels of maturity earlier than do
capabilities relevant to assessments of criminatl culpability.
and that it was therefore reasonable to draw different age
boundaries between adolescents and adults in each in-
stance.

In their commentary on our article, Fischer, Stein, and
Heikkinen (2009, this issue) raised both general and spe-
cific objections to our conclusions. The general issue con-
cerns how developmental evidence may or may not inform
the construction and analysis of legal age boundaries. The
specific issues involve the conclusions we drew from our
analysis of data on age differences in cognitive capabilities
and psychosocial maturity. We appreciate the opportunity
to reply to both of these concerns.

When psychelogists agree to provide guidance on
matters of law, they must be able and willing to simulta-
neously ptant their leet in two worlds—that of social sci-
ence and that of legal policy and practice. These worlds
operate on different principles and with different expecta-
tions. Social scientists are accustormned to providing com-
plicated answers to seemingly simple questions, whereas
legal professionals typically want simple answers to com-
plicated ones. Social scientists avoid casting things in black
and white, whereas legal prolessionals are often [orced 1o
do so.

The question at hand is whether developmenial scien-
tists can provide meaningful guidance that can heip legal

Editor’s note.  June P. Tangney served as the action editor for this anicle.

Authors’ note.  Laurence Steinberg, Depariment of Psychology, Templc
University; Elizabeth Cauffman, Department of Psychology and Social
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of Psychology, Georgetown University; Sandra Graham, Psychological
Studies in Education, University of California, Los Angeles; Marie
Banich, Depantments of Psychology and Psychiatry, University of Colo-
rado.
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One factor that has contributed to confusion in discussions
of the use of adolescent neuroscience in the development of
public policies affecting young people is a blurring of
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three very different issues that need to be separated: (a)
what science does and does not say about brain
development in adolescence; (b) what neuroscience does
and does not imply for the understanding of adolescent
behavior; and (¢) what these implicarions suggest for
public policy. In this article, the author argues that a good
deal Is known about adolescenr brain development, that
this knowledge has in fact been useful in shaping our
understanding of adolescent behavior, and that
newroscience, like behavioral science, can usefully
inform policy discussions. He cauntions, however, thar
nonexperis may be unduly swayed by neuroscience
evidence and thus that such evidence should be presented
with special care.

Keywords: adolescence, neuroscience, public policy

The oddest question I have ever been asked during the 35
vears that | have been studying adolescent development is
this: “Do you believe that someone would need to be capa-
ble of formal operational thinking in order to build an
TED?” For readers unfamiliar with the stdy of adolescent
development, formal operational thinking is, according to
Piaget's theory. the highest level of cognitive development,
which is not attained until early adolescence, and even
then, not consistently displayed by everyone (Kuhn, 2009).
And for those who might not immediately recognize the
acronym, an IED is an improvised explosive device, a
homemade bomb often planted along a roadside in an ef-
fort to attack an enemy.

This unusual question was posed to me during a pretrial
tnvestigation held at Guantdnamo Bay, where [ was serving
as an expert witness in a case involving a detainee who
had been accused of building and setting TEDs in eastern
Afghanistan, as an assistant to al-Qaeda and Taliban opera-
tives, and throwing a hand grenade that killed an American
soldier. Omar Khadr, the detainee, was 13 at the time he
was captured by American soldiers {Glaberson, 2007).
Khadr's defense team, which had retained me, was plan-
ning to argue in court that a 15-year-old, by virtue of his
developmental immaturity, warranted special consideration
under the law, consideration that Khadr had not been af-
forded by the interrogators who questioned him after his
capture and that he would not likely be afforded by those
prosecuting him for his alleged actions.

My purpose in this article is to examine the relation be-
tween developmental science, and neuroscience in particu-
lar, and public policy involving adolescents. I begin with
the Khadr case to illustrate just how far-reaching the appli-
cation of developmental science has become. For if one
can find developmenial science in as unlikely a place as
Guantianamo Bay, onc can probably find it just about cv-
erywhere.

i

rﬂ

o Discussions of adolescent brain research in the popular
media and in debates about public policy are frequently
hyperbolic and misinformed. Many who advocate on behalf
of young people take issue with those who suggest that
new knowledge about brain development should influence
our view of adolescence. While it is undoubtediy tue that
the neuroscience evidence has sometimes been embraced
too uncriticatly, explained too glibly, or extended too
broadly, it 1s also true that the very same evidence fre-
quently has been dismissed too readily, described as less
conclusive than it actually is, and banished from the dis-
cussion prematurely, atmost on principle. As T argue, we
know a good deal about brain development during adoles-
cence that usefully informs policy discussions, even if the
image of young people that sometimes emerges from de-
velopmental neuroscience clashes with the “suength-based”
vision of youth promoted by youth advocates and adherents
of the Positive Youth Development movement, an ideologi-
cal partiality that has dominated youth policy discussions
for the past two decades (e.g., Damon, 2004).

One factor that has contributed to the hyperbole noted
above is a biurring of three very different issues that really
need to be kept distinet; (a) what science does and does
not say about brain development in adolescence; (b) what
neuroscience does and does not imply for the understand-
ing of adolescent behavior; and (¢} what these implications
do or do not suggest for public policy. In this article, T ex-
plore each of these questions.

The article is divided into four parts. I begin with a dis-
cussion of the Omar Khadr case. illustrating how and in
what ways developmental science might inform how this
Guantdnamo Bay detainee should be treated. Next, I dis-
cuss the current state of knowledge about adolescent brain
development. In the third section, I examine whether and
in what ways this knowledge contributes to an understand-
ing of adolescent behavior and development. I conclude by
asking how brain and behaviorat evidence should, and
should not, inform policy discussions.

The U.S. Versus Omar Khadr

The person questioning me at Guantdnamo Bay about for-
mal operations and IEDs was Marine Major Jeff Grohar-
ing, the attorney prosecuting the case against Khadr for the
U.S. government. Major Groharing was locking for evi-
dence that Khadr, by virtue of his bomb-building ability,
demonstrated adult-like cognitive maturity, which argued in
favor of treating him as an adult and viewing his responses
during the interrogation as no different from those an adult
would have provided. He was hoping I would say that in
order to do what he did. Khadr would have had to be func-
tioning at an adult level of logical ability.

As far as I know, Piaget never created any tasks de-
signed to test the hypothesis that abstract reasoning was
required for bomb-making, so my answer to the prosecu-
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Does Recent Research on Adolescent
Brain Development Inform the Mature
Minor Doctrine?
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US Supreme Cowrt rulings concerning sanctions for jurenile offend-
ers have drawr on the science of brain development and concluded
that aclolescents are inherently less meature than adills i1 weays that
rertcler them less culpable. This conclusion departs from arguments
made in cases involving the mature minor doctrine, in which teen-
agers bave been portrayed as comparable to adults in their capacity
to make medical decisions. I attempt to reconcile these apparently
incompatible views of adolescents’ decision-mealking competencoe.
Adolescents are indeed less mature than adults when making deci-
stons under conditions that are characterized by emotioneal arousal
and peer pressurve, but adolescents aged 15 and older are just as
matrire as adults when emotional arousal is minimized and when
they are 1ot under the influence of peers, conditions that typicaily
characterize medical decision-making. The mdture minor doctrine,
as applied to individuals 15 and older, is thus consistent with recent
research on adolescent development.

Keywords: adolescence, decision-making, maturity, Supreme Cotrt

In its landmark 2005 decision abolishing the wvenile death penalty, Roper
v, Sinmvmons, the US Supreme Court held that the inherent immaturity of ado-
lescents relative to adults mitigated teenagers’ criminal responsihility to the
extent that it barred the imposition of capital punishment for crimes commir-
ted under the age of 18, regardless of their heinousness.’ Five years later, in
Grabam v, Florida, the Court applied much of the logic behind its ruling in
Koper and banned the sentence of life without parole for juveniles convicted
of nonhomicides.?

i The Author 2003 Published by Oxford Universine Press. on behal of the JToumal of Medicie and Philosophy ne
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Brain Maturation in Adolescence and
Young Adulthood: Regional Age-Related
Changes in Cortical Thickness and White
Matter Volume and Microstructure

The development of cortical gray matter, white matter (WM} volume,
and WM microstructure in adolescence is beginning to be fairly well
characterized by structural magnetic resonance imaging {sMRI} and
diffusion tensor imaging {DTl} studies. However, these aspects of
brain deveiopment have rarely been investigated concurrently in the
same sample and hence the relations between them are not
understood. We delineated the age-related changes in cortical
thickness, regional WM volume, and diffusion characteristics and
investigated the relationships between these properties of brain
devefopment. One hundred and sixty-eight healthy participants aged
8-3¢ years underwent sMRI and DTI. The results showed regional
age-related cortical thinning, WM volume increases, and changes in
diffusion parameters. Cortical thickness was the most strongly age-
related parameter. AH classes of measures showed unigue
associations with age. The results indicate that cortical thinning in
adolescence cannot be explained by WM maturation in underlying
regions as measuvred by volumetry or DTI. Moderate associations
between cortical thickness and both volume and diffusion parame-
ters in underlying WM regions were also found, although the
relationships were not strong. It is concluded that none of the
measures are redundant and that the integration of the 3 will yield
a more complete understanding of brain maturation.

Keywords: cerebral cortex, cortical thinning, development, diffusion, MRI

{introduction

Total brain volume increases throughout the first years of life
and then stays rejatively stable. By the age of 6 years, the total
size of the brain is approximately 90% of its adult size (Reiss
et al. 19906; Giedd 2004). Regional maturational changes in the
brain do continue throughout adolescence and into adult-
hood. Gray matter (GM) volume reductions appear counter-
weighted by white matter (WM) increases w produce
a refatively stable total volume (Rivkin 2000). Although
a2 complex interplay between cortical and WM development
is assumed, it has rarely been investigated in a detailed
manner, and very littte is known about this relationship. The
adolescent phase of cortical thinning may reflect pruning in
the form of use-dependent selective synapse  elimination
(Bourgeois and Rakic 1993; Huttenlocher and Dabholkar
1997, Shaw et al. 2008). This could play a key role in shaping
neural circuits and thus be a biological basis for ongoing
development of cognitive abilities and behavior (Hensch
2004; Knudsen 2004). Alternatively, events occurring at the
interface hetween cortical GM and WM might at least partly
explain the apparent cortical thinning during adolescence.
Proliferation of myelin into the periphery of the cortical
neuropil is one possible such biological event (Yakoviev and
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Lecours 1967; Sowell et al. 2004; Shaw et al. 2008). Fhis could
change the MR signal in such a way that tissue in the lower
corrical lavers classified as GM in vounger subjects would be
classified as WM in older subjects. In this cross-sectionat
study, we report regional age-related differences in cortical
thickness, WM volume, and WM diffusion parameters in a farge
sample of adolescents and young adults. The principal
ohjectives of the present study were to map cortical
and WM development in the same group of subjects and to
investigate the relationships between corticat thickness and
properties of the underlying WM in the developing brain. To
reach this aim, we have used a novel approach o compare
cortical thickness and WM propertics in  anatomically
adjacent areas, minimizing inaccuracies and mceasurement
biases due to intermodal and intersubject registration (Fell
et al. 2008).

Cortical thickness and volume have been shown to follow an
inverted U-shaped developmental course with a period of
initial childhood increase and a subsequent adolescent decline
(Jernigan et al. 1991; Plefferbaum et al. 1994; Reiss et al. 1090;
Giedd et al. 1999; Courchesne et al. 2000; Kennedy ct al. 2002;
Giedd 2004; Gogtay et al 2004; Shaw et al. 2008). The
adolescent dectine in thickness and volume is presumably
followed by a period with slower deeline and the more stable
cortical dimensions of adulthood (Sowell et al. 2003; Shaw ¢t al.
2008. Studies have also shown regional-specific patterms of
cortical maturation, with different areas developing at different
rates and at different times (Giedd et al. 1999; Giedd 2004;
Gogtay et al. 2004; Shaw et al. 2008; Sowel et al. 2004). Cortical
regions with simple Iaminar architecture, 3-lavered allocortex,
tend to show simpler developmental trajectories (linear),
whereas regions with complex architecture, 6-lavered isocor-
tex, typically have more complex trajectories (cubic). Transi-
tion cortex tends to have relatively simple developmental
trajectories (mix of linear and quadratic) (Shaw et al. 2008).
Within isocortex, peak cortical thickness is generally attained
in the primary sensory and motor areas before adjacemt
secondary areas and association areas. In general, maturation
progresses in 2 posterior-to-anterior and peripheral-to-central
fashion (Shaw et al. 2008).

In contrast to the mostly nonlinear and regionally specific
development of the cerebral cortex, WM volume has been
shown to increase in a generally linear manner throughout late
childhood and adolescence, with only minor slope differences
in the different lobes (Giedd et al. 1999; Paus et al. 2001: Sowell
et al. 2002; Giedd 2004; Lebel et al. 2008:;). This volume
increase seems to peak in the fourth or fifth decade of life
and then steadily declines (Bartzokis et al. 2001; Sowcll ¢t al.
2003; Wathovd et al. 2005). WM consists largely of myelinated
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Becoming Consistent: Developmental Reductions in
Intraindividual Variability in Reaction Time Are Related to
White Matter Integrity

Christian K. Tamnes, Anders M. Fjell, Lars T. Westlye, Ylva @stby, and Kristine B. Walhovd
Center for the Study of Human Cognitien, Department of Psychelogy, University of Oslo, 0317 Oslo, Norway

Cognitive development is known to involve improvements in accuracy, capacity, and processing speed. Less is known about the role of
performance consistency, and there has been virtually no empirical examination of the neural underpinnings of within-person variability
in development. In a sample of 92 healthy children and adolescents aged 8-19 years, we aimed to characterize age-related changes in
trial-to-trial intraindividual variability (IIV) of reaction time (RT) and to test whether 11V is related to white matter (WM) integrity as
indexed by diffusion tensor imaging. [1V was quantified as the SD of correct RTs in a speeded arrow flanker task, and Tract-Based Spatial
Statistics was used to test relationships with diffusion characteristics. Large age-related reductions in IV in both simple congruent trials
and more complex incongruent trials were found. Independently of sex, age, and median RT (mRT}), lower 11V was associated with higher
fractional anisotropy and lower overall diffusivity. Effects were seen for 11V in one or both trial types in the corticospinal tract, the left
superior lengitudinal fasciculus, the uncinate fasciculus, the forceps minor, and in the genu and splenium of the corpus callosum, There
were no significant associations between mRT and any of the diffusion indices. The findings support the proposition that developmental
reductions in 11V reflect maturation of WM connectivity and highlight the importance of considering within-person variabitity in theories

of cognitive development and its neurobiological foundation.

Introduction

Investigations of the neural mechanisms underlying behavioral
change are fundamental to the understanding of cognitive devel-
opment in childhood and adolescence. Cognitive development is
typically described in terms of improvements in accuracy, capac-
ity, or processing speed and is operationalized as mean level of
performance across multiple measurements (e.g., Waber et al.,
2007). Less is known about the role of within-person variability in
development. Within persons, variability has been operationalized
in two ways: across tasks, referred to as intraindividuat differences or
dispersion, and across trials or sessions of the same task, referred toas
intraindividual variability (IIV) or inconsistency (Hultsch et al,
2002; Li et al., 2004a; MacDonald et al., 2009},

The preponderance of data on within-person variability
concerns 1V of reaction time (RT) in older adults, with stud-
ies showing age-telated increases in performance variability
and concomitant impairments in various cognitive functions
(Lindenberger and von Oertzen, 2006; MacDonald et al.,
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2009). IV across the life span is characterized by a U-shaped
function, such that childhbood and senescence are associated
with stronger inconsistency (Li et al., 2009, 2004b; Williams et al.,
2005, 2007). Whereas differences in processing speed have been
theorized to underlie many of the cognitive differences between
children and adults (Fry and Hale, 1996), studies focused on
developmental ITV changes are lacking.

A growing number of studies link IIV to structural brain char-
acteristics in aduits, and a key role of white matter (WM} aitera-
tions in increased 11V in aging is suggested {Anstey et al., 2007;
Bunce et al,, 2007; Walhovd and Fjell, 2007; Ullen et al., 2008).
Impertantly, two recent diffusion tensor imaging {DT1) studies
(Fjelt et al., 2011; Moy et al,, 2011) found relationships between
performance variability and the quality of WM and that the
strength of these associations increased in older adults. DTI is a
neurcimaging technique that is sensitive to the self-diffusion of
water molecules and provides quantitative measures of WM mi-
crostructural integrity and connectivity (Basser and Jones, 2002;
Beaulieu, 2002; Le Bihan, 2003), Various indices can be derived
from the estimated diffusion tensor, including fractional anisot-
rapy (FA), which indexes degree of net directionality in diffusion,
and mean diffusivity (MD), reflecting average magnitude of dif-
fusion. Additionally, diffusion along [axial diffusivity (AD)] and
across [radial diffusivity (RD)] the main axis of the diffusion
tensor can be estimated. Developmental changes in diffusion in-
dices have consistently been reported in the form of FA increases
and overall diffusivity decrease, with prolonged maturation of
association tracts compared with projection and commissural
tracts (Tamnes et al., 2010a; Westlye etal,, 2010; Lebel and Beau-
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Development of the Cerebral Cortex across Adolescence:
A Multisample Study of Inter-Related Longitudinal Changes
in Cortical Volume, Surface Area, and Thickness
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Before we can assess and interpret how developmental changes in human brain structure relate to cognition, affect, and motivation, and
how these processes are perturbed in clinical or at-risk populations, we must first precisely understand typical brain development and
how changes in different structural components relate to each other. We conducted a multisample magnetic resonance imaging study to
investigate the development of cortical volume, surface area, and thickness, as well as their inter-relationships, from fate childhood to
eatly adulthood (7-29 years) using four separate longitudinal samples including 388 participants and 854 total scans. These independent
datasets were processed and quality-controlled using the same methods, but analyzed separately to study the replicability of the results
across sample and image-acquisition characteristics. The results consistently showed widespread and regionally varizble nonlinear
decreases in cortical volume and thickness and comparably smaller steady decreases in surface area. Further, the dominant contributor
to cortical volume reductions during adolescence was thinning. Finally, complex regional and topological patterns of associations
between changes in surface area and thickness were observed. Positive relationships were seen in sulcal regions in prefrontal and
temporal cortices, while negative relationships were seen mainly in gyral regions in more posterior cortices. Collectively, these results
help resolve previous inconsistencies regarding the structural development of the cerebrat cortex from childhood to aduithood, and
provide novel insight into how changes in the different dimensions of the cortex in this period of life are inter-related.

Key words: brain development; gray matter; morphometry; MRI; replication

Significance Statement

Different measures ofbrain anatomy develop differently across adolescence. Their precise trajectories and how they relate to each
other throughout development are important to know if we are to fully understand both typical development and disorders
involving aberrant brain development. However, our understanding of such trajectories and relationships is still incomplete. To
provide accurate characterizations of how different measures of cortical structure develop, we performed an MRI investigation
across four independent datasets. The most profound anatomical change in the cortex during adolescence was thinning, with the
largest decreases observed in the parietal lobe. There were complex regional patterns of associations between changes in surface
area and thickness, with positive relationships seen in sulcal regions in prefrontal and temporal cortices, and negative relation-
ships seen mainly in gyral regions in more posterior cortices,
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ABSTRACT: Recent studies have reported an association between expo-
sure to childhood abuse or neglect and alterations in brain structure or
function. One limitation of these studies is that they are correlational and
do not provide evidence of a cause—effect relationship. Preclinical studies
on the effects of exposure to early life stress can demonstrate causality,
and can enrich our understanding of the clinical research if we hypoth-
esize that the consequences of early abuse are predominantly mediated
through the induction of stress respouses. Exposure to early abuse and
early stress has each been associated with the emergence of epileptiform
electroencephalogram (EEG) abnormalities, alterations in corpous cal-
losum area, and reduced volumne or synaptic density of the hippocampus.
Further, there is evidence that different brain regions have unique peri-
ods when they are maximally seusitive to the effects of early stress. To
date, preclinical studies have guided clinical investigations and will con-
tinue to provide important insight into studies on molecular mechanisms
and gene—environment interactions.

KevwoRDps: adolescence; maltreatment; hippocampus; corpus calio-
sum; translational research; sensitive periods; stress; abuse or neglect

INTRODUCTION

Childhood exposure to traumatic stress, in the form of abuse or neglect,
is common throughout the world and is a major risk factor for later psy-
chopathology.! Recent reports have shown that childhood abuse or neglect is
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Mechanisms of Psychiatric Iliness

Childhood Maltreatment and Psychopathology:
A Case for Ecophenotypic Variants as Clinically
and Neurobiologically Distinct Subtypes

Martin H. Teicher, M.D., Ph.D.

Jacqueline A. Samson, Ph.D.

Objective: Childhood maltreatment in-
creases risk for psychopathology. For sorme
highly prevalent disorders (major depres-
sion, substance abuse, anxiety disorders,
and posttraumatic stress disorder) a sub-
stantial subset of individuals have a history
of maltreatment and a substantial subset
do not. The authors examined the evidence
to assess whether those with a history of
maltreatment represent a clinically and
biologically distinct subtype.

Method: The authors reviewed the liter-
ature on maltreatment as a risk factor for
these disorders and on the dinical differ-
ences between individuals with and with-
out a histary of maktreatment who share
the same diagnoses. Neurobiological find-
ings in maltreated individuals were re-
viewed and compared with findings
reported for these disorders.

Results: Maltreated individuals with de-
pressive, anxiety, and substance use dis-
orders have an earlier age at onset,
greater symptom severity, more comaor-
bidity, a greater risk for suicide, and poorer

treatment response than nonmaltreated
individuals with the same diagnoses. lm-
aging hindings associated with these disor-
ders, such as reduced hippocampai volume
and amygdata hyperreactivity, are more
consistently observed in maltreated indi-
viduals and may represent a maltreatrment-
related risk factor. Maltreated individuals
also differ from others as a result of epi-
genetic moditications and genetic polymaor-
phisms that interact with experience to
increase risk for psychopathology.

Conclusions: Phenotypic expression of
psychopathology may be strongly influ-
enced by exposure to maltreatment, lead-
ing to a constellation of ecophenotypes.
While these ecophenotypes fit within con-
ventional diagnostic boundaries, they likely
represent distinct subtypes. Recognition of
this distinction may be essential in de-
termining the biologica! bases of these
disorders. Treatment guidelines and algo-
rithms may be enhanced if maltreated and
nonmaltreated individuals with the same
diagnostic labels are differentiated.

(Am } Psychiatry 2013; 170:1114-1133)

Maltreated children are more likely to suffer psychi-
atric disorders over the course of their lifetime. In particular,
they are more likely to develop major depression (1-5),
bipolar disorder (6), anxiety disorders (2, 3, 7}, posttrau-
matic stress disorder (PTSD) (2, 3), substance abuse (2, 8, 9),
personality disorders (10, 11), and psychoses (12), Further-
more, it appears that survivors of early maltrearment differ
in critical ways from other individuals with the same
psychiatric diagnoses. Disorders emerge earlier in mal-
treated individuals, with greater severity, more comorbidity,
and a less favorable response to treatment (13-15). Mal-
treated individuals may also have discernibte brain abnor-
malities that are not present in their nonmaltreated
counterparts (16, 17), Childhood malireatment is also
linked to a wide array of medical disorders, shortened life
expectancy, and reduced telomere length (18, 19). Hence,
an understanding of maltreatment as an etiological risk
factor is crucial to the development of a science of preventive

1114 ajp.psychiatryonline.org

psychiatry, to the design of effective therapeutic regimens,
and to the delineation of an accurate nosology.

Our goal in this review is to advance the thesis (17, 20-23)
that affected individuals with childhood malireatment
constitute a critically distinct subtype across depressive,
anxiety, and substance use disorders. We also propose that
the maltreated subtype may be thought of as a phenotypic
specialization (phenoccopy) resulting from environmental
experience—or more precisely, an ecophenotype,

Why focus on malireatment? It is maltreatment rather
than exposure to other stressors, such as natural disasters,
that consistently presents as the antecedent to psychopa-
thology (24, 25). This makes sense. Children are depen-
dent on the adults around them for their survival, and they
can endure great hardship if they feel protected and cared
for. But when the hardship is the product of their caretakers,
and when it is the caretaker who must be protected against,
it creates a stressor with far-reaching ramifications.

Am | Psychiatry 170:10, October 2013
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Annual Research Review: Enduring neurobiological

effects of childhood abuse and neglect

Martin H. Teicher’*? and Jacqueline A. Samson!'?
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Background: Childhood maltreatment is the most important preventable cause of psychopathology accounting for
about 45% of the population attributable risk for childhood onset psychiatric disorders. A key breakthrough has been
the discovery that maltreatment alters trajectories of brain development. Methods: This review aims to synthesize
neuroimaging findings in children who experienced caregiver neglect as well as from studies in children, adolescents
and adults who experienced physical, sexual and emotional abuse. In doing so, we provide preliminary answers to
questions regarding the importance of type and timing of exposure, gender differences, reversibility and the
relationship between brain changes and psychopathology. We also discuss whether these changes represent adaptive
medifications or stress-induced damage. Results: Parental verbal abuse, witnessing domestic violence and sexual
abuse appear fo specifically target brain regions (auditory, visual and somatosensory cortex} and pathways that
process and convey the aversive experience. Maltreatment is associated with reliable morphological alterations in
anterior cingulate, dorsal lateral prefrontal and orbitofrontal cortex, corpus callosum and aduit hippocampus, and
with enhanced amygdala response to emotional faces and diminished striatal response to anticipated rewards.
Evidence is emerging that these regions and interconnecting pathways have sensitive exposure pericds when they are
most vulnerable. Conclusions: Early deprivation and later abuse may have opposite effects on amygdala volume.
Structural and functional abnormalities initially attributed to psychiatric illness may be a more direct conseguence of
abuse. Childhood maltreatment exerts a prepotent influence on brain development and has been an unrecognized
confound in almost all psychiatric neuroimaging studies. These brain changes may be best understood as adaptive
responses to facilitate survival and reproduction in the face of adversity. Their relationship to psychopathology is
complex as they are discernible in both susceptible and resilient individuals with maltreatment histories.
Mechanisms fostering resilience will need to be a primary focus of future studies, Keywords: Child abuse;
neglect; neuroimaging; resilience; stress.

{Brown et al., 2010} and shortened telomeres (Price,
Kao, Burgers, Carpenter, & Tyrka, 2013) associated
with reduced life expectancy (Brown et al., 2009).
The exact pathways leading to these diverse negative
outcomes remain to be revealed.,

In this review, we examine the rapidly expanding
body of research on the potential neurobiological
consequences of childhood abuse and neglect, and
summarize the most salient overarching discoveries.
For this purpose, we included all studies we could
identify that were published in English and pre-
sented a statistical analysis on the association
between malireatment (broadly defined) and brain
measures of structure, function or connectivity as
assessed using magnetic resonance imaging {MRI) or
positron emission tomography {PET).

At the present time, a reasonably clear picture is
emerging on the relationship between maltreatment
and alterations in structure and function of stress-
susceptible brain regions. New studies are also
revealing substantial alterations in connectivity and
network architecture. What is much less clear is the
link between these discernible differences and psy-
chopathology, which may require a revision in our
understanding of the neurobiological basis of psy-
chiatric disorders and a reconceptualization of
S resilience. Throughout the review, we will emphasize
Conflict of interests statement: No conflicts declared. the importance of type and timing of exposure,

Introduction

The deleterious effects of childhood maltreatment
and early deprivation are widely reported and
acknowledged. Both retrospective and prospective
studies document associations between exposure to
early maltreatment and poorer psychological and
physical functioning in adulthood. Survivors of
childhood maltreatment show higher prevalence of
depression, anxiety, substance abuse, eating disor-
ders, suicidal symptomatology, psychosis and per-
sonality disorder [see (Ball & Links, 2009; Bendall,
Jackson, Hulbert, & McGorry, 2008; Norman et al.,
2012; Teicher & Samson, 2013) for recent reviews]
as well as diminished cognitive functioning (de
Bellis, Hooper, Spratt, & Woolley, 2009; Gould et al.,
2012) and poorer treatment response (Nanni, Uher,
& Danese, 2012; Teicher & Samson, 2013). Green
et al. (2010} estimated that maltreatment accounted
for 45% of the population attributable risk for
childhood onset psychiatric disorders. In addition,
survivors of childhood maltreatment show higher
adult rates of inflammation (Danese, Pariante,
Caspi, Taylor, & Poulton, 2007}, metabolic syndrome
(Danese et al., 2009}, arthritis {Spitzer et al., 2013),
ischaemic heart disease (Dong et al., 2004), cancer
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Variations in the Catechol O-methyltransferase
Polymorphism and Prefrontally Guided
Behaviors in Adolescents

Dustin Wahlstrom, Tonya White, Catalina J. Hooper, Suzanne Vrshek-Schallhorn, William S. Oetting,
Marcia J. Brott, and Monica Luciana

Background: The catechol-O-methyltransferase (COMT) gene codes for an enzyme that degrades prefrontal cortex (PFC} synaptic
dopamine, Of two identified alleles {(Met and Val), the Met allele results in COMT activity that is up to 4 times less pronounced than that
conferred by the Val allele, resulting in greater PFC dopamine concentrations. Met-Met homozygotes perform better than individuals
who possess the Val allete on PFC-mediated cognitive tasks. These genotypic variations and their associations with executive
functions have been described in adults and prepubescent children, but there is a paucity of research assessing these relations in
adolescent samples.

Methods: In this study, 70 children aged 917 were genotyped for COMT and completed measures of working memory, attention, fine
motor coordination, and motor speed.

Results: COMT genotype modulated all but the motor speed measures. The Val-Met genotype was optimal for performance in this

adolescent sample.

Conclusions: Results are discussed within the context of developmental changes in the dopaminergic system during adolescence,

Key Words: Adolescence, cognition, dopamine, genetics, prefron-
tal cortex, neuropsychology

grades synaptic catecholamines in the prefrontal cortex

(PFC; Napolitine et al 1993; Weinshilboum et al 1999).
The COMT gene resides on the gl11 region of chromosome 22
(Grossman et al 1992), where a functional missense mutation
causes g single G-1o-A buse-puir substitution, resulting in a single
nucleotide polymorphism (SNP) in exon 4. This polymorphism
resuits in the substitution of Methionine (Met) for Valine (Val) at
cadons 108/138 (Lachman et al 1996). Individuals can be ho-
mozygous for the Met or Val alleles, or they can possess one of
each allele. The Met aliele results in a fourfold decrease in enzymatic
activity relative to the Val allele, resulting in functionally significant
increases in PFC catecholamine activity (Lachmann et al 1996; Lotia
et al 1993} The alleles are codominant. Heterozygotes exhibit
intermediate levels of enzymatic activity relative to that of Val-Val
and Met-Met  individuals (Weinshilboum et al 1977). The
val'™ 38Met polymorphism’s modutation of catecholamine lev-
els s intriguing, because catecholamines modubate attention and
working memory. Specifically, COMT's impact on dopamine activ-
ity hus been of interest to investigators due to dopamine’s modula-
tion of PFC spatisl working memory functions (Luciana et al 1997,
Williams et al 1993). COMT genoiype may parmially underlie indi-
vidual differences in the development of these functions.

Thc catechol  O-methylirunsferase (COMT) enzyme  de-
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COMT muay play a specific role in the catbolism of PFC
dopamine because of the relutive fuck of dopamine transporters
in PFC {Moron et al 2002; Sesak et al 1998). COMT knockou
mice demonstrage increased PFC dopamine, but striatal levels are
unchanged (Gogos et al 1998; Huotari et al 2002). Psychophar-
macologic challenges in mice suggest that COMT's influence on
set-shifting performunce is mediated specifically by dopaminer-
gic systems, rather than generalized changes in other cala-
cholumines CFunbridge et al 2004).

Coensistent with this proposed speciticity. studies of healihy
adults und those with psychopathology have linked variations in
COMT genotype to performuance on prefrontaily dependent tsks
such as the Wisconsin Card Sorting Test (WCST; Malhedtra o al
2002: Rosa et al 2004) and the MBack test (Goldberg et al 2003
Mattay et al 2003). Both tasks recruit fateral PFC regions. Sue-
cessfut performuance relies on sufficient availability of prefrontal
dopamine (Abi-Dargham et al 2002; Monchi et al 2004; Volkow
et al 1998). Met-Met homozygosity predics better task perfor-
mance on both measures.

Additionally, COMT directly modulates task-related prefrontal
gctivity (Egan et al 2001: Mattay et at 2003). Matav o ) (2003
demonstraled an interaction between COMT genotype, amiphet-
amine response, and dorsolateral prefrontal activation during
completion of the A-back task. Val-Val individuals generated
more efficient prefrontal function (e, smaller BOLD respenses)
on amphetamine versus placebo despite no trade-off in perfor-
mance. Conversely, Met-Met individuals demonstrited less effi-
clent responses and impaired performance on the most difficul
condition of the task in the amphetamine condition. The inves-
tigators suggested that COMT activity affects baseline levels of
prefrontal dopamine. There appears 1o be an inverted L-shaped
dose-response curve by which both  deficient and  excessive
amounts of dopamine activity predict poor performance on cogni-
tive tasks (Goldman-Rakic 1998; Granon ¢t al 2000, Williams of al
1993). According to this model, individuals homozygous for the Met
allele rest near the apex of this curve under hasal conditions;
heterozygous (Val-Met) and homozygous Val indivicuais kay toward

BIOL PSYCHIATRY 2007:01:626-632
© 2007 Society of Biological Psychiatry
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Adotescence is characterized by increased risk-taking, novelty-seeking, and locomotor activity, all of
which suggest a heightened appetitive drive. The neurotransmitter dopamine is typically associated with
behavioral activation and heightened forms of appetitive behavior in mammalian species, and this pat-
tern of activation has been described in terms of a neurobehavioral system that underlies incentive-ntoti-
vated behavior. Adolescence may be a time of elevated activity within this systems. This review provides a
summary of changes within cortical and subcortical dopaminergic systems that may account for changes
in cognition and affect that characterize adotescent behavior. Because there is a dearth of information
regarding neurochemical changes in human adolescents, models for assessing links between ieurochem-
ical activity and behavior in human adolescents will be described using molecular genetic techniques.
Furthermore, we will suggest how these techniques can be combined with other methods such as phar-
macology to measure the impact of dopamine activity on behavior and how this relation changes through

the lifespan.
© 2009 Elsevier Inc. All rights reserved.

1. Introduction

working memory, and inhjbitory control (Asato, Sweeney, & Luna,
2006; Crone & van der Molen, 2004; Hooper, Luciana, Conkiin, &

As reviewed by other papers within this issue and in the litera- Yarger, 2004; Luciana, Collins, Olson, & Schissel, 2009; Luciana,
ture as a whole, adolescence is characterized by widespread neuro- Conklin, Hooper, & Yarger, 2005; Luna et al., 2004). That said, it
biological changes such as shifts in brain matter composition (see has been a challenge to definitively associate the changes in neu-
papers by Paus, Gogtay, Thompson, and Schinithorst (this issue}), roarchitecture that have been described across adolescence with
modifications of neural synchrony (Uhlhaas et al., 2009), increased changing patterns of behavior during this period of the lifespan,

hormonal release (Styne, 1994}, and neurocheimical alterations particularly with respect to risk-taking and aspects of behavioral
(Doremus-Fitzwater et al., this issue; Spear, 2000). Much of this regulation. Age-related sources of variation in structure-function
work has focused on changes in brain structure as well as attempts relations are relatively small in magnitude {Olson et al., 2009;

to define adolescent-unique patterns of functional brain activity in Schimithorst et al., 2005; Shaw et al., 2006), and some structure-
the context of cognitive and emotional behaviors (see papers by function relations are not easily attributable to maturational pre-
Luna et al. (this issue) and Somerville et al. {this issue)). This latter cesses (Olesen, Nagy, Westerberg, & idingberg, 2003). Given that

set of findings has identified brain regions where activation pat- adolescence is a period in the lifespan characterized by alarming
terns are distinct in adolescents versus children and adults as they increases in risk-taking behaviors and that these behavioral pat-
perform cognitive and emotional tasks, leading to renewed con- terns are relatively impervious to educational interventions (Stein-
ceptualizations of brain systems that operate in a distinctive man- berg, 2008), it has become commonplace to assert that they have a
ner during this period of the lifespan (Bjork et al., 2004; Bunge, basis in brain development. Synaptic structure is becoming refined

Dudukovic, Thomason, Vaidya, & Gabrieli, 2002: Emnst et al., during adolescence, and the prefrontal cortex (PFC) may be among
2005; Galvan et al, 2006; Luna, Garver, Urban, Lazar, & Sweeney, the last regions to attain a maturational piateau. Recent formula-
2004; May et al., 2004 ). Moreover, it is clear that adolescents differ tions have emphasized that adolescent patterns of frontal-timbic
from aduits on behavioral measures of decision-making, planning, integration are different from what has been observed in aduits

* Corresponding author, Address: Departiment of Psychology, 75 East River Road,

and children (Fareri, Martin, & Delgado, 2008: Galvan et al,
2006). However, none of these brain substrates definitively under-

University of Minnesota, Minneapolis MN 55453, USA. lies adolescents’ tendencies to select risky alternatives when faced

E-mail oddress: lucia0B3@umn.edu [M. Luciana).

with options that are probabilistically risky versus safe or their

0278-2626/$ - see front matter € 2009 Elsevier Inc. All rights reserved.
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ARTICLE INFOQ ABSTRACT

Keywords: Human adolescence has been characterized by increases in risk-taking, emotional lability, and deficient

Dopamine patterns of behavioral regulation. These behaviors have often been atiributed to changes in brain

COMT structure that occur during this developmental period, notably alterations in gray and white matter that

i?'lﬂ development impact synaptic architecture in frontal, limbic, and striatal regions. In this review, we provide a rationale
olescence

Working memory

for considering that these behaviors may be due to changes in dopamine systeim activity, particularly
overactivity, during adolescence relative to either childhood or adulthood, This rationale relies on animal

data due to iimitations in assessing neurochemical activity more directly in juveniles. Accordingly, we
also present a strategy that incorporates molecular genetic techniques to infer the status of the
underlying tone of the dopamine system across developmental groups. Implications for the

understanding of adolescent behavioral devetopment are discussed.

© 20089 Elsevier Ltd. Al rights reserved.
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Childhood Maltreatment and Psychopathology
Affect Brain Development During Adolescence
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Objective: The hippocampus and amygdala have received much attention with regard to the
deleterious effects of childhood maltreatment. However, it is not known if and when these ef-
fects emerge during adolescence and whether comorbid psychopathology is more likely to
explain these effects. This study investigated whether childhood maltreatment was associated
with hippocampal and amygdala development from early to midadolescence and whether the
experience of psychopathology during this period mediated the relation. Method: One hun-
dred seventeen (60 male) adolescents, recruited as part of a broader adolescent development
study, participated in magnetic resonance imaging assessments during early and mid-
adolescence (mean age at baseline 12.62 years, SD (.44 years; mean follow-up period 3.78 years,
SD 0.20 years), and completed self-report measurements of childhocd maltreatment and
diagnostic interviews assessing DSM-IV mental disorders. Results: Childhood maltreatment
was associated with larger baseline left hippocampal volwmes and retarded growth of the Jeft
amygdala over time and was indirectly associated, through the experience of psychopathology,
with retarded growth of the left hippocampus and accelerated growth of the left amygdala
over time. Exploratory cortical analysis showed that maltreatment influenced thickening of
the superior parietal region through the experience of psychopathology. Conclusions: Child-
hood maltreatment was associated with altered brain development during adolescence. The
experience of Axis I psychopathology during adolescence may be one mechanism by which
childhood maltreatment has continuing effects on brain development during the adolescent
vears. These findings highlight the importance of early intervention for individuals who
have experienced childhood maltreatment. J. Am. Acad. Child Adolesc. Psychiatry, 2013;

52(9):940-952, Key Words: adolescence,
maltreatment

amygdala,

brain development, hippocampus,

t is well recognized that childhood maltreat-

ment represents an important risk factor

contributing to the development of psycho-
pathology later in life."? The high prevalence of
childhood maltreatment in the general commu-
nity (up to 40%) highlights the importance of
understanding the mechanisms that influence its
relation with poor mental health outcomes. There
is growing evidence to suggest that maltreatment
may alter the functioning of neurobiological
stress systems, and that this may be one mecha-
nism by which maltreatment contributes to the
development of psychopathology.*®

Supplemental material cited in this article Ts ovailable online,
pp

The hippocampus and amygdala play critical
roles in stress reactivity,®” and as such these brain
regions have received much attention with regard
to the deleterious effects of stress, trauma, and
maltreatment.** Regarding the hippocampus,
studies of adult humans have consistently found
decreased volumes in those with a history of
childhood maltreatment {see McCrory et al.,* Tot-
tenham and Sherdan® Dannlowski et al,° and
Teicher et al.'®). Interestingly, similar studies of
children and adolescents who have experienced
maltreatment have produced mixed results, with
some studies finding smaller volume (e.g., Edmis-
ton ef a.'") and many studies reporting no effects
on_hippocampal volume'®*® or increased vol-
ume."* This discrepancy between studies of adults
versus children and adolescents suggests that the
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Pasitive

Little work has been conducted that examines the effects of positive environmental experi-
ences on brain development to date. The aim of this study was to prospectively investigate
the effects of positive (warm and supportive) maternal behavior on structural brain devel-
opment during adolescence, using longitudinal structural MRL. Participants were 188 (92
female} adolescents, who were part of a longitudinal adolescent development study that
involved mother-adolescent interactions and MRI scans at approximately 12 years old,
and follow-up MRI scans approximately 4 years iater. FreeSurfer software was used to esti-
mate the volume of limbic-striatal regions {amygdala, hippocampus, caudate, putamen,
pallidurn, and nucleus accumbens) and the thickness of prefrontal regions {anterior cin-
gulate and orbitofrontal cortices} across both time points. Higher frequency of positive
maternal behavior during the interactions predicted attenuated volumetric growth in the
right amygdala, and accelerated cortical thinning in the rvight anterior cingulate (males only;}
and left and right orbitofrontai cortices, between baseline and follow up. These results have
implications for understanding the biological mediators of risk and protective factors for
mental disorders that have onset during adolescence.

© 2013 The Authors. Published by Elsevier Ltd, Al rights reserved,

1. Introduction

changes {particularly with regard to brain structure) may
mediate this relationship (Tupler and De Bellis, 2006).

Adverse childhood environments represent an impor-
tant risk factor for the development of psychopathology
later in life (Heim and Nemeroff, 2001; Moran et al., 2004),
and there is accumulating evidence that neurcbiological

This is an open-access article distributed under the terms of the
Creative Commons Attribution-NonCommercial-No Derivative Works
License, which permits non-commercial use, distribution, and reproduc-
tion in any medium, provided the original auther and source are credited.

* Corresponding author at: Melbourne School of Psychological Sci-
ences, The University of Melbourne, Victoria 3010, Australia.
Tel.: +61 03 B344 5325,
E-mail address: nhadunimelb.ed.au (NB, Allen).

Indeed, there has been a recent surge of interest in the
effects of adverse childhood environments on structural
brain development, with a number of recent reviews
highlighting the deleterious effects of adverse early envi-
ranments on brain structure (Andersen and Teicher, 2008
Hart and Rubia. 2012; Lupien et al., 2009 McCrory o1 al,
2010).

Although a focus on the effects of adverse childhood
environments on structural brain development is impor-
tant and has implications for the development of targeted
interventions for at-risk individuals, the influence of pos-
itive childhiood environments on brain development is
equally important to consider, given their importance

1878-9293/% - see front matter © 2013 The Authors, Published by Elsevier Ltd. All rights reserved,
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Supplemental content
IMPORTANCE The negative effects of socioeconomic disadvantage on lifelong functioning are
pronounced, with some evidence suggesting that these effects are mediated by changes in
brain development. To our knowledge, no research has investigated whether parenting might
buffer these negative effects.

OBJECTIVE To establish whether positive parenting behaviors moderate the effects of
socioeconomic disadvantage on brain development and adaptive functioning in adolescents.

DESIGN, SETTING. AND FARTHCIPANTS In this longitudinal study of adolescents from schools in
Melbourne, Austratia, data were collected at 3 assessments between 2004 and 2012. Data
were analyzed between August 2016 and April 2017

LXPOSURES Both family (parentat income-to-needs, occupation, and education level) and
neighborhood measures of sociceconomic disadvantage were assessed. Positive maternal
parenting behaviors were observed during interactions in early adolescence.

MAIN OUTCOMES AND MEASURES Structural magnetic resonance imaging scans at 3 times
(early, middle, and late adolescence) from ages 11 to 20 years. Global and academic
functioning was assessed during late adolescence. We used linear mixed models to examine
the effect of family and neighborhood sociceconomic disadvantage as welf as the moderating
effect of positive parenting on adolescent brain development. We used mediation models to
examine whether brain developmental trajectories predicted functional outcomes during late
adolescence.

RESULTS Of the included 166 adolescents, 86 (51.8%) were male. We found that
neighborhood, but not family, socioeconomic disadvantage was assaciated with altered brain
development from early {(mean [SD] age, 12.79 [0.425] years) to late (mean [SD] age, 19.08
[0.460] years) adolescence, predominantly in the temporal lobes {temporat cortex: random
field theory corrected; left amygdata: B, -0.237; P < .00; right amygdala: 8, -0.209;

P = 00B). Additionally, positive parenting moderated the effects of neighborhood
disadvantage on the development of dorsal frontal and lateral orbitofrontal cortices as welt as
the effects of family disadvantage on the development of the amygdala (occupation: B, 0.382:
P = .004; income-to-needs: B, 27.74); P = .004), with some male-specific findings. The pattern
of dorsal frontal cortical development in males from disadvantaged neighborhoods exposed to
low maternal positivity predicted increased rates of school noncompletion {indirect effect,
-0.018; SE. 0.01; 95% C1, -0.053 to -0.00%).

CONCLUSIONS AND RELEVANCE Qur findings highlight the importance of neighborhood
disadvantage in influencing brain developmental trajectories. Further, to our knowledge, we

present the first evidence that positive maternal parenting might ameliorate the negative Author Affiliations: Author

effects of socioeconomic disadvantage on frontal lobe development (with implications for affiliations are listed at the end of this
functioning) during adolescence. Results have relevance for designing interventions for article.
children from sociceconomically disadvantaged backgrounds. Cotresponding Author: Sarah

whittle, PhD, Melbourne
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ARTICLE INFO ABSTRACT

The adolescent age period is often characterized as a health paradox because it is a time of extensive
increases in physical and mental capabilities, yet overatt mortality/morbidity rates increase significantly
from childhood to adolescence, often due to preventable causes sucls as risk taking, Asynchrony in devel-
opmental fiime courses between the affective/approach and cognitive control brain systems, as well as
the ongoing maturation of reural connectivity are thought to lead to increased vulnerability for risk tak-
ing in adolescence, A critical analysis of the frequency of risk taking behaviors, as wel| as mortality and
morbidity rates across the lifespan, however, challenges the hypothesis that the peak of risk taking occurs
in middle adolescence when the asynchrony between the different developmental time courses of the
affective/approach and cognitive control systems is the targest, In fact, the highest levels of risk taking
behaviors, such as alcohol and drug use, often occur ameng emerging adults {e.g., university/college stu-
dents), and highlight the role of the social context in predicting risk taking behavior. Moreaver, risk taking
is not always unregulated or impuisive. Future research should broaden the scope of risk taking to
include risks that are relevant to older adults, such as risky financial investing, gambling, and marital infi-
delity. In addition, a lifespan perspective, with a focus on how associations between neural systems and
behavior are moderated by context and trait-level characteristics, and which includes diverse samples
(e.g., divoreed individuals), will help to address some important imitations in the adolescent brain devel-
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opiment and risk taking literature.
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1. Introduction

The adolescent age period is often characterized as a health par-
adox because it is a time of extensive increases in physical and
mental capabihities, yet overall mortality/morbidity rates increase
significantly from childhood to adolescence {Casey & Caudle,
213 Daht, 2004), Moreover, the primary causes of death and dis-
ability among adolescents are not related to disease, but rather to
preventable forms of injuries (e.g., unintentional injuries, suicide,
and homicide), and are linked to involvement in heaith-risk behav-
tors sucit as substance use and delinguency (Dahi, 2004), While
extensive research has been conducted examining how the social
context {e.g., peer and family influence} and individual differences
in personality factors (e.g., sensation-seeking, impulsivity) are
linked to adolescent risk taking behaviors {e.g., Donchew et al.,
2000; Romer, Betancourt, Brodsky, Giannetta, & Yang, 201 1), more
recently researchers bave started to focus on how adolescent brain

* Corresponding author. Address: Department of Psychology. Brock University, 5t.
Catharines, Ontario L2S JAIL, Canada.
E-mail address: twilloug@brocku.ca (T. Willoughby),
' Order of authorship is alphabetical for the last three authors.

0278-2626/% - see front macter © 2013 Elsevier Inc. All rights reserved.
et don org/ 101016/ bande. 203709 008

development might be implicated in these behaviors (e.g.. Sicin-
berg, 2008; Telzer, Fuligni, Lieberman, & Galvdn, J0G13).

Models of adolescent brain development such as the Dual Sys-
tems Model {see Steinberg, 20G8) suggest that adolescents may
experience a temporal gap between a relatively early maturing
affective/approach systemn and a slower maturing cognitive control
systemn (e.g., Ernst, Pine, & Hardin, 2006, Celer & Luna, 244, The
early maturing affectivefapproach system is hypothesized to be a
result of increases in dopaminergic activity and subcortical brain
structures such as the ventral striatuin, perhaps linked to puberty.
leading to increases in reward seeking and need for novelty {see
also the Triadic model for a [urther distinction between the ap-
proachfreward and avoidance/emotion systems; Lonst et ai.
2006). In contrast, the slower maturing cognitive control network
is hypothesized to be led by the prefrontal cortex, responsible for
planning. judgment, and inhibition, and is thought to not be fully
mature until the mid-20s (Frast et at., 2006; Galvan et al, 2606),
Neural connections among brain regions afso continue to strength-
en across adolescence into young adulthood (Doscnbach, Potersen,
& Schtaggar, 2013; Eluvathingal, Hasan, Kramer, Fetcher, & Lwing-
Colbs, 2007; Paus, 2008). This asynchrony in developmental time
courses between the affective/approach and cognitive control



2N AS

61

Early childhood poverty, immune-mediated disease
processes, and adult productivity

Kathleen M. Ziol-Guest™*, Greg J. Duncan®, Ariel Kalil, and W. Thomas Boyce?

Department of Policy Analysis and Management, Cornell University, fthaca, NY 14853; ®School of Education University of California, Irvine, CA 92697-5500;
“Harris School of Public Policy Studies, University of Chicago, Chicago, IL 60091; and 9School of Population and Public Health, University of British Cotumbia,

BC, Canada V6T 1Z3

Edited by Gene E. Robinson, University of IHinois at Urbana-Champaign, Urbana, iL, and approved August 31, 2012 (received for review February 22, 2012}

This study seeks to understand whether poverty very early in
life is associated with early-onset adult conditions related to
immune-mediated chronic diseases. It also tests the role that these
immune-mediated chronic diseases may play in accounting for the
associations between early poverty and aduit productivity. Data
{n = 1,070} come from the U5 Panel 5tudy of Income Dynamics and
include economic conditions in utero and throughout childhood
and adolescence coupled with adult (age 30-41 y) self-reports of
health and economic productivity. Results show that low income,
particularly in very early childhood (between the prenatal and sec-
ond year of life), is associated with increases in early-adult hyperten-
sion, arthritis, and limitations on activities of daily living. Moreover,
these relationships and particularly arthritis partially account for
the associations between early childhood poverty and adult
productivity as measured by adult work hours and earnings.
The results suggest that the associations between early childhood
poverty and these adult disease states may be immune-mediated.

health disparities | socioeconomic status

Existing research links early childhood income to adult pro-
ductivity as measured by adult work hours and eamings (1),
with much of the association related to variation in individuals’
ability to svstain full-time work in adulthood. Such sustained
capacity for work may, in turn, be related to the presence or
absence of ehronic health conditions, which impair the physical
and mental abilities required to achieve and maintain gainful
employment. Commonalities among many of these prevalent,
chronic conditions, such as hypertension and arthritis, include
their propensities to disrupt activities of daily living (ADLs),
their known linkages to socioeconomic status in both childhood
and adult life (2, 3), and their plausible partial mediation by
neuroimmunological processes (4-7). Whether immune-mediated
chronic diseases play a role in associations between early sacio-
economic conditions and adult productivity is, therefore, an im-
portant and understudied question (8). This study investigates
boih whether low income during very early childhood vs. other
stages of childhood is associated with immune-mediated chronic
health conditions in adulthood and the extent to which these
adult health conditions might explain associations between very
early childhood income and adult productivity. The reported anal-
yses help to inform arguments not only for the role of early-life
conditions and immune-mediated disecase processes in aduithood
but also implicating physical and mental health conditions in the
intergenerational transmission of poverty (8).

Early childhood income and later discase processes, especiaily
immune-related processes, may be plausibly connected through
several potential pathways (9). First, the fetal origins hypothesis
posits a biological programming process, where exposures and
insults during the prenatal period have long-lasting implications
for physiology and disease risk (10). Maternal diet and smoking,
for example, have known effects on the neonatal development of
the immune system, which could play a role in the pathogenesis
ol immune-mediated disease (11). Furthermore, low caloric in-
take during pregnancy is found to be associated with increases

www. pnas.org/cgi/doi/10.1073/pnas. 1203167109

in chronic health conditions, such as coronary heart disease,
hypertension, and obesity, among infants later in fife (12). Low
birth weight has also been associated with chronic low-grade
inflammatory processes in later life (13).

Second, psychological stress has well-documented influences
on cellular and humoral immune processes (14, 15), and chronic
stress from growing up poor could also play a role in dysregulation
across multiple physiological systems with effects that persist (or
possibly compound) into adulthood (16). Childhood poverty may
actually calibrate immune systemn responsivity, dysregulating in-
flammatory processes and resulting in a shift to proinflammatory
states (17). Third, parental behaviors associated with low income
could increase susceptibility to immune- or inflammation-mediated
discascs (18, 19). Poverty-related adversity is known, for exam-
ple, to impede parents’ abilities to engage in warm and sensitive
interactions with their children (20), and parental warmth may
moderate the effects of low socioeconomic status (SES) on in-
flammatory processes in children (21, 22).

Fourth, low-income children attain less education as aduits,
and education is an important determinant of health, in part
through knowledge of healthy diet and health-inducing behaviors
(23), which may help attenuate chronic inflammatory processes.
Fifth, macrolevel conditions, such as the state of the business cycle
during time of hirth, are found to adversely impact health out-
comes. Specifically, the risk of cardiovascular mortality increases
among those individuals born during economic downturns (24. 25}
Finaily, low income in early childhood has been linked to poor
mental health in adulthood (9). Disorders of mental health, es-
pecially depression, are associated with inRammation, and mental
disorders are causally antecedent to inflammatory changes (21, 26).

Given the credibility of these immune mediation pathways, the
present study sought to relate high-quality measures of very early
childhood income to incident adulthood disease states with de-
monsirable ties to immune-mediated pathogenic processes. In
contrast to many epidemiological studies that rely on retrospective
data of childhood SES, our data allow us to follow individuals
from birth to adulthood and use concurrent reports of family
income gathered annually between the prenatal vear and age 15 y.
We examine the refationship between income in different stages
of childhood and adult health (arthritis, hypertension, and con-
ditions that limit daily activities) and labor market productivity
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