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Use of Race, Ethnicity, and Ancestry as Population Descriptors in

Genomics Research
Public Workshop: June 14, 2022

CLICK HERE TO REGISTER

TUESDAY, JUNE 14, 2022 12:30 — 5 PM ET

12:30—12:40 PM ET Welcome and Goals for the Workshop
Charmaine Royal, Committee Co-Chair
Robert O. Keohane Professor of African & African American Studies, Biology, Global
Health, and Family Medicine & Community Health
Director, Duke Center on Genomics, Race, Identity, Difference and Duke Center for Truth,
Racial Healing & Transformation
Duke University

Aravinda Chakravarti, Committee Co-Chair

Director, Center for Human Genetics and Genomics Muriel G & George W Singer
Professor of Neuroscience & Physiology

New York University Grossman School of Medicine

SESSION I: EXAMINING USE OF POPULATION DESCRIPTORS IN GENOMICS RESEARCH

Moderator: John Novembre, University of Chicago

Objectives * To explore what types of population descriptors are needed for genetics and genomics
studies

» What is a genetics study trying to accomplish?
» Who is sampled? Why are they sampled? What are participants called, and why?

« To examine how and why genetics studies should or should not incorporate social
categories and environmental factors

12:40—12:45 PM Brief Introduction to the Session
John Novembre
Professor, Department of Human Genetics, Department of Ecology & Evolution
University of Chicago

12:45-1:45 PM Speakers’ Talks
Gil McVean
Professor of Statistical Genetics
Director, Big Data Institute
Fellow of Linacre College
University of Oxford
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Use of Race, Ethnicity, and Ancestry as Population Descriptors in Genomics Research — Public Workshop

Akinyemi Oni-Orisan
Assistant Professor, Department of Clinical Pharmacy
University of California, San Francisco School of Pharmacy

Nancy Cox

Director, Vanderbilt Genetics Institute

Director, Division of Genetic Medicine

Mary Phillips Edmonds Gray Professor of Genetics
Vanderbilt University

Graham Coop
Professor, Department of Evolution and Ecology and Center for Population Biology
University of California, Davis

1:45—2:25 PM Q&A with speakers

2:25—-2:40 PM Break

SESSION II: USE OF POPULATION DESCRIPTORS BY BIOBANKS AND OTHER
RESEARCH CONSORTIA

Moderator: Ann Morning, New York University

Objectives * To examine how and why biobanks use taxonomies currently, especially in areas of large
diversity
* To explore how legacy data might be managed and merged with future data
« To learn how large-scale data collection projects are designed
2:40—2:45 PM Brief Introduction to the Session
Ann Morning
Associate Professor, Department of Sociology
Academic Director, 19 Washington Square North (NYU Abu Dhabi in NY)
New York University
2:45-3:30 PM Speakers’ Talks
Phil Tsao
Professor (Research), Medicine — Cardiovascular Medicine
Stanford University
Alice Popejoy
Assistant Professor, Department of Public Health Sciences
University of California, Davis
Mashaal Sohail
Associate Professor, Center for Genomic Sciences
National Autonomous University of Mexico
3:30—4:00 PM Q&A with Speakers
4:00—4:10 PM Break
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Use of Race, Ethnicity, and Ancestry as Population Descriptors in Genomics Research — Public Workshop

SESSION III: COMMUNITY INPUT ON POPULATION DESCRIPTORS IN GENOMICS

RESEARCH

Moderator: Charmaine Royal, Duke University

Objective

4:10—4:15 PM

4:15-4:55 PM

e To hear from a variety of stakeholders on the following topics:
e What works and doesn’t work about the current population descriptors used
in genomics research?
e  What could be improved in current use of population descriptors in
genomics research?

Introduction to the Session

Charmaine Royal

Robert O. Keohane Professor of African & African American Studies, Biology, Global
Health, and Family Medicine & Community Health

Director, Duke Center on Genomics, Race, Identity, Difference and Duke Center for
Truth, Racial Healing & Transformation

Duke University

Speakers’ Comments

Jennifer Webster

Senior Director, Precision Medicine RWE Lead
Pfizer

Santiago Molina

Postdoctoral Fellow, Sociology/Science in Human Culture
Department of Sociology

Weinberg College of Arts & Sciences

Northwestern University

Norbert Tavares
Program Manager, Cell Biology
Chan-Zuckerberg Initiative

King Jordan

Professor, School of Biological Sciences
Director, Bioinformatics Graduate Program
Georgia Institute of Technology

Dianalee McKnight
Medical Affairs Director, Emerging Clinical Omics
Invitae

Ramya M. Rajagopalan

Associate Director, Training, Evaluation, and Qualitative Research

Center for Empathy and Technology, T. Denny Stanford Institute for Empathy and
Compassion

University of California, San Diego

Stacy Christiansen

Managing Editor, JAMA
Chair, AMA Manual of Styles
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Use of Race, Ethnicity, and Ancestry as Population Descriptors in Genomics Research — Public Workshop

Hannah Wand
Director, Preventive Genomics Program
Genetics Counselor

Stanford Health Care
4:55—5:00 PM Concluding Remarks
5:00 PM Adjourn
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Use of Race, Ethnicity, and Ancestry as
Population Descriptors in Genomics Research

Statement of Task

An ad hoc committee under the auspices of the National Academies of Sciences, Engineering,
and Medicine’s Health and Medicine Division will convene to review and assess the existing
methodologies, benefits, and challenges in the use of race and ethnicity and other population
descriptors in genomics research. The committee work will focus on, but not be limited to the
following tasks:

1. Document and evaluate the variety of population descriptors currently used in
genomics research and the potential benefits and challenges of changing these
descriptors.

2. Assess how race, ethnicity, and genetic ancestry are currently being used as
population descriptors in health disparities research to study genetics and genomics.

3. Assess the appropriate use of race, ethnicity, and genetic ancestry as population
descriptors in the determination of genetic risk scores and health risk.

4. Develop feasible and logical approaches to advance appropriate use of race and
ethnicity and alternative population descriptors in published genomics research
studies.

5. Examine the potential of new, culturally responsive methods and common data
elements (CDEs) for advancing harmonization of population descriptors in large
genomic studies in the United States and globally.

6. Assess when it is appropriate to use race and ethnicity as population descriptors in
genetic and genomic research, and provide recommendations to scientists and
researchers for future research.

7. Propose best practices for domestic and international harmonization of population
group descriptors.

8. Assess the scientific knowledge of the relationships among race, ethnicity, and
population genetic variation.

9. Identify and discuss potential obstacles to implementation of the new methods to
describe populations.

10. Discuss potential implementation strategies to help enhance the adoption of best
practices by the research community.

11. Identify obstacles and propose best practices in the use of population descriptors
with legacy biological samples and associated data.



The final report should describe best practices on the use of race, ethnicity, and genetic
ancestry and other population descriptors in genetics and genomics research, as formulated by
the committee. Attention should be given to how these best practices could be used by
biomedical and scientific communities to increase the robustness of study designs and
methods for genetics and genomics research in the United States and globally.

These elements are beyond the scope of this consensus study:
1. Examining the use of race and ethnicity in clinical care
2. Examining racism in science and genomics

3. Examining the use of race and ethnicity in biomedical research generally (non-genetic
and genomic research)

4. Providing policy recommendationsto NIH and government agencies
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Committee Membership Roster

Aravinda Chakravarti, Ph.D. (Co-Chair)
Director, Center for Human Genetics and
Genomics

Muriel G & George W Singer Professor of
Neuroscience & Physiology

New York University Grossman School of
Medicine

Charmaine Royal, Ph.D. (Co-Chair)
Robert O. Keohane Professor of African &
African American Studies, Biology, Global
Health, and Family Medicine & Community
Health

Director, Duke Center on Genomics, Race,
Identity, Difference and Duke Center for
Truth, Racial Healing & Transformation
Duke University

Katrina Armstrong, M.D.

Executive Vice President for Health and
Biomedical Sciences

Dean of the Faculties of Health Sciences
and the Vagelos College of Physicians and
Surgeons

Chief Executive Officer of Columbia
University Irving Medical Center

Harold and Margaret Hatch Professor in the
Faculty of Medicine

Vagelos College of Physicians and
Surgeons

Columbia University Irving Medical Center

Michael Bamshad, M.D.

Professor and Chief, Division of Genetic
Medicine

Allan and Phyllis Treuer Endowed Chair in
Genetics and Development

University of Washington & Seattle
Children’s Hospital

Luisa Borrell, Ph.D., D.D.S., M.P.H.
Distinguished Professor, Department of
Epidemiology & Biostatistics

Graduate School of Public Health & Health
Policy

City University of New York, NY

Katrina Claw, Ph.D.

Assistant Professor, Division of Biomedical
Informatics and Personalized Medicine,
Department of Medicine

Faculty, Colorado Center for Personalized
Medicine

University of Colorado Denver — Anschutz
Medical Campus

Clarence Gravlee, Ph.D.
Associate Professor, Department of
Anthropology

University of Florida

Mark Douglas Hayward, Ph.D.
Professor of Sociology

Centennial Commission Professor in the
Liberal Arts

Faculty Research Associate, Population
Research Center

The University of Texas at Austin

Rick Kittles, Ph.D.

Professor and Director of the Division of
Health Equities

Department of Population Sciences

City of Hope
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Sandra Soo-Jin Lee, Ph.D.

Professor of Medical Humanities & Ethics
Chief of the Division of Ethics

Department of Medical Humanities & Ethics
(MHE)

Vagelos College of Physicians & Surgeons
Columbia University

Andrés Moreno-Estrada, M.D., Ph.D.
Professor

Advanced Genomics Unit

Centro de Investigacion y de Estudios
Avanzados del Instituto Politécnico Nacional
(CINVESTAV)

Ann Morning, Ph.D.

Associate Professor, Department of
Sociology

Academic Director, NYU Abu Dhabi in NY
New York University

John Peter Novembre, Ph.D.

Professor, Department of Human Genetics,
Department of Ecology & Evolution
University of Chicago

Molly Przeworski, Ph.D.

Professor, Department of Biological
Sciences, Department of Systems Biology
Columbia University

Dorothy Roberts, J.D.

George A. Weiss University Professor of
Law & Sociology

Raymond Pace & Sadie Tanner Mossell
Alexander Professor of Civil Rights
University of Pennsylvania

Sarah A. Tishkoff, Ph.D

David and Ln Silfen University Professor
Departments of Genetics and Biology
Director, Center for Global Genomics &
Health Equity

University of Pennsylvania

Genevieve Wojcik, Ph.D.

Assistant Professor of Epidemiology
Department of Epidemiology, Johns
Hopkins Bloomberg School of Public Health
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Committee MemberBiosketches

Aravinda Chakravarti, Ph.D. is the Director of the Center for Human Genetics &
Genomics, and the Muriel G & George W Singer Professor of Neuroscience & Physiology
and Professor of Medicine at the New York University Grossman School of Medicine. He
has served on the faculty at the University of Pittsburgh (1980 — 1993), Case Western
Reserve University (1994-2000), and Johns Hopkins University (2000-2018). He is one of
the founding Editors-in-Chief of Genome Research and Annual Reviews of Genomics &
Human Genetics, and is on the advisory boards of numerous national and international
Institutes, charities, academic societies, the NIH and biotechnology companies. He has
been a key participant in many genome projects, and now works on genome-scale analysis
of the molecular basis of human disease. He was the 2008 President of the American
Society of Human Genetics and been elected to the US National Academy of Science, the
US National Academy of Medicine, the Indian National Academy of Science and the Indian
Academy of Sciences. He was awarded the 2013 William Allan Award by the American
Society of Human Genetics and the 2018 Chen Award by the Human Genome
Organization. Dr. Chakravarti received his Ph.D. in human genetics in 1979.

Charmaine Royal, Ph.D. is the Robert O. Keohane Professor of African & African
American Studies, Biology, Global Health, and Family Medicine & Community Health at
Duke University. She directs the Duke Center on Genomics, Race, Identity, Difference and
the Duke Center for Truth, Racial Healing & Transformation. She held previous faculty
appointments at Howard University. Throughout her career, Dr. Royal has focused on
ethical, social, scientific, and clinical implications of human genetics and genomics,
particularly issues at the intersection of genetics and “race”. Bringing expertise from her
work in these areas, she has served as a chair or member of numerous national and
international advisory boards and committees for government agencies, professional
organizations, not-for-profit entities, and corporations, including the Board of Directors for
the American Society of Human Genetics, the Independent Expert Committee for the
Human Heredity and Health in Africa (H3Africa) Initiative, and the Ethics Advisory Board for
llumina, Inc. Dr. Royal obtained a bachelor’s degree in microbiology, master’s degree in
genetic counseling, and doctorate in human genetics from Howard University. She
completed postgraduate training in ethical, legal, and social implications (ELSI) research
and bioethics at the National Human Genome Research Institute of the National Institutes of
Health, and in epidemiology and behavioral medicine at Howard University Cancer Center.
She was a member of the National Academies’ committees that produced ‘Toward
Precision Medicine: Building a Knowledge Network for Biomedical Research and a New
Taxonomy of Disease’ and ‘Addressing Sickle Cell Disease: A Strategic Plan and Blueprint
for Action’.
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Katrina A. Armstrong, M.D. leads Columbia University’s medical campus as the Executive
Vice President for Health and Biomedical Sciences. She is Chief Executive Officer of the
Columbia University Irving Medical Center and Dean of the Faculties of Health Sciences
and Medicine, which includes Columbia’s dental, medical, nursing and public health
schools. She is an internationally recognized investigator in medical decision making,
quality of care, and cancer prevention and outcomes, an award winning teacher, and a
practicing primary care physician. She has served on multiple advisory panels for academic
and federal organizations and has been elected to the National Academy of Medicine, the
American Academy of Arts and Sciences, the Association of American Physicians, and the
American Society for Clinical Investigation. Before joining Columbia, Dr. Armstrong was the
Jackson Professor of Clinical Medicine at Harvard Medical School, Chair of the Department
of Medicine and Physician-in-Chief of Massachusetts General Hospital, and Professor of
Epidemiology at the Harvard T.H. Chan School of Public Health. Before joining Harvard,
she was Chief of the Division of General Internal Medicine, Associate Director of the
Abramson Cancer Center, and Co-Director of the Robert Wood Johnson Clinical Scholars
Program at the University of Pennsylvania. She is a graduate of Yale University (BA degree
in architecture), Johns Hopkins (MD degree), and the University of Pennsylvania (MS
degree in clinical epidemiology). She completed her residency training in internal medicine
at Johns Hopkins.

Mike Bamshad, M.D. is Professor and Chief of the Division of Genetic Medicine in the
Department of Pediatrics at the University of Washington and Seattle Children’s Hospital,
and holds the Allan and Phyllis Treuer Endowed Chair in Genetics and Development. Dr.
Bamshad is Editor-in-Chief of Human Genetics and Genomics Advances, published by the
American Society of Human Genetics. His research focuses on understanding the impact of
population structure and natural selection on human genetic variation; developing
innovative ways to discover genetic variants underlying monogenic disorders, modifiers of
monogenic traits and complex traits; and testing novel ways to translate genomic advances
into the practice precision genetic medicine. He and his colleagues pioneered the use of
exome and genome sequencing for discovery of genes underlying Mendelian conditions
and has contributed to the identification of hundreds of genes for Mendelian disorders. He
has also been aleader in understanding the relationship between genetic ancestry and
notions of race, developing innovative ways to openly share phenotypic information and
genetic data (e.g., MyGene2) and building platforms for self-guided return of genetic testing
results (e.g., My46) from exome and whole genome sequencing in both research and
clinical settings. He has published more than 300 scientific manuscripts as well as papers in
periodicals such as Scientific American, and co-authors a popular textbook entitled Medical
Genetics. He received his B.S. and M.D. at the University of Missouri in Kansas City and his
M.A. at the University of Kansas.
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Luisa N. Borrell, D.D.S., Ph.D. is a Distinguished Professor in the Department of
Epidemiology and Biostatistics, City University of New York Graduate School of Public
Health and Health Policy (CUNY SPH), New York, NY. She is a social epidemiologist with a
research interest on the role of race/ethnicity, socioeconomic position, and neighborhood
effects as social determinants of health. Her work on Hispanics’/Latinos’ racial identity
brings attention to the need for disaggregated analyses by race as Hispanics/Latinos are a
heterogeneous group with a mix of European, Native American and African ancestry. She
also has expertise in research methods and analyses of large and spatially-linked datasets.
Dr. Borrell is a Fellow of the New York Academy of Medicine. She has a Doctor in Dental
Surgery and a Master in Public Health, from Columbia University, New York, NY, as well as
doctorate in Epidemiological Science from the University of Michigan, Ann Arbor, MI.

Katrina Claw, Ph.D. is an Assistant Professor in the Division of Biomedical Informatics and
Personalized Medicine in the Department of Medicine at the University of Colorado
Anschutz Medical Campus. Her research focuses broadly on personalizing medicine, using
genetic information and biomarkers for tailored treatment, in relation to pharmacogenomics
as well as understanding the ethical, cultural, and social implications of genomic research
with populations historically underrepresented in health research. Her current research
includes studying cytochrome P450 genetic variation in Indigenous communities (e.g.,
American Indian and Alaska Native peoples). Her other projects include exploring the
perspectives of tribal members on genetic research with tribes and developing guidelines
and policies in partnership with tribes. All of her projects strive to use community based
participatory research approach and include cultural and Indigenous knowledge. She was
awarded the Genomic Innovator Award from NHGRI in 2020 for her work on
pharmacogenomics approaches to drug metabolism in American Indian/Alaska Native
People. She received her B.S. and B.A. from Arizona State University and her Ph.D. from
the University of Washington.

Clarence C. Gravlee, Ph.D. is associate professor in the Department of Anthropology at
the University of Florida, where he is also affiliated with the Center for Latin American
Studies, the African American Studies Program, and the Genetics Institute. His research
examines the genetic and environmental contributors to hypertension in the African
Diaspora, with an emphasis on the biological consequences of systemic racism. His work,
with collaborators, integrates methods and theory from the social and biological sciences,
including ethnography, social network analysis, human biology, and genetics. Gravlee
completed a B.A., M.A., and Ph.D. in anthropology at the University of Florida, a Fulbright
graduate fellowship at the Universitat zu Koln (Cologne, Germany), and postdoctoral
training in community-based participatory research as a W.K. Kellogg Community Health
Scholar at the University of Michigan School of Public Health.
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Mark D. Hayward, Ph.D. is a professor of sociology and Centennial Commission Professor
in the Liberal Arts at the University of Texas at Austin. Hayward is a health demographer.
Building on a long-standing interest in the developmental origins of adult health, his current
work incorporates biosocial lenses (e.g., pathophysiological pathways and genetic risk) to
better understand how social exposures from childhood through adulthood influence
racial/ethnic disparities in dementia risk. Hayward is a recipient of the Matilda White Riley
Award from the National Institutes of Health for his contributions to behavioral and social
scientific knowledge relevant to mission of NIH. He has served on numerous major
foundations (Robert Wood Johnson and Pew) and major federal agencies (e.g., the
National Institutes of Health and the National Center for Health Statistics). Hayward is the
current editor of his field’s major journal, Demography, and President-elect of the
Interdisciplinary Association of Population Health Science. He received his Ph.D. from
Indiana University and his B.A. from Washington State University. He has served on
scientific advisory boards at the NASEM including the Committee on Population and a
Decadal Survey of Behavioral and Social Science Research on Alzheimer's Disease and
Alzheimer's Disease-Related Dementias.

Rick Kittles, Ph.D. is Professor and founding Director of the Division of Health Equities
within the Department of Population Sciences at the City of Hope (COH), Associate Director
of Health Equities of COH Comprehensive Cancer Center, and Co-founder and Scientific
Director of African Ancestry, Inc. His first faculty appointment was at Howard University
where he helped establish the National Human Genome Center at Howard University. Dr.
Kittles is well known for his research of prostate cancer and health disparities among
African Americans, having published over 200 research articles. Dr. Kittles’ research has
focused on understanding the complex issues surrounding race, genetic ancestry, and
health disparities. He has been at the forefront of the development of genetic markers for
ancestry and how genetic ancestry can be used in genetic studies on disease risk and
outcomes, showing the impact of genetic variation across populations. In 2010 Dr. Kittles
was named in Ebony magazine’s “The Ebony Power 100.” Dr. Kittles presented the Keynote
Address to the 2012 United Nations General Assembly, “International Day of Remembrance
of Victims of Slavery and the Transatlantic Slave Trade.” Recently he was named one of
The Huffington Post’s “50 Iconic Black Trailblazers Who Represent Every State In America.”
He received a Ph.D. in Biological Sciences from George Washington University in 1998.

Sandra Soo-Jin Lee, Ph.D. is Professor of Medical Humanities and Ethics and Chief of the
Division of Ethics at Columbia University. Trained as a medical anthropologist, Dr. Lee
leads interdisciplinary bioethics research on race, ancestry and equity in genomics,
precision medicine and artificial intelligence, and publishes in the genomics, medical,
bioethics, and social science literatures. Dr. Lee has investigated racial categorization in
human genetics for over two decades and co-edited Revisiting Race in a Genomic Age
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(2008). Her current NIH funded projects include the Ethics of Inclusion: Diversity in
Precision Medicine Research. Dr. Lee is Co-Director of the Center for ELSI Resources and
Analysis and the ELSI Congress. She is President-elect of the Association of Bioethics
Program Directors and a Hastings Center Fellow. Dr. Lee serves on the US Health and
Human Services Secretary’s Advisory Committee on Human Research Protections, the
Scientific Advisory Boards of the Kaiser Permanente National Research Biobank and the
Human Pangenome Reference Consortium, and the editorial boards of the American
Journal of Bioethics and Narrative Inquiry in Bioethics. Dr. Lee received her doctorate from
the University of California, Berkeley/UCSF joint program in Medical Anthropology and her
undergraduate degree in Human Biology from Stanford University.

Andrés Moreno-Estrada, Ph.D., M.D. is the Principal Investigator of the Human
Evolutionary and Population Genomics Laboratory at the Advanced Genomics Unit (UGA-
CINVESTAV), in Irapuato, Mexico. Previously, he was Research Associate of the Genetics
Department at Stanford University until 2014. He is a Mexican population geneticist
interested in human genetic diversity and its implications in population history and medical
genomics. His work integrates genomics, evolution and precision medicine in projects
involving large collections of understudied populations, in particular from the Americas and
the Pacific. He authored the most detailed work so far of the genetic structure of the
Mexican population, including the first genomic characterization of 20 diverse indigenous
groups throughout Mexico, as well as fine-scale studies in the Caribbean region, South
America, and Polynesia. He is leading the Human Cell Map of Latin American Diversity to
increase the representation of diverse ancestry networks for the Human Cell Atlas project.
For his work in Latin America he was awarded the “George Rosenkranz Prize for Health
Care Research in Developing Countries” in 2012. He received his M.D. from University of
Guadalajara in 2002 and Ph.D. in Evolutionary Genetics from Pompeu Fabra University in
2009. Dr. Moreno was a postdoctoral fellow until 2012 with Prof. Carlos Bustamante at
Cornell University and Stanford University School of Medicine.

Ann Morning, Ph.D. is an Associate Professor of Sociology at New York University and the
Academic Director of 19 Washington Square North, the home of NYU Abu Dhabi in New
York. Trained in demography, her research focuses on race, ethnicity, and the sociology of
science, especially as they pertain to census classification worldwide and to individuals’
concepts of difference. She is the author of The Nature of Race: How Scientists Think and
Teach about Human Difference (University of California Press 2011), and co-author of An
Ugly Word: Rethinking Race in ltaly and the United States (with Marcello Maneri,
forthcoming in 2022 from Russell Sage Foundation). Morning was a 2008-09 Fulbright
research fellow at the University of Milan-Bicocca and a 2014-15 Visiting Scholar at the
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Russell Sage Foundation. She was a member of the U.S. Census Bureau’s National
Advisory Committee on Racial, Ethnic and Other Populations from 2013 to 2019 and has
consulted on racial statistics for the European Commission, the United Nations, and
Elsevier. Morning holds her B.A. in Economics and Political Science from Yale University, a
Master’s of International Affairs from Columbia University, and her Ph.D. in Sociology from
Princeton University.

John Novembre, Ph.D. is a Professor at the University of Chicago in the Departments of
Human Genetics and Ecology & Evolution. His research has developed computational
methods to answer a diverse range of questions regarding genetic diversity. His work has
especially had an impact on the understanding and analysis of geographic patterns in
human genetic variation. He has been awarded as a MacArthur Fellow, Searle Scholar, and
Sloan Research Fellow, and his research is supported by the National Institutes of Health.
Dr. Novembre has authored more than 50 peer-reviewed publications in leading journals,
including Nature, Science, Nature Genetics, and the American Journal of Human Genetics.
He also serves as an academic editor for the journal Genetics, and previously served on the
Scientific Advisory Board for AncestryDNA. He received his B.A. from The Colorado College
and his Ph.D. from the University of California-Berkeley.

Molly Przeworski, Ph.D. is a Professor of Biological Sciences at Columbia University.
Before moving to Columbia University, she was a faculty member at the University of
Chicago as well as at Brown University and the Max Planck Institute for Evolutionary
Anthropology in Germany. Her research aims to understand the genetic basis and
evolutionary history of heritable differences among individuals; recent work focuses in part
on genomic trait prediction in humans and implications. She is the recipient of the Rosalind
Franklin Award from the Genetics Society of America, a Sloan Research Fellowship, and
Howard Hughes Medical Institute Early Career Scientist Award, and is a member of the
American Academy of Arts and Sciences and the National Academy of Sciences. She
received a B.A. in Mathematics from Princeton University and a Ph.D. from the Committee
on Evolutionary Biology at the University of Chicago, then conducted postdoctoral research
in the Mathematical Genetics group of the University of Oxford in the United Kingdom.

Dorothy Roberts, J.D. is the George A. Weiss University Professor of Law & Sociology at
University of Pennsylvania, with joint appointments in the Departments of Africana Studies
and Sociology and the Law School, where she is the inaugural Raymond Pace and Sadie
Tanner Mossell Alexander Professor of Civil Rights. She is also Founding Director of the
Penn Program on Race, Science & Society. Author of Fatal Invention: How Science,
Politics, and Big Business Re-create Race in the Twenty-First Century, Roberts is an expert
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on structural racism in US science and medicine and the use of race as a variable in
scientific research. Her research has been supported by the American Council of Learned
Societies, National Science Foundation, Robert Wood Johnson Foundation, Fulbright
Program, Harvard Program on Ethics & the Professions, and Stanford Center for the
Comparative Studies in Race & Ethnicity. Recent honors include 2019 election as a College
of Physicians of Philadelphia Fellow, 2017 election to the National Academy of Medicine,
2016 Society of Family Planning Lifetime Achievement Award, 2015 American Psychiatric
Association Solomon Carter Fuller Award, and 2011 election as a Hastings Center Fellow.
Professor Roberts serves on the advisory board for the Center for Genetics and Society.
She received her J.D. from Harvard Law School and her B.A., magna cum laude, Phi Beta
Kappa from Yale College.

Sarah Tishkoff, Ph.D. is the David and Lyn Silfen University Professor in Genetics and
Biology at the University of Pennsylvania, holding appointments in the School of Medicine
and the School of Arts and Sciences. She is also the Director of the Penn Center for Global
Genomics & Health Equity. Dr. Tishkoff studies genomic and phenotypic variation in
ethnically diverse Africans, using field work, laboratory research, and computational
methods to examine African population history, the genetic basis of anthropometric,
cardiovascular, and immune related traits, and how humans have adapted to diverse
environments and diets. Dr. Tishkoff is a member of the National Academy of Sciences, the
American Academy of Arts and Sciences, and the National Academy of Medicine. She is a
recipient of an NIH Pioneer Award, a David and Lucile Packard Career Award, a
Burroughs/Wellcome Fund Career Award, the ASHG Curt Stern Award, and a Penn
Integrates Knowledge (PIK) endowed chair. She is on the NAS Board of Global Health and
the Scientific Advisory Board for the Packard Fellowships in Science and Engineering, and
is on the editorial boards at Cell, PLOS Genetics, and G3 (Genes, Genomes, and
Genetics). She received her Ph.D. in Genetics and M.Phil in Human Genetics from Yale
University and her B.S. in Anthropology & Genetics from University of California-Berkeley.

Genevieve L. Wojcik, Ph.D. is an Assistant Professor of Epidemiology at the Johns
Hopkins Bloomberg School of Public Health in Baltimore, Maryland. As a statistical
geneticist and genetic epidemiologist, her research focuses on method development for
diverse populations, specifically understanding the role of genetic ancestry and environment
in genetic risk in admixed populations. Dr. Wojcik integrates epidemiology, sociology, and
population genetics to better understand existing health disparities in minority populations,
as well as underserved populations globally. In 2021, she was the recipient of one of
NHGRI's Genomic Innovator Awards (R35) to do this work. She is a long-standing member
of multiple NHGRI consortia focused on diverse populations, such as the Population
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Architecture using Genomics and Epidemiology (PAGE) Study, which was formed by
NHGRI over a decade ago to address the lack of genetics research in non-European
ancestry populations, and the PRIMED consortium, which began this year to better conduct
research around polygenic risk scores in diverse populations. Dr. Wojcik previously served
as a consultant with llumina, Inc. Prior to her faculty appointment, Dr. Wojcik was a
postdoctoral research scholar at Stanford University in the Departments of Genetics and
Biomedical Data Science. She received her Ph.D. in Epidemiology and M.H.S. in Human
Genetics/Genetic Epidemiology from the Johns Hopkins Bloomberg School of Public Health
and her B.A. in Biology from Cornell University.
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Graham Coop, Ph.D. is a professor in the Department of Evolution and Ecology and the Center
for Population Biology at University of California, Davis. His research focuses on understanding
the evolutionary forces that have shaped genetic differences between individuals, populations,
and closely related species. A unifying principal of his work is the blending together of modeling
and data analysis. His research interests include; the role of geography in adaption, the impact
of Natural Selection on linked polymorphism, the causes and consequence of variation in
recombination rates, and the inference of Demographic history for population genetic data. He
received his Ph.D. from the University of Oxford in the mathematical genetics group in the
Statistics Department.

Nancy Cox, Ph.D. is the director of Vanderbilt Genetics Institute and the Division of Genetic
Medicine as well as the Mary Phillips Edmonds Gray Professor of Genetics at Vanderbilt
University. Nancy Cox is a quantitative human geneticist with a long-standing research program
in identifying and characterizing the genetic component to common human diseases; current
research is focused on large-scale integration of genomic with other “-omics” data as well as
biobank and electronic medical records data. Dr. Cox also has an active research program in
data integration, particularly in the integration of functional genomic information to aid in
discovery and interpretation of associations of genome variation with common disease. Her lab
was the first to show that most of the common variant associations to common human diseases
and complex human traits appear to be regulatory in function. Dr. Cox completed her Ph.D. at
Yale University in 1982 and conducted postdoctoral research at Washington University and the
University of Pennsylvania.

King Jordan, Ph.D. is a professor and Director of the Bioinformatics Graduate Program at
Georgia Institute of Technology. He is broadly interested in the relationship between genome
sequence variation and health outcomes. He studies this relationship through two main lines of
investigation — human and microbial. In humans, he studies how genetic ancestry and
population structure impact disease prevalence and drug response. Dr. Jordan’s human
genomics research is focused primarily on complex common disease and aims to characterize
the genetic architecture of health disparities, in pursuit of their elimination. He received his B.A.
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in Biology from the University of Colorado Boulder and his Ph.D. in Genetics from the University
of Georgia.

Dianalee McKnight, Ph.D., FACMG is the Medical Affairs Director and Emerging Clinical
Omics/Clinical Molecular Geneticist at Invitae. She is board-certified in clinical molecular
genetics by the American Board of Medical Genetics and Genomics. She has more than 10
years of experience in the genetic diagnostics field. Prior to joining Invitae, Dr. McKnight was
the director of the neurogenetics testing program at GeneDx, where she specialized in genetic
testing for pediatric patients with epilepsy and intellectual disability. Dr. McKnight earned her
doctorate degree at Penn State University and completed post-doctoral training at the NIH.
While at the NIH, she was a research fellow at the National Institute of Dental and Craniofacial
Research for 5 years, during which she also completed her board-accredited clinical molecular
genetics training fellowship at the National Human Genome Research Institute.

Gil McVean, Ph.D. FMedSci, FRS is a Founder of and Chief Scientific Officer at Genomics plc.
He has a background in statistical and population genetics and played leading roles in the
International HapMap and 1000 Genomes Projects, as well as advisory roles in projects
including the UK Biobank and Genomics England. He was the founding director of Oxford
University's Big Data Institute and is a Fellow of both the Royal Society and the Academy of
Medical Sciences.

Santiago J. Molina, Ph.D. is a Sociology/Science in Human Culture Postdoctoral Fellow at
Northwestern University. Their work sits at the intersections of science and technology studies,
political sociology, sociology of racial and ethnic relations, and bioethics. On a theoretical level,
Santiago’s work concerns the deeply entangled relationship between the production of
knowledge and the production of social order. They are pursuing this line of research through
two projects: The Biopolitics of Genome Editing and Categorical Heterogeneity in Population
Genetics and Biomedicine. The second project is concerned with sampling practices and
conventions of classification in human biology from the mid-Twentieth Century to the present. In
collaboration with The Edmond J. Safra Center for Ethics at Harvard University, Santiago is
researching how scientists in different disciplines conceptualize and operationalize human
difference through “ancestry” and “population.” Santiago’s teaching has aimed to cultivate
practical tools for thinking critically about the relationship between science and society. They
received their Ph.D. in Sociology from the University of California, Berkeley and their B.A. from
the University of Chicago.

Akinyemi Oni-Orisan, Pharm.D., Ph.D. is a pharmacist-scientist with an academic
appointment as assistant professor at the University of California, San Francisco School of
Pharmacy in the Department of Clinical Pharmacy and the Institute for Human Genetics. Dr.
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Oni-Orisan has board certifications in applied pharmacology from the American Board of Clinical
Pharmacology and in clinical lipidology from the Accreditation Council of Clinical Lipidology. He
is a licensed clinician with practice experience in Cardiac Intensive Care Unit, cardiac stepdown,
and outpatient (advanced dyslipidemia clinic) settings. His long-term research goal is to improve
pharmacologic regimens for the prevention and treatment of cardiovascular disease using
electronic health records linked to biorepositories. His current work involves the characterization
of lipid-modifying agents for atherosclerotic cardiovascular disease through the utilization of
electronic health records. Dr. Oni-Orisan teaches and mentors pharmacy students in the
Discovery Projects research program including leading the inaugural Health Disparities
Discovery Group. Dr. Oni-Orisan serves as Diversity Leader for the Department of Clinical
Pharmacy to champion diversity, equity and inclusion (DEI) efforts in the department. He
received his B.S. and Pharm.D. from University of Michigan and his Ph.D. from University of
North Carolina at Chapel Hill.

Alice Popejoy, Ph.D. is an Assistant Professor in the Epidemiology Division of the Department
of Public Health Sciences at the University of California, Davis (UC Davis Health). Dr. Popejoy's
research program in public health genetics is situated at the intersections of evolutionary
genomics, biomedical data science, statistical genetics, and the attending ethical, legal, and
social implications (ELSI). She is currently focused on innovation and methods development to
fundamentally shift the way human populations are categorized in biomedical research,
epidemiology, and precision medicine. She received her B.A. from Hamilton College and her
Ph.D. in public health genetics from the University of Washington.

Ramya Rajagopalan, Ph.D. conducts conceptual and applied research in the social and ethical
implications of science, medicine, and technology, with a focus on the use of race and
population descriptors in genomics. Her cross-disciplinary work has examined how concepts of
race and ancestry circulate in the technology and practices of genomics and their intersections
with social categories of identity, and has appeared in leading journals across the health
sciences, sociology, and science and technology studies. Current projects investigate ethical
issues in precision medicine and public health, the politics of genome editing, and algorithmic
inequities in health care. Rajagopalan serves as Associate Director of Training, Evaluation, and
Qualitative Research at the Center for Empathy and Technology, Sanford Institute for Empathy
and Compassion, UC San Diego, where she leads the development of innovative curricula that
bring a lens of justice, equity, inclusion, and compassion to health professional training in
genomics and bioethics. She received her Ph.D. in Genome Sciences at MIT and was a
postdoctoral fellow in sociology and bioethics at the University of Wisconsin-Madison.
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Mashaal Sohail, Ph.D. is an associate professor and computational genomics researcher in the
Center for Genomic Sciences (CCG) at the National Autonomous University of Mexico. She has
been developing a research program to study the genetic architecture and evolution of complex
traits and disease in diverse humans using genomics, statistical approaches and deep learning.
In the Sohail lab, they are interested in both method development using innovative approaches
and statistics for reading genetic information, as well as in learning about the evolution and
phenotypic variation of diverse humans. Her lab is also interested in the mechanisms of
evolution, and in genome-wide patterns of selection and their relationship with gene expression
patterns. A general goal is to use genomics data to learn about human evolutionary history,
complex trait variation and their relationship. Dr. Sohail is working on methods for prediction of
complex traits and disease in present-day and ancient humans for benefits of preventative and
personalized medicine, and for understanding the evolution of complex disease. Her lab is also
working on improving genomic resources for underserved groups to unravel their genetic history
and complex trait architecture and are focusing these efforts on Mexico and Pakistan. She
received her master’s in History of Science and Ph.D. in Systems Biology from Harvard
University.

Norbert Tavares, Ph.D. is a Science Program Manager at the Chan Zuckerberg Initiative,
where he primarily manages single-cell biology research programs that support the international
Human Cell Atlas consortium. Previously, he served at the National Cancer Institute, at the
National Institutes of Health as an AAAS Science & Technology Policy Fellow, where he
managed interdisciplinary trans-institute/agency research grant programs. Dr. Tavares is a
microbiologist by training and was a Ruth Kirchstein Fellow at the University of Georgia, where
he completed his Ph.D. investigating the bacterial biosynthesis of coenzyme B12 in the
laboratory of Jorge Escalante-Semerena. Prior to his graduate work, he worked on large-scale
protein drug production via bacterial fermentation in a biotech startup and in procurement for
ESPN. Dr. Tavares has strong interests in advancing science by supporting basic research,
open science, and the advancement of women and underrepresented individuals.

Phil Tsao, Ph.D. is Professor of Medicine (Cardiovascular Medicine), Stanford University
School of Medicine and Associate Chief of Staff for R&D at the VA Palo Alto Health Care
System. The primary interests in his laboratory include understanding the mechanisms
regulating atherosclerosis and abdominal aortic aneurysm disease. While single genes can
have dramatic effects in cellular biology, it is becoming increasingly clear that vascular disease
(and health) is regulated by the coordinated expression of gene cassettes or pathways. By
monitoring expression patterns of the entire genome simultaneously, his laboratory aims to
identify networks of genes that work in concert to affect disease initiation and progression. This
approach can often implicate specific nexus genes that are at the center of larger networks
and/or participate in multiple pathways. Furthermore, his laboratory is investigating the role
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microRNAs play in orchestrating the activity of multiple genes during the course of disease. He
received his Ph.D. in Cardiovascular Physiology from Thomas Jefferson University.

Hannah Wand, MS, CGC (she/her) is director of the Preventive Genomics Program at Stanford
Healthcare and a genetic counselor in preventive cardiology. Her research focuses on the
socially responsible translation of population genomics through implementation science and
community engagement. Her professional activities and teaching are in the areas of public
health genetics, public education/engagement in genetics, increasing diversity in the workforce,
and the use of REA in genetics.

Jennifer Webster, Ph.D. is a senior director of Precision Medicine Real-World Evidence Lead
at Pfizer. Dr. Webster is a product lead and data scientist building curated real world evidence
and population health applications. Dr. Webster received a B.A. in chemistry from Bryn Mawr
College and Ph.D. in statistics from Texas A&M University.
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Committee on Use of Race, Ethnicity, and Ancestry as Population
Descriptors in Genomics Research

Public Workshop on Use of Population Descriptors

in Genomics Research

SPEAKER GUIDANCE: CONTEXT AND QUESTIONS

As a first step in the information gathering phase of their work, the Committee on Use of
Race, Ethnicity, and Ancestry as Population Descriptors in Genomics Research would like
to better understand how and why individuals are identified in genomics research and
how large consortia and biobanks use population descriptors. The goals for this workshop
include examining the need for population descriptors in genetics and genomics research
and learning how biobanks use population descriptors, managelegacy data, and integrate
new data.

Session I: Examining Use of Population Descriptors in Genomics Research
Objectives

* To explore what types of population descriptors are needed for genetics and genomics studies.
* To examine howand why genetics studies should or should notincorporate social categories and
environmental factors.

Key Questions for Speakers:

1. Inyourwork, whoissampled? Why are they sampled? How are samples identified or
categorized, and why?

2. How are populationdescriptors such asrace, ethnicity, and ancestry used effectively in genetics
and genomicsresearch? Howare they used ineffectively or inappropriately?

3. Whattypes of genetics and genomics studies require the use of population descriptors such as
race, ethnicity and ancestry?

4. Arepopulation descriptors needed to capture social and environmental factors in genetics and
genomics studies? If so, what descriptors are needed?


https://www.nationalacademies.org/our-work/use-of-race-ethnicity-and-ancestry-as-population-descriptors-in-genomics-research
https://www.nationalacademies.org/our-work/use-of-race-ethnicity-and-ancestry-as-population-descriptors-in-genomics-research
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Committee on Use of Race, Ethnicity, and Ancestry as Population
Descriptors in Genomics Research

Public Workshop on Use of Population Descriptors

in Genomics Research

SPEAKER GUIDANCE: CONTEXT AND QUESTIONS

As a first step in the information gathering phase of their work, the Committee on Use of
Race, Ethnicity, and Ancestry as Population Descriptors in Genomics Research, would
like to better understand how and why individuals are identified in genomics research
and how large consortia and biobanks use population descriptors. The goals for this
workshop include examining the need for population descriptors in genetics and
genomics research and learning how biobanks use population descriptors, manage legacy
data, and integrate new data.

Session II: Use of Population Descriptors by Biobanks and Other Research
Consortia

Objectives

*To examine how and why biobanks and other large-scale programs use taxonomies currently, especially in

areas of large diversity

*Tolearnhow large-scale data collection projects are designed and managed
*To explore howlegacy data might be managed and merged with future data

Key Questions for Speakers:

1.

2,
3.

What taxonomies, classification schema, or population descriptors does your programuse? How and why
are these used?

Have your policies surrounding population descriptors changed since the project began? Why or why not?
How doesyour program approach legacy data? What challenges does your program face with managing or
merging legacy datawith current data? What special concerns might exist for merginglegacy data with
current and future datasets?

Beyond population descriptors, what attributes of individuals are important to collect for use in large
datasets?

. What are some lessons learned for the design of future large-scale data projects?


https://www.nationalacademies.org/our-work/use-of-race-ethnicity-and-ancestry-as-population-descriptors-in-genomics-research
https://www.nationalacademies.org/our-work/use-of-race-ethnicity-and-ancestry-as-population-descriptors-in-genomics-research
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Committee on Use of Race, Ethnicity, and Ancestry as Population
Descriptors in Genomics Research

Public Workshop on Use of Population Descriptors in
Genomics Research

SPEAKER GUIDANCE: CONTEXT AND QUESTIONS

As a first step in the information gathering phase of their work, the Committee on Use of
Race, Ethnicity, and Ancestry as Population Descriptors in Genomics Research, would
like to learn more about whom is studied in genomics research and how population
descriptors are used within these studies. The goal for this workshop is to learn more
about the historical context of population descriptors and how to standardize and use
population descriptors in the future.

Session II1: Community Input on Population Descriptors in Genomics
Research

Objectives

e Thecommittee requests public comments on the current use of population descriptors such as
race, ethnicity, ancestry, etc. in genomics research and howthe use of population descriptors
could be improved uponin the future.

Key Questions for Speakers:

1. Howdo youidentify yourself and howdo you think that should be incorporated into genetics
research studies?

How are population descriptors such asrace, ethnicity, and ancestry being used or not used
effectively in genomicsresearch?

What population descriptors, if any, should not be used in genomicsresearch?

Do all genetic studies need specific population and/or individual descriptors of their study
subjects?

What aspects of the current use of population descriptorsin genomics research need to be
changed or improved?

6. How should population descriptors be used in genomics research moving forward?
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https://www.nationalacademies.org/our-work/use-of-race-ethnicity-and-ancestry-as-population-descriptors-in-genomics-research
https://www.nationalacademies.org/our-work/use-of-race-ethnicity-and-ancestry-as-population-descriptors-in-genomics-research
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ABSTRACT

The use of population descriptors like race, ethnicity, and ancestry in science, medicine and public
health has a long, complicated, and at times dark history, particularly for genetics, given the field’s
perceived importance for understanding between-group differences. The historical and potential
harms that come with irresponsible use of these categories suggests a clear need for definitive
guidance about when and how they can be used appropriately. However, while many prior authors
have provided such guidance, no established consensus exists, and the extant literature has not
been examined for implied consensus and sources of disagreement. Here we present the results of a
systematic review of published normative recommendations regarding the use of population
categories, particularly in genetics research. Following PRISMA guidelines, we extracted
recommendations from n=121 articles matching inclusion criteria. Articles were published
consistently throughout the time period examined and in a broad range of journals, demonstrating
an ongoing and interdisciplinary perceived need for guidance. Examined recommendations fall
under one of eight themes identified during analysis. Seven are characterized by broad agreement

across articles; one, Appropriate definitions of population categories and contexts for use, revealed



substantial fundamental disagreement among articles. While many articles focus on the
inappropriate use of race, none fundamentally problematize ancestry. This work can be a resource
to researchers looking for normative guidance on the use of population descriptors, and can orient
authors of future guidelines to this complex field, contributing to the development of more effective

future guidelines for genetics research.

INTRODUCTION

Evidence of race-based health disparities has mounted in recent years, especially during the
COVID-19 pandemic. '° As researchers have stressed the role of structural racism in generating
these disparities ® and the importance of racially-stratified data to developing a better
understanding of them’, prominent institutions like the National Academies of Sciences,
Engineering, and Medicine (NASEM) and the National Human Genome Research Institute have
begun to wrestle with questions of the usefulness of population descriptors. ®° A recent series of
commentaries in the New England Journal of Medicine illustrates the significant disagreement on
the value of race as a variable in biomedicine, as well as a turn towards concepts from genetics as a
potentially suitable alternative. Vyas et al. argued that the insertion of race into clinical tools relies
on faulty assumptions about the genetic contribution to racial categories and can lead to
interpretations of racial disparities as unavoidably genetically determined when they may be
avoidably socially determined.'® Borrell at al. raised the counterclaim that leaving awareness of race
and ethnicity out of healthcare can exacerbate racial and ethnic disparities by failing to monitor or
condemn them, and argued that race and ethnicity should therefore be used alongside genetic
ancestry to understand health outcomes. ! Oni-Orisan et al. highlighted a potential contribution of
genetic ancestry to COVID-19 disease outcome, and after broadly reviewing the contribution of
genetic difference to health disparities and the overlap between genetic and racial diversity,

proposed that “the ultimate goal... would be to replace race with genetic ancestry in an
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evidence-based manner.” ** But this turn to genetic ancestry as a more objective way to capture
biological difference between groups has its own pitfalls.”*** Complex genetic ancestry information
is most often smoothed into continental ancestry categories: a dangerous oversimplification due to
the striking resemblance of continental ancestry categories to racial categories.

Given the complicated nature of this topic and this debate, a researcher considering
employing population categories in their work might search for guidelines to consult in order to
determine which population categories to use for which purposes. They would find a plethora of
articles offering such guidelines, but with a wide range of focuses and varying levels of specificity;
this phenomenon suggests a pervasive need for guidance in the scientific and medical community;,
but also highlights a continued lack of explicit, centralized normative guidance..

Prior works that have assessed this complicated body of normative literature have either
examined only small sets of recommendations or have analyzed the impact of a single
recommendation or set of recommendations on the practices of authors and/or clinicians. > A
systematic review of all existing normative guidelines is lacking. In its absence, it is impossible to
identify the recommendations that have been echoed by multiple authors, representing areas of
normative consensus, or to pinpoint areas of consistent disagreement. The former is useful because
commonly-provided recommendations point to noncontroversial areas of improvement for
researchers, clinicians, and public health practitioners, and can also influence future guidelines by
highlighting the topics and sentiments that have already been well-expressed in the field. The latter
point to topics that merit further examination and likely hold some of the most pressing ethical
concerns that underlie the employment of population categories in genetics and across scientific
fields.

Here we present the results of a systematic review of normative guidelines relating to the
use of population categories in science, medicine, and public health, thus providing an overdue

clarification and categorization of normative works in this field. It focuses particularly on the
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relevance of genetics to the use of these categories, given the perceived importance of genetics for
understanding between-group differences. '°** This systematic review can provide a resource for
consultation by researchers, funders, practitioners, regulatory bodies, and others who may find
themselves lost in this otherwise disordered and overwhelming space. It also gives the authors of
future guidelines — such as the recently convened National Academic committee on this topic — a
much-needed orientation to existing work. This piece thus contributes to informing and improving

future work and to pushing the field towards clearer and more effective future sets of guidelines.

METHODS
Search Method

This is a systematic review of literature containing normative recommendations for the use
of race, ethnicity, and ancestry in science, medicine and public health, with particular focus on
genetics. We conducted the review in accordance with guidelines established by Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA).'® In December of 2021, two
different search methods were applied in parallel to identify and collect articles of interest. The
PubMED electronic database was searched using the following string: “population groups AND
genetics AND human research AND bioethics[sb].” The [sb] qualifier limits the set of articles
returned by the search to only include those labeled by PubMed as pertaining to bioethics.
“Population groups” was used rather than “race AND ethnicity AND ancestry” because the phrase is
a MeSH term—a database-specific phrase that more thoroughly and specifically refines searched
articles. At the same time, a search was conducted using the Google search engine with the string
“race, ethnicity, and ancestry in genetics”. The first 100 articles of the results of this search were
included. The Google search was designed and included to ensure that articles accessed by authors
conducting a preliminary search for normative recommendations to guide their work would be

included. Given the transformative impact of the Human Genome Project, which was completed in
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the first few years of the 21st century, both searches were refined to only include articles published
since January 1st, 2000.

This combination of search terms yielded ten of thirteen articles previously identified by
one reviewer as relevant to the topic of this systematic review. Although other tested combinations
yielded more of these articles, they raised the total number of returned articles to the tens or
hundreds of thousands—thus, in an effort to balance the aim of including these articles with the aim
of maintaining precise focus within this review, the above-mentioned search term combination was
chosen.

Preliminary screening criteria

In order to refine the results of this search to yield articles with a normative focus, the titles
and full abstracts of all returned articles were read. Each article was screened for how likely it
seemed to contain normative recommendations on the use of race, ethnicity, and ancestry in
science, medicine, or public health. Gray literature, such as transcribed presentations and speeches,
as well as pieces published in popular media were not excluded. Standards for inclusion were
established by comparing the labeling of the first 100 PubMED articles between two reviewers .The
rest of the articles were labeled by one reviewer. Figure 1 illustrates the full process of inclusion and

exclusion.

Extraction

Normative recommendations from these articles were extracted using a three stage process.
First, summarized normative recommendations were extracted from the abstract and conclusion.
Second, if articles contained tables or sections explicitly allocated to reporting recommendations,
the contents of those tables and sections were extracted. Finally, each article was searched for the
following words and phrases to identify further normative recommendations for extraction:

recommendations, guidelines, should, must, need, ought, and consider. This strategy was determined



to be sufficient by comparing, for 10 articles, recommendations identified using this strategy to
recommendations extracted by another reviewer based on an examination of the whole text. Along
with text of each recommendation, any accompanying text pertaining to the justification of the
recommendation was extracted.

Additionally, the following basic data about each article were collected: authors, all
countries of author affiliation and country of majority author affiliation, journal, country of journal
publication, publication year, and number of citations as recorded by PubMed. For the purpose of
later categorization, journals were sorted into six categories—science, medicine, public health, law,
ethics, or other. Finally, articles were tagged if their explicit aim was to provide normative
recommendations, and if they pertained to ancestry.

After all the recommendations were extracted, thematic content analysis was conducted by
examining each recommendation and identifying emerging themes. In order to establish the list of
themes, two reviewers examined the recommendations from several articles. Theme assignments
were all made by one reviewer. Initial themes were grouped into broader themes. Another reviewer

assessed theme assignments and any disagreements were discussed and resolved.

RESULTS
Study Selection and Characteristics

As shown in Figure 1, this search yielded 1,073 articles in total after duplicates were
removed, 1,035 of which emerged from the PubMED search and 38 of which emerged uniquely from
the Google search. 218 articles remained after preliminary screening, and 121 were included in the
final analysis. 384 normative recommendations were extracted from these 121 articles.

There is a clear dominance of articles published in the first decade of the 21st century,
surrounding the completion and publication of the Human Genome Project, as shown in Figure

2a—however, Figure 2a also shows that there have been sustained publications on this topic



throughout the examined time period. The articles examined are broadly distributed across journals
with different focuses, although most articles hail from scientific or medical journals, see Figure 2b.

Most if not all contributing authors for 102 articles (84% of total article yield) were
affiliated with the USA. Four articles hailed from Canadian authors, three from authors in Germany,
two from authors in the U.K,, two from Italian authors, and one each from authors in Austria,
Iceland, Japan, Scotland, Singapore, and South Africa. The country of majority authorship remains
undefined for two of the included articles, one of which is an editorial with no explicit author, and
one of which was written by four authors each from different countries.

Although many recommendations called for the formation of working groups to publish
research or normative commentary on the use of race, ethnicity, and ancestry in the sciences, only
three of the included articles themselves were written on behalf of a group. The articles have a
median of 27.5 citations, with an interquartile range of 10.75 to 65.25, and with 23 of the articles
having over 100 citations and two having over 500. Finally, 34 of the 121 examined articles contain

a total of 60 recommendations that mention ancestry.

Thematic Discussion

Twenty-eight distinct themes (referred to as sub-themes from here on) were identified and
grouped further into eight broader themes. Table 1 lists these themes and their associated
sub-themes, as well as the articles in which recommendations pertaining to these themes and
sub-themes were found. Recommendations that did not fall under any of these themes were marked
“Other”. Not all sub-themes will be fully addressed in the discussion of each theme: refer to Table 1
and to the data listed in Supplementary Materials for the complete list of recommendations and the

sub-themes assigned to them.

1. The need for transparency



Forty-seven (12.2%) recommendations extracted from the analyzed articles propose a need
for transparency from researchers conducting studies that employ population categories. Almost
half of those urge investigators and authors to be transparent about how any population categories
used in their studies are defined. This includes how participants were categorized, and if they were
categorized by the investigators or by the participants themselves. '*?” Many recommendations also
encourage authors to provide their own definitions of the broad population categories they use
(e.g., of the term “race”), often citing the confusion that results from leaving population categories
undefined and the fact that many population categories are assumed to be potentially explanatory
variables without justification.'®?*?%-*' Five of the recommendations in this sub-category pertain
specifically to ancestry. The conflation of population categories with biological similarity is
addressed by two of them, which urge researchers to acknowledge when they are using categories
as a proxy for ancestry and to note explicitly how much biology is assumed to contribute to the
categories they employ. 232 The other three all belong to one article, which urges investigators to
clearly differentiate race, ethnicity, and ancestry when using more than one of these in a study and
to fully describe the methods by which genetic ancestry was determined or inferred. It also calls for
investigators not just to use the term ancestry, but to specify “genetic ancestry” or “inferred genetic
ancestry” based on the methods used to assign ancestry labels. '°

The second most-popular sub-category of recommendations within this theme is made up
of recommendations that urge investigators and authors to be transparent about why they have
employed population categories in their research. These mainly encourage investigators to make
explicit the relevance of any employed population categories to their research question(s),
especially when the category employed is race. ?-*#?63233 Five of the recommendations within this
subcategory more specifically urge authors to justify the use of non-genetic, non-biological
population categories either as additional variables in genetic studies or in place of

genetically-inferred variables. #2%*3%32
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The rest of the recommendations that fall under this theme relate to transparency about
data, collection methods, and the link between results and conclusions. Six recommendations call
for investigators to make their collection methods and all of their data publicly accessible, so that
other researchers can further investigate the validity of any claims made on the basis of this data
and so that investigated communities can access study results.**-* Six more urge investigators to
fully analyze and explain their findings: all of these recommendations share the goal of discouraging
unsubstantiated inferences from data and treating every finding carefully, either by proposing
follow-up studies to investigate the finding further, exploring the potential contribution of
non-population factors, or simply making sure not to report observed associations without any

comment on potential nuance.®233°

2. Awareness of impact on particular communities

Seventy-five (29.4%) of all extracted recommendations fell under this theme. Most of these
encourage awareness within the scientific and medical communities of the past and present impacts
of racism in science and medicine. Besides compelling researchers to be generally wary of group
harms, misconceptions, and mistrust that can be seeded by irresponsible race-based research *°,
many of these recommendations advise researchers not to repeat the grave mistakes made and
harms done throughout the racist history of science and medicine. 252832414242-46 A]] of these articles
encourage developing awareness of these historical lessons through the education of investigators
and authors. However, while some identify past mistakes and the lessons that should be learned
from them—these include Nazism and the Tuskegee Syphilis Study to caution against “eugenic

” %2 and the use of racial labels to insinuate inferiority or superiority **—many simply

temptation
broadly advise that research today should be historically informed. ?>***> A separate class of

recommendations within this sub-theme encourages education of clinicians and researchers about

the ways in which racism still extends its hand into science and medicine today. 2>3%*"***¢ Finally,
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several recommendations urge clinicians to acknowledge the impact of racism on their practices, so
that they can root it out and develop more sophisticated understandings of race. 4"~
Thirty-three recommendations within this theme encourage investigators to respect the
study populations examined in their work. Most of these address the concern that
population-specific studies are often conducted without proof that a population-specific focus has
tangible scientific or medical benefit, and so urge either review boards, the FDA, or society as a
whole to ensure that this is true for all research involving only particular populations. '***->* Others
advocate for improving the sensitivity of the informed consent process for minority populations by
implementing measures to ensure all participants have a holistic understanding of the research
question and scope, and of all of the potential uses of any collected material.*"**>¢ Thirteen more
encourage researchers to foster a respectful partnership with studied communities by releasing

23,38,52,54,56,57

their eventual conclusions to the studied communities and maintaining respectful

communication with them throughout and beyond the study 37°3°6°8-%°, Relatedly, twelve
recommendations within this theme urge investigators to consult their studied populations
throughout the research design and implementation process in order to establish a respectful
partnership, develop trust, ensure those populations are appropriately named in the study, and

identify risks that may not be obvious to the researchers themselves or to review boards.

41,53,55,56,58,61-63

3. The use of appropriate statistical methodologies
Forty (10.4%) of the extracted recommendations fell under this theme, and many of these
urge investigators to be aware of and account for the contribution of factors other than race or

ethnicity to health outcomes when designing and conducting research. These factors include racism

21,26,51,64-67 51,64,68 21,26,51,64

6% socioeconomic status , environmental exposures , education , place of

26,64 51,65,67,69

residence **%*, ancestry and cultural practices °¢%3%° Qne of these articles argues that an
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examination of the effects of ancestry (as opposed to race or ethnicity) on health should also include
a consideration of other factors *®. Recommendations from one article emphasized that the
hypothesis being tested should dictate which of race, ethnicity, or ancestry should be used .
Another subset of recommendations within this theme discourages investigators from
making causal claims based on associations found in their data. These recommendations share the
central message that correlation does not and should not imply causation, and that researchers
should interpret their data carefully before using them to make and support claims, 12425364366
Three of these have a more specific focus: one denounces the use of genetic data to enforce

between-group differences in any context ©°, and two others caution against overemphasizing the

impact of ancestry on health ¢7°,

Finally, some recommendations pertaining to statistical methodologies set out specific
guidelines for the statistical interpretation of genetic data. These include establishing sufficient
statistical significance in any investigated associations between racial, ethnic, genetic, or other
categorization and phenotype *, conducting pooled rather than stratified analysis to avoid
“arbitrary clustering decisions” *?, how to select the number of principal components needed in

principal components analysis (PCA) to account for population stratification *2, and incorporating

socio-historical considerations into understanding population-specific genetic variation ”*.

4. Public reactions and public engagement

Most of the thirty (8.9%) recommendations within this theme encourage anyone
investigating links between population categories and health to be aware of all possible
interpretations of their conclusions, and to present findings in a way that minimizes dangerous
misinterpretations. This category shares a concern about racism with the recommendations in the
category Awareness of impact on particular communities, but this category places emphasis on

public misconceptions rather than specific harms done to communities. Those aimed at the
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practices of investigators urge them to note the limitations of their methods , avoid overstatement

72,73

or generalization in their presentation of results #’?, make accurate versions of their conclusions

517475 and correct any observed

accessible to popular media to avoid sensationalization
misinterpretations of their results **. Five recommendations specifically state that researchers and
reviewers should anticipate any potential socioethical problems raised by the associations such
research makes or could make, such as the reinforcing or creation of social stigma, and address
them within the research or use them as a basis for rejection of funding or publication. 1>?¢>7677

The recommendations aimed at healthcare advertising and direct-to-consumer ancestry
testing companies also encourage those formulating public messaging to be aware of and attempt to
prevent potential misinterpretations of their claims 7®#°, They recommend that direct-to-consumer
ancestry companies demonstrate how consumers should interpret their results and explain to
consumers the difference between ancestry and race, ethnicity, and other group membership.
Messaging from healthcare advertising, meanwhile, should be careful not to suggest links between
race, ethnicity, ancestry, and health that could legitimize racism. ” One recommendation explicitly
states that this messaging should avoid insinuating any biological basis for racial categories.”®

The rest of the recommendations within this theme encourage investigators and institutions
to increase the involvement of the public in the refinement of future population-based research. The
two main ways in which they recommend this be accomplished are through consultation of the

public throughout the research process ***%#

and through education efforts that raise awareness of
racism and its impacts and of the pitfalls of current research involving population categories and

health, 36525

5. The need for diverse samples and practitioners
This theme consists of nineteen (5%) extracted recommendations that bring attention to

the need for diversity both in research studies and in the medical and scientific community as a
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whole. Recommendations that encourage more diverse recruitment of study participants mostly
advocate for increased recruitment of minority populations, either to better represent global

diverSity 21,67,85-87

or, in the context of ancestry, to improve the applicability of clinical genomics as a
whole to those of non-European genetic ancestry °®*®%°, Three recommendations lie tangential to
this sub-theme, as they share the motivation of refining the true applicability of population-based
research: they urge researchers to note explicitly how representative their study participant cohorts
are of the larger population(s) being studied. %8¢

The last seven recommendations within this theme call for the makeup of and discussions
within the scientific and medical community to be diversified: according to these recommendations,

doing so further incorporates those with an interest in improving population-focused research into

medicine and science and develops a wider understanding of and appreciation for diversity.

38,50,59,74,86,90

6. The need for an appreciation of nuance

Twenty-seven (7%) extracted recommendations fell under this theme, which consists of
recommendations that encourage researchers and/or clinicians to consider and use race, ethnicity,
ancestry, and/or population in a more nuanced fashion.

Twelve of these specifically pertain to race and ethnicity. Five encourage researchers and
clinicians to acknowledge that race and ethnicity are not strict categories and are influenced by

232848819192 Ty others offer specific variables that may provide useful

multiple circumstances.
replacements for the category of race specifically—ethnicity ** and geographic origin **. The last
three simply urge scientists and clinicians to acknowledge the bounds of the relevance of racial and
ethnic categories. ?** Four of these touch on conceptions of ancestry and population; they broadly

propose that population categorization should not be immediately assumed to be legitimate, and

that its justification, the types of categories that currently exist, and the ways in which people may
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be assigned to categories should consistently be questioned. **?%%°

Finally, nine of these encourage those in the scientific and medical community to consider
the relationship between race, ethnicity, ancestry, and population with more nuance. Seven
recommendations in this category encourage that any associations between biology and existing
categories be made only upon findings of substantial correlation, clear justification, and unbiased
presentation. 245290998 Another calls for a reexamination of the historical contributions to genetic
variation, so that we may understand why it is sometimes customary to assign biological
significance to arbitrary categories. *° The final recommendation within this theme calls for
researchers to use a specific algorithm developed by the authors that attempts to refine

self-identified race and ethnicity. *°

7. Appropriate definitions of population categories and contexts for use

A subset of the eighty-three (24.9%) recommendations within this theme set out how
certain population categories should or should not be defined. Unlike the other identified themes,
this theme comprises many mutually incompatible recommendations. Many of these encourage
researchers to define race not as a biological phenotype, but as a complicated social phenomenon,
or to categorize populations by socio-environmental variables instead of by race. 23#87881.100.101
However, one of these introduces the social concept of race not as a replacement for a biological
concept of race, but as a definition of race that should be considered in concert with a biological
definition of race '°. Others are concerned with how strictly population categories should be
defined: while one states that populations should only be defined by genetic variation *3, another
considers rare genetic variants to be too small and strict of a basis for population categorization *.
Another suggests that populations should be defined in multiple ways °°, while still another

maintains that population categories should not and cannot be broadly defined, and urges

researchers to instead circumstantially define them 2%, Finally, some provide their own definitions of
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race, ethnicity, and/or ancestry rather than commenting on how they should be defined **¢’. For
example, in 2015 Mersha and Abebe proposed, “To better understand human genetic variation in the
context of health disparities, we suggest using “ancestry” (or biogeographical ancestry) to describe
actual genetic variation, “race” to describe health disparity in societies characterized by racial

categories, and “ethnicity” to describe traditions, lifestyle, diet, and values.”

A second subset unconditionally approves of the scientific and medical communities
investigating links between population categories and health. Some claim that self-identified racial
categories overlap with genetic groupings and so provide a more feasible way to establish ancestry
than empirical genotyping '°% others justify this position by claiming that race- and ethnicity-based
disparities still exist, and that it is fruitless to try to eliminate them and understand their causes
without examining them 2*2896103-105 Three more recommendations focus on the value of using race
or ethnicity to examine the effects of racism on health ?>'°*1°, One powerful recommendation
among these argues that the potential to uncover the health effects of racism is unsacrificable. “To
truly get to the bottom of racism and its negative impact on persons of African ancestry,” wrote
Dawson in 2003, “we cannot solve the problem by pretending that we are not what we are, or who we
are, because some, be they friend or foe, are ashamed of their actions, if possible, or that of others.
Because in effect, to argue that Blacks should somehow desist from categorizing ourselves as we see fit;
in our intellectual exchanges is in and of itself, in the final analysis, a pernicious form of racism and
self-hatred if that is the source of calls for us to ‘change.”” ***

There are some other recommendations that justify the use of population categories in
research, but only when researchers take additional measures to minimize confusion, unsupported
conclusions, and arbitrary employment of population categories 2246278107108 Thege measures
include collecting data on socioeconomic status and genetics to supplement analysis, precisely

defining employed population categories, and establishing a specific health or scientific interest
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furthered by the use of categorization, but some define these measures with sweeping statements
like “tak[ing] great care.” '*” Others justify the use of population categories only for research with
certain purposes, such as to survey incidence of disease, to examine the interface between social
and biological variation, or to lay the ground for further research into more specific risk factors.
395295106109 The Jast four recommendations then urge investigators and authors to be sensitive with
the terminology used to describe populations in such research, in order to avoid confusion and the
insinuation of a hierarchy between groups. #3%*

However, some recommendations completely discourage the employment of certain
population categories in research. Overall, these pertain entirely to race and ethnicity, and none
broadly call for ancestry not to be employed in research. Two recommendations within this
sub-theme call for the refusal of approval and/or funding to genetic studies using race as a variable.
101198 Other recommendations urge clinicians and researchers to minimize or eliminate their use of
race and ethnicity ?*?>3668110 to focus their efforts on genetic variation **, or to focus on ethnic
rather than racial categorization #°. Finally, ten more recommendations within this theme
discourage researchers from using race as a proxy for other variables, most often ancestry, in their
research, 733970112115 Gix more recommendations urge investigators to collect ancestry data
instead of race or ethnicity, in order to better understand the variation captured by their study
participant cohorts or to investigate a genetic basis for any observed disparities. >>°%101.102108 Qq]y
one article fundamentally problematizes the use of ancestry in medicine, but only in the context of
developing individualized treatments: the authors state that race and ancestry are both “imperfect
measures that will both slow researchers’ progress toward individualized genetic knowledge and

provide clinicians with incomplete, potentially misleading information.” '*°

8. The need for further research and guidelines

Fifty-seven (17%) extracted recommendations fall under this theme. Most of these
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encourage further research into several different aspects of and important considerations regarding
the use of race, ethnicity, and ancestry in health and sciences research. This includes research to

28,35,41,55,81,117,118 and further

elucidate where population categories lie along the social-biological axis
investigation of existing disparities between populations to identify their causes and to address
them #°%11°, However, this subcategory is also marked by a high incidence of ancestry-related
recommendations, which state the need to optimize the utility and robustness of genetic ancestry

11,43,120,121

estimation and to learn how to best characterize human genetic variation, whether that be

by continental ancestry categories or not. ''%1%2

The rest of the recommendations within this theme call for the development of further
guidelines and regulations for future research involving race, ethnicity, and/or ancestry. Many of
these are in vague terms, calling for the formation of policies or new definitions that “mitigate risks”
or “address challenges”. 1>193574778L109.117.123 H g yyever, many recommendations call for journals or
centers to adopt the specific standards or guidelines suggested by other articles in this collection,

15,33465689,122124 Ope article contains the

such as those that suggest a need for transparency.
ancestry-specific recommendations that pertain to this category; it urges leaders in the human
genetics field to convene to develop standards of practice and communication of ancestry-testing

and research, including standards of representing statistical confidence in ancestry estimation and

guidelines for appropriate terminology. '2°

DISCUSSION

This systematic review analyzed a total of 121 articles published since 2000 that provide
normative recommendations on the use of race, ethnicity, and ancestry in science, medicine, and
public health, with particular focus on genomic research. Recommendations were consistently
published throughout the 21-year period analyzed (see Figure 2a), demonstrating an ongoing

perception of the need for such normative criteria. Articles appeared in journals from a wide variety

17


https://www.zotero.org/google-docs/?Du5mSO
https://www.zotero.org/google-docs/?Dg2CfJ
https://www.zotero.org/google-docs/?mdjlgq
https://www.zotero.org/google-docs/?82kflZ
https://www.zotero.org/google-docs/?28lcbr
https://www.zotero.org/google-docs/?Jr5SSe
https://www.zotero.org/google-docs/?Kc6vvG

of domains (see Figure 2b), demonstrating that this perceived need extends across several
disciplines.

Most if not all contributing authors for 84% of these articles were affiliated with the USA.
The dominance of articles from the United States may be a result of its particularly dark history of
systemic racism motivating exceptional concern for rooting out notions of prejudice and hierarchy
from customs of population categorization. Further, a cross-national survey of the 2000 global
census, published in 2008, revealed that of all 147 national census questionnaires examined, only
that of the United States measured race and ethnicity separately. '** As the report states: “In this
view, which is extremely unusual in international perspective, ethnic groups are different from races
because they are rooted in sociohistorical contexts; races thus appear to be grounded in something
other than social processes.” This practice may contribute to general confusion within the United
States about the significance of these categories, and by extension the context for their usage in
medicine and science.

Seven out of eight themes identified during analysis were marked by significant consensus
amongst the recommendations within them, indicating that there are certain uncontroversial
sources of concern but that these have remained unresolved throughout the analyzed time period.
Even agreeing recommendations, however, broadly give a sense of confusion and frustration.
Different recommendations pertaining to the same theme often drew attention to the same issue
but proposed different approaches. For example, some articles that drew attention to the need for
transparency urged researchers to be transparent about different aspects of their research—while
some focused on the need for clear definitions of terms like “race” and ethnicity”, others encouraged
transparency about research methods, like how and by whom study participants are categorized by
race or ethnicity. Furthermore, the entire set of recommendations pertaining to transparency
demonstrated pervasive frustration with vague circulating definitions and practices that can lead to

subpar or nonexistent justifications for the employment of population categories in research.
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Finally, the third most popular theme calls for further research to be conducted and further
guidelines to be established about the use of race, ethnicity, and ancestry in science, medicine, and
public health. The prevalence of recommendations within this theme illustrates a clear desire to
pave the way for future normative criteria that are more informed and organized than the existing
set of recommendations.

In contrast to the seven themes with broad agreement, the theme with the most
recommendations, Appropriate definitions of population categories and contexts for use, contained
recommendations that significantly disagreed with one another. Many recommendations defined
“race” at wildly different places along the social-biological axis, and many put forth differing
opinions on how strictly population categories in general should be defined, ranging from
proposals strictly delineating the definitions of race and ethnicity ¢/, to the proposal that they be
jointly be defined as “any classification, whether genetic or self-reported, cognizable and supported by
evidence in medical, legal, or social disciplines.” >

The recommendations specifically pertaining to the use of population categories then
argued one of three disparate positions: that it is always acceptable to use certain population
categories in research, that it is only acceptable to use them under certain conditions, and that it is
never acceptable to use them. The considerable disagreement amongst these recommendations
indicates that a lack of clear, centralized definitions of population categories goes hand in hand with
confusion and disagreement about when they should be used. The large volume of
recommendations within this theme then arguably indicates that answering questions about the
definition and appropriate use of population categories will be foundational to approaching the
problems identified throughout all themes.

Thirty-four of the 121 examined articles and 60 of the 334 extracted recommendations
pertain to ancestry. Most of the recommendations about ancestry relate to establishing its

relationship with the concepts of race and ethnicity. Many argue for an active differentiation of race
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and ethnicity from ancestry, especially by direct-to-consumer ancestry companies, in order to avoid
misinterpretation of the meaning and significance of ancestral differences by the public. However,
some disagree about the nature of the relationship between ancestry data and racial data. For
example, while certain recommendations encourage researchers not to use racial data as a proxy for
ancestral data or even support using ancestral data in place of racial data, others argue that there is
significant overlap between racial and ancestral categories, so racial data should be collected when
ancestral data is too costly to obtain. This disagreement, along with the many recommendations in
The need for further research and guidelines theme that encourage further research into how to
accurately estimate and describe genetic ancestry, illustrate that a clear role for and understanding
of the value of ancestry in science and medicine is yet to be established. This imperfect
understanding of ancestry, its significance, and how it should be used is also reflected in the many
recommendations that call for investigators to adjust their research methods in order to avoid
overestimating the impact of genetic ancestry on their results. Several of these urge researchers and
care providers to consistently include an acknowledgement of other variables, such as
socioeconomic status, when investigating or considering ancestry.

However, few of the extracted recommendations focus on the potential dangers of using
ancestry categories. Only one fundamentally problematizes the use of ancestry, and only in the
context of precision medicine.'*® Recommendations in The use of appropriate statistical
methodologies theme that are critical of the use of ancestry propose amendments to the statistical
methodologies currently used to infer ancestry, and these only problematize the way ancestry is
estimated, not the contexts in which it is used. Recommendations in The need for diverse samples
and practitioners theme only criticize the overrepresentation of European samples in genomic
research in particular, and urge researchers to improve the applicability of such research by
collecting samples from a broader range of individuals. Furthermore, one of the most-cited articles

in this collection, “The meanings of "race" in the new genomics: implications for health disparities
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research” by Lee et al. in 2001, calls ancestry a “neutral word” that can be used to “avoid potentially
misleading terms.””® Overall, the extracted body of recommendations does not demonstrate the same
examination of the acceptability of the use of ancestry that it does for race and ethnicity. This begs
the question: is ancestry being touted as a cure-all to the problems raised by the use of race and
ethnicity in science and medicine? The objective value and potential dangers of the use of ancestry
thus provide potential areas of examination for future normative research that will rely heavily on

the engagement of the field of genetics in questions about the value of population descriptors.

CONCLUSION

We have conducted the first systematic review of normative guidelines pertaining to the use
of population categories in science, medicine, and public health, with particular focus on genomic
research. Examined recommendations were published consistently throughout the examined time
period and in a wide range of journals, illustrating a persistent and interdisciplinary recognition of
the need for normative guidance on this topic.

We identified seven themes with broad agreement across recommendations: The need for
transparency; Awareness of impact on particular communities; The use of appropriate statistical
methodologies; The role of public reactions and public engagement; The need for diverse samples and
practitioners; The need for an appreciation of nuance; The need for further research and guidelines.
Despite broadly agreeing, however, recommendations pertaining to these themes reflected a sense
of confusion, uncertainty, and persistent dissatisfaction. Many used nonspecific language to identify
pertinent issues without proposing concrete solutions; others proposed different solutions to the
same issues. Recommendations under the theme of The need for transparency conveyed particular
frustration at the current lack of explicit definitions for many of the population categories in
circulation. We identified significant fundamental disagreement within one theme: Appropriate

definitions of population categories and contexts for use. Finally, we identified that although many
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recommendations focus on the inappropriate use of race and ethnicity, and some even condemn
their usage entirely, none fundamentally problematize the use of ancestry, and criticism of ancestry
is limited to calls to refine the statistical strength of ancestral estimations and to improve the
applicability of genetic research.

This review demonstrates a strong need for new, clear, and effective guidelines on the use of
population categories in science, medicine, and public health, and a particular need to investigate
the appropriate definition and use of ancestry within these disciplines. The applicability of these
guidelines should extend across disciplinary and national borders, given the global and
interdisciplinary concern about this topic represented in this examined pool of recommendations,
and should particularly engage the genetics field as they develop new standards for describing

between-group differences.?

SUPPLEMENTARY INFORMATION
One excel file containing information on all the articles meeting inclusion criteria, all extracted
recommendations, and theme assignments to these recommendations. (Please email
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Figure 1: PRISMA Diagram, demonstrating the process of article inclusion and exclusion. 121
articles returned by the complete search strategy yielded 334 normative recommendations on the
use of race, ethnicity, and ancestry in science, medicine, and public health.
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Figure 2: Articles continuing normative recommendations on the use of population
categories have been published consistently since the year 2000, and across a broad variety
of domains. a) Although there is a clear clustering of articles around the first decade of the 21st
century, articles pertaining to this topic have been published consistently throughout the 21
examined years. b) While most articles hail from journals with a majorly scientific or medical focus,
the other listed domains are also well-represented, suggesting that this topic is truly an
interdisciplinary one. Journals categorized within the “Other” domain have main focuses ranging
from history to philosophy (see Supplementary Materials).
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Figure 3: Extracted recommendations were distributed across eight themes. Before these
eight themes were identified, each recommendation was examined and tagged based on its
content—these twenty-nine tagged “sub-themes” were then sorted into eight larger themes. Those
which did not correspond to a sub-theme were labeled “Other”. Table 1 reports the sub-themes that
correspond to each theme.

TABLES

Table 1: Common themes and sub-themes identified among included articles

Theme Sub-themes

The need for a) Investigators should be transparent about why they are using population categories.

transparency b) Investigators should be transparent about how any population categories used are
defined.

c) Investigators should make their data and collection methods publicly accessible.

d) Investigators should fully analyze and explain their findings.

Awareness of a) Investigators should respect study populations.
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impact on b) Awareness of past and present impacts of racism in science and medicine should be
particular encouraged/increased.
communities c) Investigators should consult specific communities during the research process.
The use of a) Investigators should not make causal claims based on associations found in their data.
appropriate b) Relates to the statistical interpretation of genetic data.
statistical c) Investigators should be aware of the contribution of factors other than race/ethnicity,
methodologies such as socioeconomic circumstances or ancestry, to health outcomes.

d) Investigators should match collected variables to their study question(s).
The role of public | a) Investigators should be aware of the potential social impact of research involving

reactions and

population categories, and sensitively release results of or information about this

public research to the public.

engagement b) Investigators and institutions should consult and educate the public.
¢) The scientific community should increase visibility of and education about important
considerations for research involving race, ethnicity, and/or ancestry.

The need for a) Investigators should recruit more diverse cohorts of study participants.

diverse samples

and practitioners

b) The makeup of and discussions within the medical community should be diversified.
c) Researchers should ensure that study populations are representative of the

investigated population.

The need for an
appreciation of

nuance

a) Those in the scientific or medical field need to use and consider race/ethnicity in a
more nuanced fashion.

b) Those in the scientific or medical field need to use and consider ancestry/population
in a more nuanced fashion.

) Those in the scientific or medical field need to consider the relationship between race,

ethnicity, ancestry, and population in a more nuanced fashion.
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Appropriate a) Certain population categories should not be employed in research.

definitions of b) The scientific/medical community should continue collecting race and/or ethnicity
population data and investigating race- or ethnicity-based disparities.

categories and c) It is appropriate for investigators to employ population categories under certain
contexts for use conditions.

d) Researchers should adopt or avoid certain definitions of population categories.
e) Investigators should collect ancestry data instead of race or ethnicity.
f) Race should not be used as a proxy for other variables in research.

g) Investigators and authors should be sensitive with terminology.

The need for a) Guidelines should be developed and regulation tightened for future research involving
further research race, ethnicity, or ancestry.
and guidelines b) Further research into important considerations and current pitfalls of research

involving race, ethnicity, and/or ancestry should be conducted.
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The humanreference genome is the most widely used resource in human genetics and
is due for amajor update. Its current structure is alinear composite of merged
haplotypes from more than 20 people, with a single individual comprising most of the
sequence. It contains biases and errors within aframework that does not represent
global human genomic variation. A high-quality reference with global representation
of common variants, including single-nucleotide variants, structural variants and
functional elements, is needed. The Human Pangenome Reference Consortium aims
to create amore sophisticated and complete human reference genome with a
graph-based, telomere-to-telomere representation of global genomic diversity. Here
we leverage innovations in technology, study design and global partnerships with the
goal of constructing the highest-possible quality human pangenome reference.

Our goalis toimprove datarepresentation and streamline analyses to enable routine
assembly of complete diploid genomes. With attention to ethical frameworks, the
human pangenome reference will contain amore accurate and diverse representation
of global genomic variation, improve gene-disease association studies across
populations, expand the scope of genomics research to the most repetitive and
polymorphicregions of the genome, and serve as the ultimate genetic resource for
future biomedical research and precision medicine.

The human reference genomeis the foundational open-accessresource  and interpretation, functional annotations, population genetics and
of modernhuman genetics and genomics, providingacentralizedcoor-  epigenomic analyses. The current human reference (GRCh38.p13) is
dinate system for reporting and comparing results across studies’™.  a mosaic of genomic data assembled from more than 20 individuals,
Itsrelease set the bar for genomic datasharing, essential for nearlyall ~ with approximately 70% of the sequence contributed by a single indi-
human genomics applications, including alignments, variant detection  vidual*®’. Dependence on a single mosaic assembly (which does not
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represent the sequence of any one person) creates reference biases,
adversely affecting variant discovery, gene-disease association studies
and the accuracy of genetic analyses®’. More than two decades after
the first human genome reference sequences were released, the cur-
rent reference genome still contains errors, rare structural configura-
tions that do not exist in most human genomes, and gaps in regions
that have been difficult to assemble”® because of their repetitive and
highly polymorphic nature. The human reference genome, like most
technology-driven resources, is overdue for an upgrade”.

Foryears, the Genome Reference Consortium has updated the linear
reference by fixing errors, filling in gaps and adding newly discovered
variants**”2, When enough changes accumulate, new builds are gener-
ated and released. Although this process has served the community
well, shortcomings have been identified along the way. Segments of
genome sequences sampled fromindividuals may differ considerably
from the reference genome, leading to errors in read mapping to the
reference and reducing the accuracy of variant calls™*. Identification
of structural variants (more than 50-bp deletions, insertions, tandem
duplications, inversions and translocations) relies on detecting pat-
terns of discordant read pairs or split read alignments, which in turn
depend on the accuracy of read mapping™'. Assembling and detect-
ing these structural variants are challenging when the reads are too
short to cover long, repetitive regions of the genome®. This is because
shortreads (50-300 bp) from different repeats may be identical and/
oroverlapping with one another such thatitisimpossible to determine
where they should map. Both the limitations of short reads and refer-
ence biases mean that we may have missed more than 70% of structural
variants in traditional whole-genome sequencing studies™,

Advances in sequencing technologies and a greater appreciation for
theimportance of genetic diversity make improving the humanreference
sequence bothtimely and practical. First, the development of long-read
(morethan10 kb) sequencing technologies has enabled the assembly of
large, repeat-rich regions, facilitated phasing and assembly of maternal
and paternal haplotypes, and improved representation of GC-rich regions
of the genome that are often missing in short-read assemblies®"” %, Sec-
ond, growingrecognition of theimportance of diversity andinclusionin
humangenomics®hasled towidespread calls toimprove representation
and methods for detecting and presenting global variation.

Inthis Perspective article, we outline the goals, strategies, challenges
and opportunities for the Human Pangenome Reference Consortium
(HPRC). We will engage scientists and bioethicists in creating ahuman
pangenomereference and resource that represents genomic diversity
across human populations, as well asimproving technology for assem-
bly and developing an ecosystem of tools for analyses of graph-based
genome sequences. This new reference will maintain essential tiesto the
original reference for continuity, even as we strive to develop complete
and error-free telomere-to-telomere (T2T) assemblies of all chromo-
somes of individual human genomes, referred to here as ‘haplotypes’.

Goals and strategies of the HPRC

A‘pangenome’is the collective whole-genome sequences of multiple
individuals representing the genetic diversity of the species. Originally
popularized in the context of highly dynamic bacterial genomes®, the
concept hasbeen adapted to the field of human genomics, in which the
full extent of human genomic variationis expected tobe much broader
than has thus far been revealed. The pangenome data infrastructure
depends on the high-throughput production of high-quality, phased
haplotypes (segments of achromosome identified as being maternally
or paternally inherited) thatimprove uponthe current human reference
genome. Highly accurate and complete haplotype-phased genome
assemblies will be organized into agraph-based datastructure for the
pangenome reference that compresses and indexes information® %,
This datastructure will containacoordinate system with asimple, intui-
tive framework for referring to genomic variants, as well as preserving
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Box 1
Goals of the HPRC

» |dentify individuals from diverse genomic and biogeographical
backgrounds to include in the pangenome reference, with at
least 350 reference quality haplotype-phased human diploid
genomes (700 haplotypes in total).

Integrate ethical, legal and social implications (ELSI) scholarship
in the development of recommended policies and protocols

for inclusion, data acquisition and stewardship from study
recruitment to publication of findings.

Prioritize the use of long-read and long-range technologies for
assemblies, with haplotype-aware algorithms to generate the
highest quality phased genomes possible.

Create methods to finish diploid genomes from T2T across
complex regions, closing gaps and ensuring hard-to-measure
variants are identified.

Foster an ecosystem of pangenome reference tools to facilitate
the annotation of genes and other genomic features.
Implement an iterative design-development-engagement
process to understand and respond to user community needs.
Develop communication strategies that will assure
understanding of the pangenome reference resource, including
the ability of the community to fix and report errors.

Enable appropriately controlled access to data through
genomics platforms such as the INSDC*”', the NCBI, the UCSC
Genome Browser’?”3, Ensembl’”%, the WashU Epigenome
Browser®”” and NHGRI’s cloud-based analysis platform AnVIL*¢7¢,
Foster an international human pangenome reference alliance
that actively engages the diverse populations it seeks to
represent.

backward compatibility with GRCh38 and previous linear reference
builds. Managing and interpreting these data require transdiscipli-
nary collaboration and innovation, focused on the development of
novel conceptual frameworks and analytic methods to construct the
pangenome infrastructure and tools for downstream analyses and
visualization. The goals of the HPRC are laid out in Box 1.

The HPRC functions through multidisciplinary collaborations, con-
vening cross-institutional and multinational working groups dedi-
cated tosample collection and consent, population genetic diversity,
technology and production, phasing and assembly, approaches to
construction of a pangenome reference, resource improvement and
maintenance, and resource sharing and outreach (Fig.1). The HPRC has
begunthe process of engaging international partnerships with the Aus-
tralian National Centre for Indigenous Genomics (NCIG; https://ncig.
anu.edu.au), the USFood and Drug Administration (FDA)-recognized
Clinical Genome Resource (ClinGen)®, the National Institutes of Health
(NIH)-funded Human Heredity and Health in Africa (H3Africa; https://
h3africa.org) Consortium, the Personal Genome Project (PGP; https://
www.personalgenomes.org), the Vertebrate Genomes Project® and
the Global Alliance for Genomics and Health (GA4GH; https://www.
ga4gh.org). The HPRC will integrate perspectives from the interna-
tional scientific community through these collaborators and others
yet to be identified to inform the development of HPRC references,
methods and standards.

Inclusion criteria

For initial inclusion, the HPRC selected individual genomes for high-
quality sequencing among existing cell lines established by the 1000


https://ncig.anu.edu.au
https://ncig.anu.edu.au
https://h3africa.org
https://h3africa.org
https://www.personalgenomes.org
https://www.personalgenomes.org
https://www.ga4gh.org
https://www.ga4gh.org

Collect
Maximize genomic and biogeographical diversity

Sequence

Cell
lines

Individual
donors

Genomic DNA,
two alleles

Biogeographical
locations

Sample
libraries

=l

—

vy @%N}J

Outreach Embedded ELSI

Facilitate sharing of tools,
data, and educational materials
by engaging scientists and

Close persistent assembly gaps with long-range technologies

vy W=~

<«——— Engage HPRC in decision-making to build equitable partnerships and develop policies
that respect ethical frame works, laws and cultural norms

Assemble
Facilitate variant discovery with
finished T2T chromosomes

céalg AcETTACAGAR

N7

Raw
reads

7N

AGCTTACTGAA

.A.A.T

sAGARG TCAA
AGCG

s

T
VY VRN
AGC-T-~TAC~A~GAA

|

the public
l Alignments
Products and -
platforms Utilize Construct ¢
Improve clinical and research outcomes with Build pangenome graph and develop X
O 00 \ global representation of human diversity analysis tools for reference ecosystem Sequence alignment blocks
o} o OO0
= o n Inform clinical Clinical Resource and Graph representation of alignment blocks O O O O O
Sieag decisions applications  development Allele frequency -
/ < Pangenome
o graph
Feedback /— °

Fig.1| The HPRC. Anoverview of several components of the HPRC. Collect:
1,000 Genomes samples start the project and will be followed by additional
samples collected through community engagement and recruitment. Sample
selection efforts will ensure that the graph-based reference captures global
human genomicdiversity. Sequence: long-read and long-range technologies
areused to generate genome graphs and bridge gaps in difficult-to-assemble
genomicregions. Assemble: T2T finished diploid genomes will foster variant
discovery, especially in complex, difficult-to-assemble genomic regions.
Construct: scalable bioinformatics approaches assemble, quality control, call
variants and benchmark graph assembly accuracy. The graphisannotated with

Genomes Project (1KGP), which offers a deep catalogue of human
variation from 26 populations®. These cells were originally collected
from volunteer donors using consent procedures designed for unre-
stricted datause, and the celllines are available in the National Human
Genome Research Institute (NHGRI) Biorepository at Coriell (https://
www.coriell.org). The selected cell lines were prioritized on the basis
of acombination of criteria, ranging from genetic and geographical
diversity of the donors, to the availability of relevant parental data (for
haplotype phasing), and limited time in cell culture (to minimize the
accumulation of de novo mutations).

Differences betweenindividuals wereinitially identified using cluster-
ingand visualization techniques (uniform manifold approximation and
projection clusters generated from 1KGP data) and observed allelic diver-
sity (heterozygosity), and then selected for inclusion in the first phase
oftheHPRC (n=100). Ourinclusion criteria and recruitment strategies
are evolving with the project, and we recognize that there are inherent
limitations to clustering algorithms and using only the 1IKGP dataset.

Although useful for the first phase of the HPRC, genomes selected
from the 1KGP data represent a limited scope of geographical and
genomic diversity. One reason is that the resource was developed by
samplingin 26 geographicallocations across the globe, and the discrete
number of individuals included from each location limits the amount
of genomic variation representing those regions, especially regarding
rare variants that are less likely to be observed in small sample sizes.
The genomes of individuals sampled from each 1KGP location cannot
be assumed to have sufficient variation to be comprehensive of the
genomic diversity in the natural population of the region, let alone to
represent an entire continent. Furthermore, IKGP populations were

Deletion frequency

genedescriptions and transcriptome data, making it more accessible and
interpretable. Utilize: collaboration across scientific and stakeholder
communities will create anew ecosystem of analysis tools. Clinical applications
andresearch use willinvolve analysis, validation, interpretation and
publication of results. Outreach: members of the HPRC outreach community
engage and educate the user community and broadly share all genomic
products and informatics platforms. ELSI: ELSIscholars will develop selection
processes and policy frameworks that meetinvestigator needs as well as
respectresearch partner autonomy and cultural norms.

often selected by asking potential study participants questions about
theirracial, ethnic or ancestral identities, assigning ancestry on the basis
of geographical location, or some combination, which would not nec-
essarily produce a representative sampling of any natural population.
As population descriptors can be inconsistent on clinical forms* and
are fluid across cultural contexts® *, there are many unknown layers of
diversity within each geographical sampling cohort of the 1IKGP data.

Because the 1IKGP data are insufficient to support the ambitious
sampling and genetic diversity goals of the HPRC, the consortium will
include additional genomes, including from participants identified
through the BioMe Biobank at Mount Sinai and a cohort of African
American individuals recruited by Washington University. All par-
ticipants will give informed consent, and their sequence data will be
deindentified in open access. Some will have cell lines generated at
Coriell. In later phases, the HPRC will foster additional domestic and
international partnerships to explore additional avenues to broaden
diversity and enhance inclusion (Box 2).

Embedded ELSI scholarship

Most human genomics has been based on individuals of European
ancestry, and the datasets available for analyses are thus biased. As a
result, current precision medicine isbased on genomic variation found
in populations with primarily European ancestry. Much of the global
genetic diversity that contributes to clinical phenotypes is missing
from clinical genetic tests. Many ethical, legal and social challenges
arisein effortstoinclude previously excluded populations, communi-
tiesor groups.
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Box 2

Box 3

Commitment to diversity and
inclusion

There are many aspects of diversity to consider for broad inclusion,
and the first step is to assess current gaps in diversity. Researchers
have demonstrated a lack of diversity in genomics research
using biogeographical ancestry groupings at the continental
level, as well as sociocultural categories such as racial and
ethnic identities™. It is important to distinguish biological and
sociocultural diversity, as sociocultural labels are not derived
from genotype data, and vice versa. Owing to gaps in genomic
sampling worldwide, the distribution of allelic variants appears to
be correlated with continental-level biogeographical ‘ancestry’.
However, variants are rarely unique to a single biogeographical
‘population’, and factors such as effective population size, founder
events and genetic drift are responsible for differences in allele
frequencies between such groups.

Capturing the full range of human genomic diversity is a
daunting task: some gaps are understood and predictable, but
we also face ‘unknown’ unknowns. The initial HPRC dataset
cannot be comprehensive of global genomic variation, but it
can set a foundation to build on. The HPRC will initially produce
high-quality genome data for 350 individuals (700 haploid
genomes) selected to maximize global representation within
the logistical constraints of the initial HPRC efforts. Strategic
partnerships with organizations such as the GA4GH and
H3Africa are underway, which we anticipate will help to facilitate
international engagement and broaden our understanding of the
cultural, ethical, legal, social and political considerations of the
HPRC. However, further partnerships will be needed to include
populations that are underrepresented or entirely missing from
current data resources. The HPRC actively welcomes additional
partners and collaborators to join us in rising to this challenge.

The HPRC has formed an ‘embedded’ team of scholars to address
ethical, legal and socialimplications (ELSI) of its work, with expertise
at the intersections of genomics with biomedical ethics, law, social
sciences, demography, community engagement and population genet-
ics. The main objective of the HPRC-ELSI team is to identify, investi-
gate and ultimately offer consortium investigators advice about the
issues they face, which must be addressed if the HPRC is to meet its
goals.Intheembedded model, with ELSI scholars participating in key
meetings during which decisions are made, investigators can engage
these colleagues in discussions that deepen their understanding and
appreciation of whatis at stake as we seek toimprove the humanrefer-
ence genome.

Large-scale human population genetics projects aimed at broaden-
ing the diversity in genomic datasets and analyses have often missed
the mark in demonstrating respect for individuals and communities.
The Human Genome Diversity Project encountered strong opposition
three decades ago™, facing objections that its approach was extractive
and its goals benefitted scientists and institutions in rich countries,
but did not match the priorities of Indigenous peoples or people in
resource-poor regions who were asked to donate their samples and
data. The Havasupai Tribe of northern Arizona sued the Arizona Board
of Regentsin2002when they learned that samples donated for diabetes
research were shared with other researchers and re-used for studies
of schizophrenia and population origins, to which tribal members
did not agree. That case was settled in 2010 (refs. *?¢), but the effect it
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Sequencing and assembly

Notable improvements in long-read technologies have resulted

in complete chromosome assemblies?®?? and have demonstrated
the ability to broaden variant analysis to span large, complex
human structural variants®. Use of highly accurate consensus
reads (99.9%, or Q30) of moderate length (for example, 10-20kb),
such as high fidelity (HiFi) reads from PacBio, routinely resolves
long tandem repeats, or satellite arrays, and large segmental
duplications?*?'®3, |n parallel, the nanopore-based sequencing
platform (Oxford Nanopore Technologies) offers long-read

data that routinely generate substantial coverage of reads that
are hundreds of kilobytes in length (or ‘ultra-long’ data) with

an increasing number of reported reads greater than 1 million
bases. Like the HiFi data, ultra-long data is used to close large

and persistent assembly gaps, including in human centromeres,
subtelomeric regions and large segmental duplications?%2,
Furthermore, chromosome conformation capture methods
produce long-range data for both short-read (Hi-C®°) and
long-read (Pore-C®) sequencing. Such chromatin crosslinking
protocols generate chimeric DNA fragments from interacting
chromosomal regions that are covalently linked together. These
ligated DNA molecules are sequenced to help determine phasing
and spatial organization at the level of an entire chromosome.
With continuing gains in both HiFi read length and nanopore
single-read base-level quality, and improved methods for the use
of chromosome conformation capture methods to guide phased
haplotype assembly, we are entering into a new era of routine
complete chromosome-level assemblies?*-?2’8, |n collaboration
with the T2T Consortium, which aims to use long-read sequencing
and cutting-edge algorithmic approaches to close the hundreds of
gaps persisting in the human reference genome and that of other
species?, the HPRC will generate accurate assemblies of entire
chromosomes. These assemblies will empower us to characterize
variations in large, repeat-rich regions that have historically been
out of reach for standard genetic analysis and interpretation.

had onrelations between tribal communities and genomics research
has persisted.

More recently, the Wellcome Sanger Institute was criticized for
licensing access to dataarising from southern African samples, despite
institutionsin Africa asserting terms of informed consent that did not
permit commercial uses. The NIH was also criticized for inadequate
tribal engagement and consultation in the All of Us programme?®3,
With akeenawareness of this history, the HPRC hasinitiated a process
to consult with, engage and genuinely include groups who are currently
not well represented inthe genomic database. Indigenous scholars have
spearheaded amovement for Indigenous data sovereignty®, for exam-
ple,including the development of the CARE (collective benefit, author-
ity to control, responsibility, and ethics) principles for Indigenous data
governance*’tolayer onto the FAIR (findable, accessible, interoperable,
reusable) principles that support the open-science approach that the
HPRC and similar projects take*'. The HPRC is reaching out to Indig-
enous geneticists, leaders and community members to engage and
collaboratively develop atruly global and inclusive reference resource,
taking into account FAIR and CARE principles. Furthermore, similar
efforts will be made for other diverse populations that the HPRC will
work with.

Some groups who we seek to engage with may develop sampling and
sequencing efforts parallel to, rather than directly participatingin, the
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Fig.2|Standards were developed through apilotbenchmark study of one
individual. Multiple long-read and long-range technologies and
computational methods were evaluated to develop the combination of

HPRC.Indeveloping a state-of-the-art pangenome reference sequence,
the HPRC will continue to disseminate standards for accuracy and com-
pleteness of sequencing, as well as emphasizing the importance of ELSI
considerations. It is a priority for the HPRC to actively communicate
with parallelgenome-wide sequencing efforts to ensure compatibility
between efforts, thus enabling integration into a global pangenome
reference resource. The HPRC is committed to assessing local policies
and promoting broad sharing of resources developed throughinterdis-
ciplinary engagement, scholarship and innovative technical solutions.
The HPRC will establish procedures for navigating potential tensions
amongitstechnical, research and resource-generating objectives with
local customs, laws and data sharing policies for the groups within the
HPRC as well as for those in the parallel projects.

Initial data generation and release

Technological advances in genomics enable sequencing long repeats,
physical mapping to chromosomes, and phasing maternally and pater-
nally inherited haplotypes (Box 3).

For theinitial phase of the project, we sequenced asingle individual,
HGO002, whose genomic sequence has been thoroughly characterized
by the Genomein a Bottle (GIAB) Consortium*. We evaluated multiple
sequencingtechnologies and assembly algorithms to identify the opti-
mal combination of platforms and develop an automated pipeline that
generated the most complete and accurate genome representation*
(Fig.2). We began with the now well-established assumption thatlong
reads (more than10 kb) yield more complete genome assemblies than
shortreadsalone®. The technologies tested included Pacific Biosciences
(PacBio) and/or ONT long reads for generating contigs, 10x Genomics
linked reads, Hi-C paired reads, Strand-seq long reads, and/or BioNano
optical maps for scaffolding contigs into chromosomes. This pilot
benchmarksstudy created the standards for sequencing technologies
and computational methodologies that are critical to the success of
the HPRC.

We found that the trio approaches using parental short-read
sequence data to sort haplotypes of the long-read data of offspring
gave the most complete assemblies of each haplotype with the fewest
structural errors*. Furthermore, all methods attempting to separate
haplotype sequences performed much better in generating highly
contiguous assemblies than those that merged the consensus between
haplotypes into one assembly. The algorithm that gave the highest
haplotype separation accuracy for contigs was HiFiasm**, which incor-
porates separation of reads of each haplotypeinto the assembly graph®.
Generation of contigs were more structurally accurate than scaffolds,
where the HPRCidentified areas ofimprovements that were necessary
to prevent contig miss-joins, missed-joins, collapsed repeats and other
structural assembly errors. On the basis of these findings, aninitial set
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platformsand an automated pipeline that provides the most complete and
accurate genome graph. CCS, circular consensus sequencing; stLFR,
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of 47 1IKGP genomes from parent-offspring trios was assembled with
HiFiasm***, creating high-quality diploid contig-only genome assem-
blies. Going forward, we will further optimize sequencing, assembly
and analysis methods with the goal of creating fully-phased T2T diploid
genomes, including repetitive and structurally variable regions such
ascentromeres, telomeres and segmental duplications. We anticipate
that the high-quality assemblies created in the project will drive tool
creation and improvement for diploid genome assembly and quality
controlinwhich new and recently created existing tools (from the T2T
assembly of CHM13 (ref. %)) are applied to diploid genome assembly.

The first HPRC datarelease comprises the sequencing datafrom 47
participants, mostly from the 1KGP (listed and described in Supple-
mentary Table1). Allsequencing dataare publicly available and can be
downloaded without egress fees from the Amazon Web Services (AWS)
Public Datasets program and can be analysed with the AWS cloud. Data
are also available for analysis within the AnVIL (Analysis, Visualiza-
tionand Informatics Lab-space) cloud platform, organized as a public
workspace (https://anvil.terra.bio/#workspaces/anvil-datastorage/
AnVIL_HPRC). AnVIL is the genomic data science analysis, visualiza-
tion, and informatics lab-space of the NHGRI that provides a cloud
environment for analysis of large genomic datasets, and supports
multiple globally used analysis tools including Terra, Bioconductor,
Jupyter and Galaxy*®.

Pangenome reference

We are building a pangenome reference with three complementary
parts: (1) the haplotypes, which are the sequences within the input
assemblies; (2) the pangenome alignment, which is a sequence
graph and an efficient embedding of each of the input haplotypes
as paths within this graph; and (3) the coordinate system, which is a
backward-compatible coordinate system and set of sequences that
make it possible to refer to all variations encoded within the reference
equally (Fig.3). The haplotypes provide hundreds of individual repre-
sentations of the genome, spanning global diversity. Each haplotype
assembly will be usefulindividually as a reference for studying genomic
sequencesthatare divergent from the current human reference assem-
bly. The pangenome alignment represents the homology relationships
among theindividual assemblies. This canonical alignment will support
coordinate translation (liftOver) between the haplotypes and defines
the allelic relationships. It will form the substrate for many emerging
pangenome tools and pipelines that willimprove important genomic
workflows, for example, by making genotyping accuracy less depend-
entonancestry. The coordinate system provides aglobal, unambiguous
means to refer to all the variations within the pangenome. It makes
all the variations within the haplotypes first-class objects that can be
referred to equally. Ultimately, it will provide amore complete means
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added.Genomicdataarearrangedintoasequence variation map based on
edges. Alternative haplotypes are depicted as alternate pathways across the
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pangenomereference catalogues genomic variation and allows for
population-scale analysis because ofits graph structure. Tracing a path
through the network and connecting sequences ataccess edgesyield
haplotypes forindividuals. For clinical interpretation, allele frequencies are
reported. SNV, single-nucleotide variant.

to refer to variations not contained within the existing linear refer-
ence, proving useful for databases and tooling that will build on the
pangenome reference.

Supporting these parts is a new proposed set of file standards®,
notably, the rGFA format for representing a pangenome and the GAF
format for representing read mappings to a pangenome. We hope that
these will have an effect on the field similar to how SAM/BAM®*® and
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VCF* formats have generated a broad range of interoperable tools
that have become widely used and accessible. To start this process,
we have developed the vg toolkit>® and minigraph*’, whichincorporate
downstreamtools for graph construction and long-read and short-read
mapping and genotyping.

We anticipate releasing an alpha pangenome reference based on
existing variant calls and assembled contig genomes. Using the pro-
posed incremental coordinate system, we will subsequently release
updated graphs thatincorporate the growing numbers of assemblies.

Variant detection

A central aim of this research is to document the genetic similarities
and differences among the human genomes included in the pange-
nome reference. Comprehensive variant detection, however, is still
achallenge even when high-quality genome assemblies are available.
No single data type or bioinformatic approach yet achieves high per-
formance across all variant classes and genomic regions®*2. There-
fore, we are pursuing multiple complementary approaches to variant
detection using a combination of whole-genome multiple assembly
alignment, pairwise assembly-assembly alignment and traditional
reference-based read alignment.

Ideally, we will accomplish variant detection in a single step that is
designed to build pangenome graphs directly from whole-genome,
multiple assembly alignments. Genetic variants will be represented
naturally as features in the resulting graph because any variant would
be captured by the assembly process. This offers a substantial advan-
tage, enabling optimal breakpoint reconstruction viajoint analysis of
allinput genomes. Accurate multiple alignment and graph construc-
tion of entire human genomes is extremely challenging, but recent
improvements to tools such as minimap2 (ref.*®), minigraph*, cactus**
and pggb® make this feasible. However, errors in variant calling can
still arise from errorsin assembly and sequence alignment, especially
inrepetitive regions of the genome. Given this, and the fact that pange-
nome graph construction tools have not been thoroughly evaluated
atscale withreal-world data, we are also pursuing the complementary
approaches described below.

An alternative approach to multiple alignments is to map variants
from pairwise assembly-assembly alignments. Towards this end, we
are using minimap2 and Winnowmap to align each draft assembly to
the GRCh38 and T2T-CHMI13 references to perform variant detection
of single-nucleotide variants, indels and other structural variants. This
approachis morestraightforward than whole-genome multiple align-
ment; however, complications canarise fromreference genome effects
and the need to merge results across many pairwise comparisons.
The exact coordinates of complex and repetitive variants may differ
duetoalignmentambiguity. To alleviate reference effects, we are map-
ping variants via pairwise alignment of the two haploid genomes of
eachindividual, enabling detection of natural heterozygous variants
withinsequences that are missing or poorly represented in GRCh38 and
CHM13. Methods of pairwise alignment assembly help to control for
potential errors from the multiple alignment and graph construction
process outlined above; however, they still fail to detect variants that
are not captured in the underlying assemblies. We are also running a
host of traditional variant callers that rely on the alignment of raw reads
tothe GRCh38 and CHMI13 references to control for potential assembly
errors. Although limited by reference genome quality and alignment
accuracy, these traditional tools are able to capture asubset of variants
thatare notaccurately assembled, and they will serve as a cross-check
on newer and less mature assembly-based tools.

In summary, we expect the above methods to capture most genetic
variants in genomic regions that are accessible to current assem-
bly and alignment methods. We will compare our variant calls to
published call sets from the 1KGP (https://www.international-
genome.org), HGSVC (Human Genome Structural Variation Consortium,
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variation-consortium) and GIAB** using samples from these projects that
arealsoincluded in the HPRC references to assess quality. We will evalu-
ate and validate variant calls usingindependent data types generated by
the HPRC but that are not used for contig assembly—such as ONT, Hi-C,
Strand-seqand BioNano data—and assess the read-level supportforeach
variant call based on the alignment of raw data to assemblies and pange-
nomegraphs.

Achieving comprehensive T2T variant detection across the entire
genome will require improved methods for genome assembly, multiple
alignments and graph construction. The development and application
ofthese methodsinsubsequent years is amajor goal of the HPRC, and
will help to extend the impact of pangenomics to the full spectrum of
variant classes.

Pangenome annotation

Annotation of the current GRCh38 reference includes genes and
genomic features, such as repeats, CpG islands, regulatory regions
and chromatin immunoprecipitation-seq peaks, among others.

The pangenome reference will have these same utilities and more,
including the following.

For genes, the two primarily used gene sets in genomic analysis are
the National Center for Biotechnology Information’s (NCBI’s) Ref-
Seq’, which exists asindependent mRNA definitions, and EMBL-EBI’s
Ensembl/GENCODE?’, which is built on the GRCh38 reference. The
pangenome reference will support both the RefSeq and the Ensembl/
GENCODE gene sets. We willmap both annotations to each haplotype.
Specifically, we will evaluate the mapping of the core reference set
of human transcriptome data to each haplotype and incorporate
putative new genes that are not represented in either RefSeq or
Ensembl/GENCODE. Mapping these gene sets in conjunction with
other transcriptomic datasets will annotate the pangenome graph.
Other tools will support spliced alignments and transcript recon-
structionon amature graphical data structure. We willintegrate the
results of these approaches into the annotation released for each
haplotype, accompanied by a description of whether transcripts
are identical by both methods or whether changes were identified,
including transcripts that are disabled, duplicated or missing on a
given haplotype. We will also annotate all transcript haplotypes for
their global frequency using Haplosaurus tools®®. We will initially
annotate haplotype-by-haplotype, and will explore methods for
direct annotation of the pangenome, such as those currently being
developedinthe GENCODE Consortium. Direct annotation methods
simultaneously cover all relevant haplotypes and resultin both an
annotated genome graph and haplotype-specific annotations. One
of the critical use cases of direct annotation of the pangenome will
be large transcriptomic datasets aligned directly to the graphical
structure that natively annotate it.

For functional elements and other genome features, a central goal in
biologyis to understand how sequence variants affect genome function
toinfluence phenotypes. Genome functionincludes regulatory regions
that influence gene expression, enhancers that modulate expression
levels, and the three-dimensional interactions that control chromo-
some structural organization withina cell. We will use the pangenome
reference to annotate such functional information using existing RNA
sequencing, methylC sequencing and assay for transposase-accessible
chromatin with high-throughput sequencing datasets from Roadmap
Epigenomics, ENCODE, 4D Nucleome (4DN), Genotype-Tissue Expres-
sion (GTEx) and the Center for Common Disease Genomics (CCDG),
among others. This will enhance the functional human genetic varia-
tion catalogue.

Integrating functional datawith the pangenome reference will facili-
tate the development of toolkits and analysis pipelines that evaluate the
effect of genetic variants on complex traits and variationin phenotypes.
The HPRC will work with developers to define rules and mechanisms to
engage with multimodal ‘big bio-data’ for both data providersand con-
sumers. We will co-create user-friendly informatics platforms to man-
age, integrate, visualize and compare highly heterogeneous datasets
inthe context of the genetic diversity represented in the pangenome.
Box 4 lists available resources for working with pangenome graphs.
We will also make all haplotype-by-haplotype annotation methods
availablein AnVIL so thatothers canrun them to create custom annota-
tion tracks on all or a selected subset of assemblies. These platforms
will serve as a foundation for significant clinical datasets and global
biobankinitiatives that will ultimately improve precision medicine and
medical breakthroughs. For example, the NHGRI is establishing the
Impact of Genomic Variation on Function (IGVF) Consortium, which
aims to develop a framework for systematically understanding the
effects of genomic variation on genome function. Data generated by
the IGVF will include high-resolution identification and annotation
of functional elements and cell-type-specific perturbation studies
to assess the effect of genomic variants on function. The pangenome
will be an important foundation for predicting functional outcomes
inthese studies.
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Datasharing

To enhance community access and sharing, we will submit sequence
data (PacBio HiFi, ONT and Hi-C, among others), assemblies and pange-
nomes produced by the consortium to AnVIL* and the International
Nucleotide Sequence Database Collaboration (INSDC)*. Data will also
be stored and made publicly available on both S3 and Google Cloud
Storage. This general model supports future efforts to use cloud-based
strategies for biological dataanalysis that spans multiple centres. Users
of various clouds worldwide will know that they are using the same
datasets. Data coordination within the consortium will leverage the
established methods in use and the constant development since the
inception of the IKGP more thana decade ago®*®'. These processes will
ensure that werapidly release datain an organized manner, with proper
accessioning of archival datasets, and future traceability of analysis
objects and primary dataitems. Data stored in the INSDC will use Bio-
Projects and BioProject umbrella structures similar to the 1IKGP and
the Vertebrate Genome Project® to ensure that data are appropriately
organized and easily identifiable in the public archives. This approach
ensures that sample identifiers are effectively managed via the BioSa-
mples database®, including metadata provisions, and makes any data
generated from the same samples readily tractable. The INSDC will
archiveallreads and assembly data, and other relevant archives will be
used, asappropriate for aspecific datatype. Each haplotype assembly
will receive agenome collections accession number (GCA_*), whichwe
will version as we make assembly updates. We will address additional
datasharing considerations as they arise through our expanded recruit-
ment and sampling efforts to broaden the diverse representation of
global variation.

Adoption and outreach

Achieving widespread international adoption of a pangenome refer-
encewillbeachallenge™. The HPRC will design a pragmatic model and
transition planthat are simple and compelling enough to gain traction
amongresearchers and clinical laboratories. Working across scientific
and other stakeholder communities, we will foster a new ecosystem
of analysis tools. We will maintain and improve the reference, estab-
lish scalable bioinformatics methods for resolving errors, improve
resolutionin difficult-to-resolve genomic regions and respond to user
feedback. Importantly, we envision an integrated pangenome transi-
tion plan that involves broad community engagement via outreach
and education, from tool developers to end-users. These efforts will
create a software ecosystem and expert user base to support the next
generation of human genetics. The pangenome reference will provide
improved genomicresearch standards, datasharing and reproducible
cloud-based workflows. Understanding the barriers to adoption will
lead to effective outreach and training, ensuring that the pangenome
reference resource is widely adopted.

Adoptionwill ultimately be driven by the creation of adataresource
that sustains continued improvement in its accuracy and complete-
ness, enables arange of uses and improves genomic analyses. We will
actively publicize the benefits of using the pangenome. As a starting
point for our outreach efforts, we have created a website (https://
humanpangenome.org) to publicize the consortium. We have also
created social media accounts for the human pangenome that directly
connect our consortium with the end-user community (for example,
@HumanPangenome on Twitter).

To facilitate adoption, we will explore who the user community will
be, their needs and, mostimportantly, the technicaland non-technical
barriers that they may encounter. Addressing potential obstacles is
essential, as we know that adopting an updated version of the linear
reference can result in significant bottlenecks for many laboratories.
The cost of switching can be significant, and the HPRCis aware that many
clinicallaboratories worldwide still use the GRCh37 build from February
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2009 for this reason. The HPRC will examine how to reduce switching
costs and expedite transition. User datawill be collected in self-reporting
surveys, including user characteristics, location, specific applications
and barriers to adopting a pangenome reference framework.

Creating a coordinate system that builds on GRCh38 and includes
both GRCh37 and GRCh38 assemblies is central to user adoption.
The HPRC will develop training materials that explain the additional
sequencesincludedinthe pangenome reference coordinates and how
these sequencesrelate to GRCh37 or GRCh38. Existing linear reference
tools will continue to work with the expanded pangenome reference
coordinate system, and pangenome-based results will be translatable
tothese existing coordinate systems with improved genotype accuracy.

We will develop liftOver tools that make it easy to go backward from
the pangenome reference to GRCh37 or GRCh38 when necessary. We
already have algorithms for this purpose and demonstration of func-
tionality to predict read mappings from a prototype pangenome to
GRCh37 or GRCh38. We will precompute all mappings between the
previous assemblies and the pangenome and provide these coordinate
translation functions with the pangenome reference release. This infor-
mationshould ease the transition of other databases and resources that
rely onthese coordinates and provide an annotation directly onto the
GRCh37 or GRCh38 assemblies in areas where mappings and interpreta-
tiononthe pangenome are morereliable than current linear sequence
representations.

We willaugment the displays of the human genome browser to transi-
tion to any haplotype assembly in the pangenome reference and display
the haplotype alignments. Visualizations will include relevant genetic
backgrounds for specific tracks, for example, picking the right HLA
haplotype for aread mapping track. To ensure that we use these tools
effectively, we will add detailed information that explains these novel
views to our existing training materials and make this information part
of our respective workshops.

We have adopted the GA4GH principles and will develop exchange
formats analogous to SAM/BAM and utility libraries analogous to htslib/
samtools, facilitating the development of transition tools and work-
flows for the pangenome reference. We will deposit these tools and
their guidesinthe HPRC resource repository. We have also developed
aprototype transcriptarchive that facilitates annotation discoveryin
GRCh37, GRCh38, CHM13 and the pangenome, and visualizes the differ-
encesbetween two transcripts (forexample, on two different genomes).

We aim to engage pilot users to obtain feedback about these
resources. The HPRC programme and related tool developers con-
nected with the community of users will develop new tools that gain
additional value from using the pangenome reference rather thanlinear
reference genome assemblies. We will report on our discoveries in
publications and talks, through the blog, webinars and on the HPRC
website, and provide educational tools and forums on using and switch-
ing to a pangenome reference.

Relevance to disease research

We expect that the resources and methods that we are developing will
profoundly impact studies of the genetic basis of human disease and
precision medicine. Although we recognize that adoption by the clinical
research community will take time, there are three important benefits
to using a pangenomereference. First,amore complete reference that
incorporates and displays human genetic diversity will produce fewer
ambiguous mappings and more accurate analyses of copy number
variation throughout the genome when patient samples are sequenced
and analysed®***, This willimprove genetic diagnosis and the functional
annotation of variants. Second, the resource will enable the discovery of
disease-risk alleles and previously unobserved rare variants, especially
inregions that are inaccessible to standard, short-read sequencing
technologies. Studies of unsolved Mendelian genetic disease, for exam-
ple, have shown that approximately 25% of ‘missing’ disease variants
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can be recovered when longer reads are applied and more complex
repetitive regions are characterized®. Important genetic risk loci,
such as SMNIand SMN2 (spinal muscular atrophy), LPA (lipoprotein A
and coronary heart disease), CYP2D6 (pharmacogenomics), as well as
numerous triplet repeat expansion loci are now being sequenced and
assembled in large human cohort studies. These studies are reveal-
ing the standing pattern of natural genetic variation for loci that are
typically excluded from previous analyses®*, Resolution of these loci
by long-read sequencing in even a limited number of human haplo-
typesimproves our ability to genotype themin other patient-derived
short-read datasets, allowing for the discovery of new genetic associa-
tions, through both genome-wide association study and expression
quantitative trait locus methods®'. Last, the pangenome approach
represents a fundamental change in how human genetic variation is
discovered. Instead of simply mapping sequence reads to areference,
we are constructing phased genome assemblies and aligning them to
the graph, whichinturnwill pinpoint all genetic differences, both large
and small, at the base-pair level**. As long-read sequencing costs fall
and pangenome methods evolve?, we predict that patient samples
will probably be sequenced using long-read technology to increase
sensitivity and accuracy.

Outlook

Aswe write this Perspective article, the worldis reeling from the COVID-
19 pandemic and the spread of new SARS-CoV-2 variants. Scientists
can trace the epidemiology of the virus, determine why humans are
susceptible®®® and determine why some individuals are more sus-
ceptible than others®*’°. The current GRCh38 human reference is one
of many resources that have made this possible, but we know that it
can be improved. Through years of strategic investments in the pub-
lic and private sectors, we find ourselves with the technologies and
methods to build additional references that better represent global
human genomic diversity.

The human pangenome reference will collect accurate haplotype-
phased genome assemblies generated by efficient algorithmic
innovations, which we anticipate will be widely used by the scien-
tific community. The collection of individual genomes, comprising
sequence information, genomic coordinates and annotations, will
be a critical resource with more accurate representation of human
genomic diversity. The original Human Genome Project enabled major
advancesin human health and genomic medicine;itistimetobuilda
moreinclusive resource with better representation of human genomic
diversity to better serve humanity.
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Getting genetic ancestry right
for science and society

We must embrace a multidimensional, continuous view of
ancestry and move away from continental ancestry categories

By Anna C. F. Lewis, Santiago J. Molina, Paul S. Appelbaum, Bege Dauda, Anna Di Rienzo,
Agustin Fuentes, Stephanie M. Fullerton, Nanibaa’ A. Garrison, Nayanika Ghosh, Evelynn M.
Hammonds, David S. Jones, Eimear E. Kenny, Peter Kraft, Sandra S.-J. Lee, Madelyn Mauro,
John Novembre, Aaron Panofsky, Mashaal Sohail, Benjamin M. Neale, Danielle S. Allen

laring health disparities have rein-

vigorated debate about the relevance

of race to health, including how race

should and should not be used as a

variable in research and biomedicine

(I). After a long history of race be-
ing treated as a biological variable, there is
now broad agreement that racial classifica-
tions are a product of historically contingent
social, economic, and political processes.
Many institutions have thus been reexamin-
ing their use of race and racism and stating
intentions about how race should be used
going forward. One common proposal is to
use genetic concepts—in particular, genetic
ancestry and population categories—as a
replacement for race (2). However, the use
of ancestry categories has technical limita-
tions, fails to adequately capture human ge-
netic diversity and demographic history, and
risks retaining one of the most problematic
aspects of race—an essentialist link to biol-
ogy—by allowing genetic ancestry categories
to stand in its place.

The process of racialization entails a dy-
namic cognitive process of identification
based on phenotype that is often highly con-
text dependent. Although research has found
genetic variation correlated with phenotypes
that have been historically used to assign
race categories, such as skin pigmentation or
hair texture, it is the case that such genetic
correlates are not distributed in a manner
that correspond to racially defined groups.
Race is a sociopolitical construct rather than
a biological one. For example, in the United
States, immigrants from southern and east-
ern Europe only began to be classified as
“white” on the census in the 20th century
(3); the American Indian/Alaska Native cen-
sus category reflects colonizing histories and
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federal policies (4). As such, social scientists
and others have argued that the strongest
case for using race is limited to tracking the
impact of racism on health outcomes, rather
than as a proxy for anything biological (5).

Genetic ancestry, one of the main proposed
alternatives to using race, is of relevance to
statistical and population geneticists, epide-
miologists, public health practitioners, phy-
sicians, and patients. In particular, genetic
ancestry has renewed relevance for the clini-
cal application of genetic technology because
the accuracy of genetic risk scores varies
across ancestries (6). Genetic ancestry and
population categories are also relevant to the
general public, as demonstrated by the tens
of millions of individuals who have paid for
ancestry reports from consumer companies.
Across these different domains, a dominant
description of genetic ancestry is associ-
ated with continents as meaningful group-
ings. Within genetics research, continental
ancestry categories have become the most
common type of group label (7). Similarly,
consumer genetics products give customers
a report with data based on a percentage of
these continental groups from which an in-
dividual can trace their “ancestry.”

Systems of racial classification have his-
torically regarded continents as meaningful
group boundaries; thus, it is not surpris-
ing that racial categories and continental
ancestry categories are often confounded.
Whenever continental ancestry categories
are used, the risk is high that a misconcep-
tion of race as a biological attribute will reen-
ter through the back door (8). Insufficiently
nuanced thinking about continental catego-
ries, genetic ancestry, and racial groups can
lead to the conflation of the three.

A FLATTENED NOTION OF ANCESTRY
Our genetic ancestry is defined by the
stretches of the genome that we inherit from

our ancestors (9). Geneticists have a concept
for this known as the ancestral recombina-
tion graph (ARG). Put simply, an individu-
al’s genetic ancestry is the subset of paths
through the human family tree by which
they have inherited DNA from specific ances-
tors. Most often, geneticists study the ARG of
multiple individuals at the same time.

Crucially, this definition makes clear that
there are two things that are not necessary to
the definition of genetic ancestry. The first is
any categorization by populations or groups.
And the second is any contextualization of
the individuals apart from their genealogical
connections—for example, by labeling these
individuals with geographical or cultural
information. Yet current practices around
ancestry estimation and reporting almost
always impose categories and, when they do
so, very often default to just one way to con-
textualize individuals: by continent of origin.
Both practices limit the accuracy and reli-
ability of claims being made by researchers
about human genetic difference.

There are many statistical methodologies
across subfields of genetics and genomics
whose outputs are framed as “genetic an-
cestry,” most of which do not attempt to
approximate the ARG and several of which
only capture genetic similarity (9). The ma-
jority of these methods involve placing in-
dividuals into categories or modeling them
as mixtures of discrete categories. For some
methods, the categories are predefined
and prelabeled. For others, the categories
emerge from the analysis. In these cases,
not only are the resulting categories very
sensitive to which individuals are included
in the analysis, they may not even repre-
sent shared ancestries (10). In other cases,
categories and their labels are imposed in
downstream analysis.

The concern about use of categories goes
beyond these technical limitations. Imposing
categories on genetic ancestry fails to ad-
equately capture human genetic diversity
and what we know of human demographic
history. A standard way to visualize pat-
terns of genetic similarity is by plotting
results of principal components analysis
of genetic variation data, a technique that
reduces the dimensionality of that data.
Most genetic analyses use data from refer-
ence populations to contextualize a study’s
data. The most commonly used reference
data were created by sampling individuals
from a few dozen places spread across the
globe. If individuals from these populations
are graphed in this manner, distinct clus-
ters roughly representing continental cat-
egories are visible (see the figure). A promi-
nent early result was that genetic ancestry
was strongly concordant with continental
origins when ascertaining for individuals
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whose four grandparents were from the re-
cruitment sites (11).

But newly assembled datasets show that
if people are sampled differently, such as in-
dividuals living in New York City, it becomes
clear how impoverished this view of a struc-
ture of distinct clusters is (see the figure)
(12). The clearly separated clusters of refer-
ence population individuals, corresponding
to different continental groups, merge into
a background of continuous genetic varia-
tion. This is consistent with what we know
of human demographic history, in which
mass migration and constant mixing across
groups have been the norm. The impact of
these histories leads to different structures
of genetic variation in different parts of the
world. Such studies illustrate just how inap-
propriate use of discrete continental catego-
ries can be, particularly when information
framed as genetic ancestry can potentially
influence medical care.

The use of the terms admixture and “ad-
mixed individuals”—defined as those who
have recent ancestry from more than one

population, and typically continental ances-
try populations—reinforces notions of dis-
crete categories within humanity. This use
does not escape the notion of continental
ancestry categories but rather compounds
the errors of using such categories because
these individuals are typically conceptual-
ized as a mixture of otherwise “pure” conti-
nental ancestry populations.

Our conceptualization of ancestry must
be general enough to describe every human;
the only way to do this is to use concepts
and tools that acknowledge that ancestry
is continuous. Categories have their legiti-
mate uses—for example, in reporting the
differences in predictive power of genetic
risk scores (even in this case, differences in
performance are due to many factors, and
focusing on only one factor such as ances-
try can lead to essentializing differences be-
tween groups) (6). But the default appeal to
any one set of categories risks essentializing
those groups, making it more likely that dif-
ferences between these abstract groups are
treated as though they were concrete.

The continuous, category-free, nature of genetic variation

Colored dots (n = 4149) are reference panel individuals from 87 populations representing ancestry from seven
continental or subcontinental regions projected onto the first two principal components (PC1 and PC2) of
genetic similarity. Gray dots (n = 31,705) are participants from BioMe, a diverse biobank based in New York
City. Clearly delineated continental ancestry categories (the islands of color) are shown to be a by-product of
sampling strategy. They are not reflective of the diversity in this real-world dataset, which is made evident by

the continuous sea of gray.
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In addition to not requiring the use of
categories, the definition of genetic ancestry
is silent on any aspect of the context of an
individual’s ancestors. Although the ances-
tral recombination graph does have struc-
ture, it does not by itself indicate anything
about an individual’s geographical location
or their culture. Researchers face choices in
whether and how to provide this context.
Crucially, we can give multiple contexts
depending on the time horizon considered
because we each have ancestors from every
generation in our species’ past. Advances in
ancient DNA and in population genetics are
providing us with more and more informa-
tion about population structure at different
points in our histories. A contemporary hu-
man genome can hence increasingly give us
visibility into the chronologically layered
ancestral record for that person.

Yet this historical notion of genetic an-
cestry is flattened when just one set of cat-
egories is used. In the case of continental
ancestry categories, their use reflects the
assumption that at some specific point in
time, humans were mostly divided into
homogeneous groups by the natural geo-
graphical barriers between continents. This
is a gross oversimplification of human his-
tory. It also obscures other time slices when
different categories would be relevant—for
example, ~50,000 years ago, Homo Sapiens
and Neanderthal categories; or ~5000 years
ago, “Steppe-related,” “European” hunter-
gatherer, and “Near Eastern” farmer catego-
ries in Europe (13); or ~500 years ago, when
waves of migration and the slave trade were
forging new patterns of human genetic di-
versity in the Americas.

A MORE COMPLEX NOTION OF ANCESTRY
What are the implications for research-
ers who want to invoke genetic ancestry?
They should first ask whether they need to
impose categories at all to answer their re-
search question. There are many situations
in which categorization has been thought
essential but has subsequently been shown
to be avoidable, such as in correcting for
population stratification in genome-wide
association studies (I4). In cases in which
genetic ancestry categories can be avoided,
they should be avoided. If researchers are
able to justify a scientific need to impose
categories, they should next think about
whether they have to provide labels (be it
geographic, ethnic, linguistic, or other) to
the groupings they impose. If they do need
to provide labels, they should give the sci-
entific justification for that choice and show
that they have considered potential disad-
vantages of imposing these labels.
Additionally, researchers should use
multiple types of categories, reflecting that
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genetic ancestry is a historical concept: We
all have multiple ancestries depending on
the time horizon considered. No individual
has a single “ancestry”; the plural should
always be used. Different geographical
resolutions—for example, “Yoruban” ver-
sus “West African”—can serve as proxies
for different time slices. Ancestry catego-
ries from different time points may be of
medical relevance. The incorporation of
ancient DNA information can also allow
for probing different time slices, although
the promise of this approach will depend
on how much ancient DNA can actually be
recovered and analyzed. The use of conti-
nental ancestry categories as a proxy for
one of the time slices considered must be
particularly carefully justified because of
the conflation of continental ancestry cat-
egories with racial groupings. Additionally,
future work should find better ways to
conceptualize the genetic ancestry of indi-
viduals whose recent ancestors come from
distant parts of the ARG.

For some diseases that have a different
prevalence in different populations, ge-
netic risk factors may indeed be at play, a
result of differences in the chance arrival
of new mutations, demographic history,
and historical environmental exposures.
But although it is possible that genetics is
playing a causal role in such cases, genetic
ancestry may also be serving as a proxy for
differences in environmental effects, includ-
ing the effects of discrimination. Whenever
researchers invoke any categories in un-
derstanding health outcomes, they need to
make careful efforts to jointly model genetic
and environmental effects and acknowledge
that a failure to explain differences could be
due to unmodeled factors.

Science is reductive, and a model that
uses simple continental categories has
been useful in starting the process of un-
derstanding human genetic diversity. But
all models have their legitimate domains
of application and limits, and a much more
complex set of models should now be the
norm across a wide variety of use cases.
This is particularly important because al-
though human genetics falls under the bio-
logical sciences, it is in fact a science at the
intersection of several disciplines, including
anthropology, demography, epidemiology,
history, and sociology. Even if the limita-
tions of models used are well understood
by statistical and population geneticists,
others may take the models to be descrip-
tive of realities rather than recognizing that
they merely formalize approximations and
estimates, using reductive categories to do
so. Hence, one of the risks of using these
categories is that others may interpret them
as true natural kinds, which is inaccurate.
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Instead, they are heuristics permitting the
approximation or answering of very narrow
sorts of questions. Because of the associa-
tion of continental ancestry categories with
racial groupings, this is particularly impor-
tant for continental categories.

An individual researcher’s use of conti-
nental ancestry categories is not in and of
itself racist, but the cumulative impact of
this practice has led to and sustains racism.
Typological thinking about human differ-
ence has had damaging social consequences.
Continued reliance on continental ancestry
categories contributes to failures of infer-
ence, miscommunication between fields,
and reported findings that are rooted in re-
ductive and limited ways of understanding
human difference. These are likely to exac-
erbate medical stereotypes about individu-
als and groups, contribute to health dispari-
ties rather than addressing them, and reify
(mis)understandings of race as biological.
Moreover, this problem is not limited to con-
tinental ancestry categories; national catego-
ries can and have been reified as biological
for political goals (15).

The solution will require addressing the is-
sues with how ancestry is conceptualized and
used across the entire biomedical research
ecosystem. This will involve the development,
operationalization, and widespread use of a
more complex notion of ancestry—one that
disambiguates what is meant by genetic an-
cestry from related concepts, wherever pos-
sible does not treat ancestry as a categorical
variable, and treats ancestry as reflecting a
historical process, meaning that any study
should use many different types of categories.

To aid this transition, a solid empirical
understanding of how and why different
fields use and operationalize the concept of
ancestry is needed. To ensure that this more
complex notion of ancestry is then used in
practice will require systems-level change.
New computational tools and data structures
will be required—for example, a wider vari-
ety of proxies for genetic ancestry that do not
impose categories, as well as easily accessible
software tools to enable use of ancestry cat-
egories representing multiple time horizons.
Further development and adoption of meth-
odologies that directly estimate the ARG
should be encouraged. Educational materials
will need to be developed for scientists and
physicians. Scientists of all stripes who en-
gage in research that uses biological catego-
ries for humans should not work in isolation
but as part of interdisciplinary teams, ideally
including engagement with affected commu-
nities. In support of these efforts, journal edi-
tors should set standards, professional societ-
ies should publish best practices, and funders
should carefully consider which research
agendas they will support. It is paramount, as

these organizations rightly critique the use of
race as a biological variable, that use of con-
tinental ancestry categories does not become
the new default. The US National Academies
of Sciences, Engineering, and Medicine re-
cently formed an ad hoc committee, “Use of
Race, Ethnicity, and Ancestry as Population
Descriptors in Genomics Research”; we are
hopeful that this represents an opportunity
for consideration and consolidation of the
points raised here.

Adoption of a more complex notion of an-
cestry should in turn continue to inform the
research agenda in population and statisti-
cal genetics and in ancient DNA research.
It is in these fields, the home turf of the
concept of genetic ancestry, that change in
practice may have the largest overall im-
pact. These changes are a prerequisite to
any research that looks for connections be-
tween genetics and health disparities. More
generally, with a more complex notion of
ancestry that reflects continuous variation
and historical depth, we can start to pave
the way for a science that reflects the com-
plex histories of human groups, including
the power dynamics among them.

REFERENCES AND NOTES

1. D.A.Vyas, L.G.Eisenstein,D.S.Jones, N. Engl. J. Med.
383,874 (2020).

2. A.Oni-Orisan,Y.Mavura,Y.Banda, T.A. Thornton,
R.Sebro, N. Engl. J. Med. 384, 1163 (2021).

3. D.R.Roediger, Working Toward Whiteness: How
America’s Immigrants Became White: The Strange
Journey from Ellis Island to the Suburbs (Basic Books,
Textis Free of Markings ed., 2005).

4. E.A.Haozous, C.J. Strickland, J. F. Palacios, T.G. A.
Solomon, J. Environ. Public Health 2014, e321604
(2014).

5. J.H.Fujimura, T. Duster, R. Rajagopalan, Soc. Stud. Sci.

38,643 (2008).

. A.R.Martinetal.,Nat. Genet. 51,584 (2019).

. A.Panofsky, C. Bliss, Am. Sociol. Rev.82,59 (2017).

. T.Duster, Backdoor to Eugenics (Routledge, ed. 2,2003).

. |.Mathieson, A. Scally, PLOS Genet.16,e1008624

(2020).
10. D.J.Lawson,L.van Dorp, D.Falush, Nat. Commun.9,
3258 (2018).

11. N.A.Rosenberget al., Science 298, 2381 (2002).

12. G.M.Belbinetal.,Cell184,2068 (2021).

13. I.Olaldeetal., Nature 555,190 (2018).

14. G.L.Wojciket al., Nature 570,514 (2019).

15. W.-C. Sung, in Asian Biotech: Ethics and Communities of

Fate,A.Ong,N.Chen, Eds. (Duke Univ. Press, 2010), pp.
263-288.

© ooy

ACKNOWLEDGMENTS

This work was supported by National Institute of Mental
Health administrative supplements 5000747-5500001474
to 3R37MH107649-06S1. B.M.N.and D.S.A. contributed
equally to this work. A.C.F.L.owns stock in Fabric Genomics.
E.E.K.hasreceived personal fees from Regeneron
Pharmaceuticals, 23&Me, and lllumina and serves on the
advisory boards for Encompass Biosciences and Galateo
Bio. B.M.N.is amember of the scientific advisory board

at Deep Genomics and RBNC Therapeutics, a member of
the scientific advisory committee at Milken,and a
consultant for Camp4 Therapeutics and Merck.

SUPPLEMENTARY MATERIALS
science.org/doi/10.1126/science.abm7530

10.1126/science.abm7530

science.org SCIENCE

2202 ‘TE A2 Al U S30UB10S JO Awspeoy feuoiieN Te 610°80us 105 MMM//:SAdNY WoJ) papeojumod



Science

Getting genetic ancestry right for science and society

Anna C. F. LewisSantiago J. MolinaPaul S. AppelbaumBege DaudaAnna Di RienzoAgustin FuentesStephanie M.
FullertonNanibaa’ A. GarrisonNayanika GhoshEvelynn M. HammondsDavid S. JonesEimear E. KennyPeter KraftSandra
S.-J. LeeMadelyn MauroJohn NovembreAaron PanofskyMashaal SohailBenjamin M. NealeDanielle S. Allen

Science, 376 (6590), « DOI: 10.1126/science.abm7530

View the article online

https://www.science.org/doi/10.1126/science.abm7530
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science (ISSN 1095-9203) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science is a registered trademark of AAAS.

Copyright © 2022 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

2202 ‘TE A2 Al U S30UB10S JO Awspeoy feuoiieN Te 610°80us 105 MMM//:SAdNY WoJ) papeojumod


https://www.science.org/about/terms-service

Validation of an Integrated Risk Tool, Including R

Check for

Polygenic Risk Score, for Atherosclerotic
Cardiovascular Disease in Multiple Ethnicities
and Ancestries

Michael E. Weale, PhD*"*, Fernando Riveros-Mckay, PhD™', Saskia Selzam, PhD?,
Priyanka Seth, PhD", Rachel Moore, PhD", William A. Tarran, PhD", Eva Gradovich, MSc*,
Carla Giner-Delgado, PhD*, Duncan Palmer, PhD*, Daniel Wells, DPhil", Ayden Saffari, PhD?,
R. Michael Sivley, PhD", Alexander S. Lachapelle, MD", Hannah Wand, MS®,

Shoa L. Clarke, MD, PhD", Joshua W. Knowles, MD, PhD", Jack W. O’Sullivan, MBBS, DPhil”,
Euan A. Ashley, MBChB, DPhil®, Gil McVean, PhD?, Vincent Plagnol, PhD™?, and

Peter Donnelly, DPhil™*

The American College of Cardiology / American Heart Association pooled cohort equa-
tions tool (ASCVD-PCE) is currently recommended to assess 10-year risk for atheroscle-
rotic cardiovascular disease (ASCVD). ASCVD-PCE does not currently include genetic
risk factors. Polygenic risk scores (PRSs) have been shown to offer a powerful new
approach to measuring genetic risk for common diseases, including ASCVD, and to
enhance risk prediction when combined with ASCVD-PCE. Most work to date, including
the assessment of tools, has focused on performance in individuals of European ancestries.
Here we present evidence for the clinical validation of a new integrated risk tool (IRT),
ASCVD-IRT, which combines ASCVD-PCE with PRS to predict 10-year risk of ASCVD
across diverse ethnicity and ancestry groups. We demonstrate improved predictive perfor-
mance of ASCVD-IRT over ASCVD-PCE, not only in individuals of self-reported White
ethnicities (net reclassification improvement [NRI]; with 95% confidence interval = 2.7 %
[1.1 to 4.2]) but also Black / African American / Black Caribbean / Black African
(NRI=2.5% [0.6—4.3]) and South Asian (Indian, Bangladeshi or Pakistani) ethnicities
(NRI =8.7% [3.1 to 14.4]). NRI confidence intervals were wider and included zero for eth-
nicities with smaller sample sizes, including Hispanic (NRI=7.5% [—1.4 to 16.5]), but PRS
effect sizes in these ethnicities were significant and of comparable size to those seen in indi-
viduals of White ethnicities. Comparable results were obtained when individuals were ana-
lyzed by genetically inferred ancestry. Together, these results validate the performance of
ASCVD-IRT in multiple ethnicities and ancestries, and favor their generalization to all eth-
nicities and ancestries. © 2021 The Authors. Published by Elsevier Inc. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/) (Am J

Cardiol 2021;148:157—164)

Introduction

Current US guidelines for the primary prevention of car-
diovascular disease are based on the quantification of an
individual’s predicted risk of atherosclerotic cardiovascular
disease (ASCVD) over the following 10 years using the
ASCVD pooled cohort equations tool (ASCVD-PCE).'
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The tool combines information from multiple clinical risk
factors including age, sex, blood lipid levels, blood pressure,
history of diabetes, smoking or anti-hypertensive treatment,
and racial identity (entered as “White,” “African American”
or “Other,” where “Other” is treated algorithmically as
“White”). Although genetics is a known risk factor,” it is not
directly included in ASCVD-PCE (family history of ASCVD
is assessed separately, outside of the tool). Polygenic risk
scores (PRSs), which combine information across thousands
of common genetic variants in the human genome, can be
added to the ASCVD-PCE tool, but previous studies have
reported variable predictive performance.” ® Additionally,
these studies focused primarily on individuals with European
ancestries, but it is known that the predictive accuracy of a
PRS tends to attenuate in individuals with non-European
ancestries.” ' We therefore undertook a clinical validation
study of a new 10-year ASCVD risk prediction tool
(ASCVD-IRT) that integrates a PRS for ASCVD with the
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established ASCVD-PCE tool, paying particular attention to
its predictive performance in non-European ancestries and
non-White ethnicities.

Methods

Following recent guidelines on the use and reporting of
race, ethnicity and ancestry,'” we clarify that in this study
we use the term “ethnicity” to refer to social categories
including both race and ethnicity, and we do not distinguish
“race” from “ethnicity.” In the testing cohorts described
below, data on ethnicity were collected from questionnaire,
census and other self-identification data, allowing us to
infer that ethnicity was self-reported. We use the term
“ancestry” or “genetic ancestry” to refer to inferences from
genetic data. We note that the concepts of ethnicity and
ancestry are correlated but not synonymous.'” To infer
ancestry, we used a method based on principal components
derived from genetic data to infer membership to one of
5 high-level ancestry groups conforming to those used by
the 1000 Genomes Project'* (Sub-Saharan African [AFR],
Native/Indigenous American [AMR], East Asian [EAS],
European [EUR], and South Asian [SAS]; see Supplemen-
tary Materials for details, OTHER indicates mixed inferred
ancestry). We note that this method is more accurately
described as producing “ancestry-like” genetic similarity
relationships."” We present performance evaluations for
both ethnicity and ancestry groups, as the former relate to
important social categories while the latter allow us to
examine the ancestry-specific PRS attenuation issue’ "'
and its effect on IRT performance.

We tested the performance of the ASCVD-IRT using
data from the Atherosclerosis Risk in Communities (ARIC)
cohort, the Multi-Ethnic Study of Atherosclerosis (MESA),
and UK Biobank (UKB). All individuals in these
studies gave informed consent. Legal and ethical approval
for our use of ARIC and MESA data is provided by the
Western Institutional Review Board (Study Number
1264897, IRB Tracking Number 20192201). See Supple-
mentary Materials for UKB approval information.

All 3 cohorts are prospective, contain participants that
were extensively examined at baseline, and have continuing
follow-up (via annual phone calls for ARIC and MESA, via
linkage to national electronic healthcare and death records
for UKB). ARIC comprises over 15,000 adults from pre-
dominantly 2 study-defined racial/ethnic groups (“Black”
and “White”), from defined populations in 4 sites in the
USA, aged 45 to 64 years when recruited between 1987 and
1989.'° MESA comprises over 6,000 adults from 4 study-
defined racial/ethnic groups (““African American,” “Chinese
American,” “Hispanic,” and “White/Caucasian”), recruited
primarily via phone call invitation to 6 sites in the USA,
aged 45 to 84 years and free of cardiovascular disease when
recruited between 2000 and 2002.""-'* UKB comprises over
500,000 adults, recruited via postal invitation to 22 sites in
the UK, aged 40 to 69 when recruited between 2006 and
2010.""?° We carefully selected 88,666 UKB individuals
from multiple ethnicities (labels defined from question-
naire data) for the “IRT testing” subgroup, in order to
ensure that the IRT testing subgroup was maximally
enriched for incident ASCVD cases from non-European

ethnicities and ancestries, and to ensure the independence
of these individuals from other UKB subgroups that were
used to construct and train the IRT (see Supplementary
Materials for further details).

We excluded individuals with cardiovascular disease
or on cholesterol lowering medication at baseline, and
also those related to others in the cohort at greater than
third degree relative level according to theﬁ%enetic infer-
ence method described in Bycroft et al.” A separate
bridging analysis was performed on individuals free of
cardiovascular disease who were on cholesterol lowering
medication at baseline, which indicated similar performance
for this subgroup (Supplementary Figure 1). White partici-
pants in MESA and ARIC were excluded from testing due
to sample overlap with GWASs used to construct the
ASCVD PRS (MEGASTROKE_EUR’' and CARDIo-
GRAMplusC4D* respectively - see Supplementary Table
1). Black ARIC individuals were included, but it should be
noted that they also formed part of the cohort data used to
train the ASCVD-PCE model (outside of this study).' It may
therefore be expected that the absolute prediction perfor-
mance of both ASCVD-PCE and ASCVD-IRT is somewhat
elevated in this group. However, our validation focused on
the comparative performance of these 2 tools, which is not
expected to be biased. All individuals in our testing cohorts
were selected so as to be independent and unrelated to any
individuals used in the training of the PRS or the IRT model.

To define ASCVD cases, we used outcomes that closely
matched the ASCVD-PCE tool. In MESA we used
“CARDIOVASCULAR DISEASE (CVD), HARD,” and in
ARIC we used a union of “MI (myocardial infarction), heart
attack, or fatal CHD (coronary heart disease) by December
31, 2004” and “Definite or probable ischemic incident
stroke by December 31, 2004.” The ASCVD definition for
UK Biobank is described in Supplementary Materials.

The ASCVD-IRT tool is a function of the score obtained
from the currently established ASCVD-PCE tool' ~ and a
PRS for ASCVD, trained from multiple datasets that each
represent individuals from multiple ancestry groups and
from different geographies. Ten GWAS datasets for differ-
ent ASCVD subtraits were meta-analyzed to derive the
PRS, and an additional 4 cohorts were used to train the PRS
effect size. Further details regarding the construction of
ASCVD-IRT are provided in Supplementary Materials.

We assessed predictive performance of ASCVD-IRT
via relative performance comparisons to ASCVD-PCE,
focusing in particular on differences in sensitivity and
specificity and on the sum of these differences, also known
as the Net Reclassification Improvement.”” We used
ASCVD events in the following 10 years to define cases
and we used scores above and below a certain risk thresh-
old to define positive and negative results. This relative
performance approach is justified because ASCVD-PCE
provides a strong basis for comparison, being the currently
established and recommended tool for 10-year ASCVD
risk prediction in the US.'~* We note that absolute values
of sensitivity, specificity, positive predictive value (PPV)
and negative predictive value (NPV) are difficult to inter-
pret on their own. ASCVD-IRT and ASCVD-PCE are not
diagnostic tests but risk predictors of an uncertain future
event, where even under the best of conditions a “positive”
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result has a measured probability of being a noncase and a
“negative” result has a measured probability of being a
case. For example, we label an individual with a risk of
8% a “positive” result, but they only have an 8% chance of
becoming an ASCVD case, assuming the model is correct.
But while absolute values are difficult to interpret, relative
improvements remain good indicators of performance
improvements. In particular, simultaneous improvements
in both sensitivity and specificity are strongly indicative
of superior test performance.

There is also a logical choice for which threshold to use
for binary compartmentalization into “positive” (high-risk)
and “negative” (low-risk) results, as required for metrics
such as sensitivity and specificity. The same guidelines rec-
ommending ASCVD-PCE for risk prediction also lay out
recommendations for actionable risk thresholds above
which intervention is advised. This threshold is 7.5% risk
over 10 years for most individuals, but is reduced to 5% for
individuals presenting with additional risk factors, one of
which is South Asian ethnicity.”’ We therefore applied the
same thresholds for our clinical performance assessment,
applying the 5% threshold for individuals of South Asian
ethnicities or ancestries and 7.5% for all others.

Further details on the statistical methods used to calcu-
late performance metrics and their confidence intervals are
provided in Supplementary Materials.

Results

Tables 1 and 2 show the subgroup sample sizes, after
exclusions, in each IRT testing cohort. Figure 1 and
Supplementary Table 2 summarize the relative perfor-
mance improvements of ASCVD-IRT over the currently
established tool (ASCVD-PCE). When meta-analyzed
across all testing cohorts, ASCVD-IRT shows signifi-
cantly improved performance (as measured by 95% CI)
across NRI, sensitivity, and specificity (combined results
[with 95% CI]: NRI=3.0% [1.7 to 4.3]; delta-sensitivity
[equivalent to NRI in cases]=1.5% [0.2 to 2.8]; delta-
specificity [equivalent to NRI in noncases] =1.5% [1.3 to
1.7]). Positive predictive value (PPV) and negative predic-
tive value (NPV) were also significantly improved
(Supplementary Table 2). The NRI is also significantly
positive in all 3 cohorts, with the largest point estimates
seen in the 2 US cohorts (Figure la, Supplementary
Table 2). The within-cohort point estimates for changes in
sensitivity, specificity, log(PPV), log(NPV) and Harrell’s
C** are also all positive, albeit in some cases with 95%
confidence intervals that are large and overlap zero
(Figure 1b-c, Supplementary Table 2).

We proceeded to investigate relative performance pat-
terns within ethnicity (Figure 2, Supplementary Table 3)
and ancestry (Supplementary Figure 2, Supplementary
Table 4) groups (groups with >50 ASCVD cases across
men and women are shown, metrics for groups with fewer
cases can be found in Supplementary Tables 3 to 4). Both
figures show similar patterns. The overall NRI remains
significantly positive when individuals are meta-analyzed
for the 2 largest groups we have data for — those corre-
sponding to White or Black / African American / Black
Caribbean / Black African self-reported ethnicities and

EUR or AFR genetic ancestries. The significantly positive
NRI results for Black / African American / Black Caribbean
/ Black African ethnicities (combined NRI=2.5% [0.6 to
4.3]) and AFR ancestry (combined NRI=2.2% [0.4 to 4.1])
are especially noteworthy, given the reported attenuation of
PRS performance in individuals of African genetic ances-
tries.”” "' The sample sizes and case numbers for other eth-
nicities and ancestries are lower, meaning that in some
contexts it is not possible to reject the null hypothesis that
there is no change in NRI. We note that there are no instan-
ces of significantly negative performance, whereas there are
several instances of significantly positive NRI performance
(for MESA-AMR, UKB “Indian, Bangladeshi, or Pakistani,”
and UKB-SAS), and point estimates are also generally posi-
tive. The changes in sensitivity (equivalent to NRI in cases),
specificity (equivalent to NRI in noncases), log(PPV), log
(NPV) and Harrell’s C are either significantly positive
or not significantly different from zero (Figure 2b, c,
Supplementary Figure 2b, ¢, Supplementary Tables 3, 4).
We also find that ASCVD-IRT has, across the same large
ethnicity and ancestry groups, a larger NRI than that of a
tool constructed in the same way as ours, but using an
alternative PRS previously shown to have good cross-ances-
try performance (the coronary artery disease PRS of Inouye
et al,*>?° Supplementary Figure 3).

Performance metrics for smaller groups (with fewer
than 50 cases across men and women) are reported in
Supplementary Tables 3 and 4. As the sample sizes are
small, it is to be expected that most of the reported Cls in
these smaller groups overlap zero. For example, UKB con-
tains a small group of Chinese ethnicities (n =979, with 6
cases), and MESA contains an even smaller group of Chi-
nese American ethnicities (n=5, with 1 case). The case
numbers in these 2 groups are too low to provide an accu-
rate estimate of performance.

We next proceeded to investigate relative performance
patterns in 4 sex-by-age subgroups (Figure 3, Supplemen-
tary Table 5). This analysis reiterates patterns previously
reported for individuals of European ancestries in UKB and
using a different IRT built from a coronary artery disease
PRS.” The overall NRI performance in 3 of the 4 subgroups
is significantly positive, with the strongest performance
seen in younger middle-aged men (40 to 54 year old)
(NRI=10.3% [5.7 to 15.0]). The NRI estimates within
cohorts are either significantly positive (for ARIC 40 to 54
year old men and women) or not significantly different
from zero. It is noteworthy that the largest NRI point esti-
mate in ARIC, comprising individuals self-reporting as
Black, is also for younger middle-aged men.

UKB sex-by-age subgroups vary in their sensitivity and
specificity patterns (Figure 3b, ¢, Supplementary Table 5),
with younger middle-aged men and women (40 to 54 year
old) showing significant increases in sensitivity and smaller
but significant decreases in specificity, while older middle-
aged men (55 to 69 year old) show the opposite pattern.
The 2 US cohorts are more balanced, with no significantly
negative performance estimates in any subgroup, while
some effects remain significantly positive (delta-specific-
ities for ARIC 40 to 54 year old men and women, ARIC 55
to 69 year old women, and MESA 55 to 69 year old men
and women).
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Table 1

IRT testing cohort sample numbers (and percentage of cohort) by sex, age at recruitment, case status and self-reported ethnicity

Cohort Self-reported ethnicity Age at recruitment Women Men
Cases Noncases Cases Noncases
ARIC Black 40-54 47 (2.4%) 762 (39%) 38 (1.9%) 422 (21%)
55-69 40 (2.0%) 383 (19%) 40 (2.0%) 233 (12%)
MESA Chinese American 40-54 0 (0.0%) 0(0.0%) 0 (0.0%) 0(0.0%)
55-69 0 (0.0%) 1(0.1%) 1(0.1%) 3(0.2%)
70-79 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
African American 40-54 4 (0.2%) 191 (9.9%) 8 (0.4%) 154 (8.0%)
55-69 10 (0.5%) 252 (13%) 20 (1.0%) 216 (11%)
70-79 15 (0.8%) 102 (5.3%) 16 (0.8%) 109 (5.7%)
Hispanic 40-54 2 (0.1%) 134 (7.0%) 1(0.1%) 146 (7.6%)
55-69 10 (0.5%) 159 (8.3%) 25 (1.3%) 186 (9.7%)
70-79 8 (0.4%) 59 (3.1%) 9 (0.5%) 84 (4.4%)
UKB (IRT testing) White 40-54 135 (0.2%) 18191 (21%) 308 (0.4%) 14167 (16%)
55-69 588 (0.7%) 25162 (28%) 1048 (1.2%) 18098 (20%)
Indian, Bangladeshi or Pakistani 40-54 12 (0.01%) 1211 (1.4%) 53 (0.1%) 1136 (1.3%)
55-69 17 (0.02%) 652 (0.7%) 54 (0.1%) 553 (0.6%)
Black Caribbean or Black African 40-54 14 (0.02%) 1628 (1.8%) 17 (0.02%) 1194 (1.4%)
55-69 16 (0.02%) 633 (0.7%) 18 (0.02%) 415 (0.5%)
Chinese 40-54 1 (0.001%) 390 (0.4%) 0 (0.0%) 233 (0.3%)
55-69 4(0.01%) 238 (0.3%) 1 (0.001%) 112 (0.1%)
Other 40-54 10 (0.01%) 948 (1.1%) 8 (0.01%) 624 (0.7%)
55-69 13 (0.01%) 501 (0.6%) 14 (0.02%) 249 (0.3%)

IRT = Integrated Risk Tool.

Detailed tables of sensitivity, specificity, PPV, NPV,
Harrell’s C, and their comparative differences to ASCVD-
PCE (deltas and NRI) are provided in Supplementary
Tables 2 to 5). We also provide an equivalent Supplemen-
tary Table 6 for an analysis carried out using a different
version of the IRT that used the same PRS and PRS coeffi-
cients but was integrated with the QRISK2 score that is
recommended for use in the UK.”"-**

Discussion

Our results indicate that ASCVD-IRT, a new tool for
estimating 10-year ASCVD risk that incorporates a PRS for
ASCVD, outperforms the existing standard-of-care tool
ASCVD-PCE, and that this improvement extends across
ethnicities and genetic ancestries. The 2 US-based cohorts
used in our validation (ARIC and MESA) are drawn, in
part, from minority US ethnic groups, allowing us to dem-
onstrate that, in addition to individuals of White ethnicities
or European ancestries, the significant improvement of
ASCVD-IRT is also seen in individuals with Black or Afri-
can American self-reported ethnicities and African genetic
ancestries.

Data in other ethnicities and ancestries are more limited.
However, the UKB contains a reasonably large group
(n=3,688, with 136 cases) of individuals of South Asian
(“Indian, Bangladeshi, or Pakistani”) ethnicities, and a sig-
nificantly improved performance of ASCVD-IRT is seen in
this group as well. MESA contains a smaller group of His-
panic ethnicities (n =823, with 55 cases), and although the
NRI point estimate (7.5%) is positive, there was insufficient
power to reject the null hypothesis of no change. Groups of
East Asian ethnicities are even smaller in the IRT testing
data (n=979, with 6 cases, of Chinese ethnicities in UKB;

n=5, with 1 case, of Chinese American ethnicities in
MESA), and this resulted in poor estimation of NRI and
wide 95% Cls that extend to either side of zero.

The extent to which the results from larger groups can
be generalized to support the clinical use of ASCVD-IRT
in individuals from ethnicities and ancestries that are
poorly represented in the IRT testing data is an important
question. Three lines of evidence support such a generali-
zation. First, we have data from additional cohorts
(described in Supplementary Materials) that indicate the
ASCVD PRS has an effect size in individuals of Hispanic
and East Asian ethnicities that is positive, significantly
different from zero and comparable in size to that seen in
individuals of White ethnicities, with an equivalent pat-
tern also seen across genetically inferred ancestries
(Supplementary Figure 4). Although these cohorts lack
the necessary longitudinal and covariate information to
calculate ASCVD-PCE at baseline, and therefore could
not be used for IRT testing, these results permit the infer-
ence that the strong predictive performance seen at the
PRS level should transfer to the IRT level. Second, in
line with previous work,”"® we observe a low (and statisti-
cally nonsignificant) correlation between PRS values and
ASCVD-PCE scores in the IRT testing cohorts (ARIC:
r=0.026, 95% CI —0.018 to 0.070 [Fisher’s z-method];
MESA: r=0.002, 95% CI —0.043 to 0.047; UKB: r=0.002,
95% CI —0.005 to 0.008). This increases our confidence that
the ASCVD PRS acts largely independently of ASCVD-
PCE, and strengthens the inference that PRS results should
therefore transfer to the IRT level. Third, both population
genetic theory and prior data indicate that individuals of
African ancestries should be most affected by attenuation in
PRS effect size.”” " Thus, other non-European ancestries
should be intermediate in attenuation.
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Table 2.
IRT testing cohort sample numbers (and percentage of cohort) by sex, age at recruitment, case status and genetically inferred ancestry
Cohort Genetic ancestry Age at recruitment Women Men
Cases Noncases Cases Noncases
ARIC AFR 40-54 46 (2.3%) 748 (38%) 37 (1.9%) 410 (21%)
55-69 39 (2.0%) 370 (19%) 40 (2.0%) 223 (11%)
EUR 40-54 0(0.0%) 4(0.2%) 0(0.0%) 2(0.1%)
55-69 0(0.0%) 1(0.1%) 0 (0.0%) 3(0.2%)
OTHER 40-54 1 (0.1%) 10 (0.5%) 1 (0.1%) 10 (0.5%)
55-69 1(0.1%) 12 (0.6%) 0 (0.0%) 7 (0.4%)
MESA AFR 40-54 4(0.2%) 202 (10%) 8 (0.4%) 156 (8.1%)
55-69 10 (0.5%) 246 (13%) 21 (1.1%) 217 (11%)
70-79 14 (0.7%) 106 (5.5%) 14 (0.7%) 105 (5.5%)
AMR 40-54 0(0.0%) 41 (2.1%) 0(0.0%) 62 (3.2%)
55-69 4(0.2%) 55 (2.9%) 8 (0.4%) 91 (4.7%)
70-79 2(0.1%) 21 (1.1%) 4 (0.2%) 26 (1.4%)
EAS 40-54 0(0.0%) 0(0.0%) 0(0.0%) 0(0.0%)
55-69 0(0.0%) 2(0.1%) 1 (0.1%) 3(0.2%)
70-79 0(0.0%) 0 (0.0%) 0(0.0%) 0(0.0%)
EUR 40-54 2 (0.1%) 39 (2.0%) 0 (0.0%) 39 (2.0%)
55-69 5(0.3%) 38 (2.0%) 6 (0.3%) 45 (2.3%)
70-79 3(0.2%) 14 (0.7%) 2(0.1%) 28 (1.5%)
OTHER 40-54 0(0.0%) 43 (2.2%) 1 (0.1%) 43 (2.2%)
55-69 1(0.1%) 71 (3.7%) 10 (0.5%) 49 (2.5%)
70-79 4(0.2%) 20 (1.0%) 5(0.3%) 34 (1.8%)
UKB (IRT testing) AFR 40-54 20 (0.02%) 1876 (2.1%) 19 (0.02%) 1359 (1.5%)
55-69 18 (0.02%) 722 (0.8%) 19 (0.02%) 462 (0.5%)
EAS 40-54 3 (0.003%) 705 (0.8%) 0(0.0%) 363 (0.4%)
55-69 10 (0.01%) 412 (0.5%) 3 (0.003%) 152 (0.2%)
EUR 40-54 135 (0.2%) 18182 (21%) 307 (0.3%) 14148 (16%)
55-69 588 (0.7%) 25146 (28%) 1048 (1.2%) 18090 (20%)
SAS 40-54 11 (0.01%) 802 (0.9%) 26 (0.03%) 714 (0.8%)
55-69 12 (0.01%) 492 (0.6%) 33 (0.04%) 353 (0.4%)
OTHER 40-54 3 (0.003%) 803 (0.9%) 34 (0.04%) 770 (0.9%)
55-69 10 (0.01%) 414 (0.5%) 32 (0.04%) 370 (0.4%)

IRT = Integrated Risk Tool; AFR = Sub-Saharan African; AMR = Native/Indigenous American; EAS = East Asian; EUR = European; SAS = South Asian.
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Figure 1. Relative performance of ASCVD-IRT over the currently established ASCVD-PCE tool, split by cohort and combined via meta-analysis across
cohorts. (a) Net Reclassification Improvement (NRI), with 95% confidence intervals (CI). (b) Delta-sensitivity (equivalent to NRI in cases) with 95% CI. (c)
Delta-specificity (equivalent to NRI in noncases) with 95% CI. Vertical dotted lines at zero indicate the null hypothesis of no change.
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Figure 2. Relative performance improvements of ASCVD-IRT over the currently established ASCVD-PCE tool, split by self-reported ethnicities. (a) Net
Reclassification Improvement (NRI), with 95% confidence intervals (CI). (b) Delta-sensitivity (equivalent to NRI in cases) with 95% CI. (c) Delta-specificity
(equivalent to NRI in noncases) with 95% CI. Vertical dotted lines at zero indicate the null hypothesis of no change.
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Figure 3. Relative performance improvements of ASCVD-IRT over the currently established ASCVD-PCE tool, split by 4 sex-by-age subgroups. (a) Net
Reclassification Improvement (NRI), with 95% confidence intervals (CI). (b) Delta-sensitivity (equivalent to NRI in cases) with 95% CI. (c) Delta-specificity
(equivalent to NRI in noncases) with 95% CI. Vertical dotted lines at zero indicate the null hypothesis of no change.

Just as ASCVD-PCE is itself an improvement over pre-
vious risk estimators,">’ so we conclude the addition of a
PRS to ASCVD-PCE should lead to further predictive
enhancement. But for clinical utility, the ASCVD-IRT tool
requires gains in performance that are not only statistically
significant but also clinically meaningful.”” On this latter
point, we note that large gains are seen especially in youn-
ger middle-aged men (40 to 54 year old), not only in this
study (overall NRI=10.3% [95% CI 5.7 to 15.0]), but also
in a previous study on individuals of European ancestry in
UK Biobank, where an NRI of 15.4% (95% CI 11.6 to
19.3) was observed for coronary artery disease outcomes.’
Furthermore, a large effect is also seen in younger middle-
aged ARIC men of Black ethnicity in the current study
(NRI=8.5% [95% CI 0.4 to 16.7]), suggesting that this
effect generalizes to other ethnicities and ancestries. We

note that ASCVD is a more heterogenous condition than
coronary artery disease, which may explain the observed
drop in NRI.

There are limitations to this study. Tools that predict
future risk, such as ASCVD-PCE and ASCVD-IRT, require
larger datasets for validation than diagnostic clinical tools
that typically have high sensitivity, specificity, PPV, and
NPV. Thus, our conclusions remain data limited. We dem-
onstrate significant gains in performance in some ethnicities
and ancestries, but generalization to other groups requires
additional inferential steps. More data should be collected
to further validate and optimize ASCVD-IRT, improve risk
prediction, further incorporate variable genetic ancestry
among individuals, and assess performance gains in differ-
ent subgroups. We also note this study does not address the
question of analytical validation, and additional evidence is
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required to demonstrate the value of specific sampling and
genotyping or sequencing protocols for the accurate compu-
tation of risk scores.

In conclusion, using data from multiple ethnicities and
ancestries, we have shown improved predictive perfor-
mance of the ASCVD-IRT tool over the currently estab-
lished ASCVD-PCE tool in multiple cohorts, multiple
ethnicities, and multiple ancestries. To our knowledge,
this is the first time, for any disease, that an integrated risk
tool combining a current clinical risk tool and a PRS has
been successfully validated across multiple ethnicities and
ancestries.
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