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system. It was established by Congress in 1967 (28 U.S.C. §§ 620-629), on the recom-
mendation of the Judicial Conference of the United States, with the mission to “further
the development and adoption of improved judicial administration in the courts of the
United States.” By statute, the Chief Justice of the United States chairs the Federal Judicial
Center’s Board, which also includes the director of the Administrative Office of the U.S.
Courts and seven judges elected by the Judicial Conference.

The Center undertakes empirical and exploratory research on federal judicial processes,
court management, and sentencing and its consequences, often at the request of the Judicial
Conference and its committees, the courts themselves, or other groups in the federal system.
In addition to orientation and continuing education programs for judges and court staff on
law and case management, the Center produces publications, videos, and online resources.
The Center provides leadership and management education for judges and court employees,
and other training as needed. Center research informs many of its educational efforts. The
Center also produces resources and materials on the history of the federal courts, and it
develops resources to assist in fostering effective judicial administration in other countries.

Since its founding, the Center has had nine directors. Judge Barbara J. Rothstein became
director of the Federal Judicial Center in 2003

www.fijc.gov

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

THE NATIONAL ACADEMIES

Advisers to the Nation on Science, Engineering, and Medicine

The National Academy of Sciences is a private, nonprofit, self-perpetuating society
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furtherance of science and technology and to their use for the general welfare. Upon the
authority of the charter granted to it by the Congress in 1863, the Academy has a man-
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Dr. Ralph J. Cicerone is president of the National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter
of the National Academy of Sciences, as a parallel organization of outstanding engineers.
It is autonomous in its administration and in the selection of its members, sharing with
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The National Academy of Engineering also sponsors engineering programs aimed at
meeting national needs, encourages education and research, and recognizes the superior
achievements of engineers. Dr. Charles M. Vest is president of the National Academy of
Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences
to secure the services of eminent members of appropriate professions in the examination
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be an adviser to the federal government and, upon its own initiative, to identify issues of
medical care, research, and education. Dr. Harvey V. Fineberg is president of the Institute
of Medicine.
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purposes of furthering knowledge and advising the federal government. Functioning in
accordance with general policies determined by the Academy, the Council has become
the principal operating agency of both the National Academy of Sciences and the National
Academy of Engineering in providing services to the government, the public, and the scien-
tific and engineering communities. The Council is administered jointly by both Academies
and the Institute of Medicine. Dr. Ralph J. Cicerone and Dr. Charles M. Vest are chair and
vice chair, respectively, of the National Research Council.

www.national-academies.org

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Committee on the Development of the Third Edition of the
Reference Manual on Scientific Evidence

Co-Chairs:

JEROME P. KASSIRER (IOM), Distinguished Professor, Tufts University
School of Medicine
GLADYS KESSLER, Judge, U.S. District Court for the District of Columbia

Members:

MING W. CHIN, Associate Justice, The Supreme Court of California

PAULINE NEWMAN, Judge, U.S. Court of Appeals for the Federal Circuit

KATHLEEN MCDONALD O’MALLEY, Judge, U.S. Court of Appeals for
the Federal Circuit

JED S. RAKOFF, Judge, U.S. District Court, Southern District of New York

CHANNING R. ROBERTSON, Ruth G. and William K. Bowes Professor,
School of Engineering, and Professor, Department of Chemical Engineering,
Stanford University

JOSEPH V. RODRICKS, Principal, Environ

ALLEN WILCOZX, Senior Investigator, Institute of Environmental Health
Sciences

SANDY L. ZABELL, Professor of Statistics and Mathematics, Weinberg
College of Arts and Sciences, Northwestern University

Consultant to the Committee:

JOE S. CECIL, Project Director, Program on Scientific and Technical Evidence,
Division of Research, Federal Judicial Center

Staff:
ANNE-MARIE MAZZA, Director

STEVEN KENDALL, Associate Program Officer
GURUPRASAD MADHAVAN, Program Officer (until November 2010)

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Board of the Federal Judicial Center

The Chief Justice of the United States, Chair

Judge Susan H. Black, U.S. Court of Appeals for the Eleventh Circuit

Magistrate Judge John Michael Facciola, U.S. District Court for the District of
Columbia

Judge James B. Haines, U.S. Bankruptcy Court for the District of Maine

Chief Judge James F. Holderman, U.S. District Court for the Northern District
of Mlinois

Judge Edward C. Prado, U.S. Court of Appeals for the Fifth Circuit

Chief Judge Loretta A. Preska, U.S. District Court for the Southern District of
New York

Chief Judge Kathryn H. Vratil, U.S. District Court for the District of Kansas

James C. Duff, Director of the Administrative Office of the U.S. Courts

vi

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Committee on Science, Technology, and Law
National Research Council

DAVID KORN (Co-Chair), Professor of Pathology, Harvard Medical School,
and formerly, Inaugural Vice Provost for Research, Harvard University

RICHARD A. MESERVE (Co-Chair), President, Carnegie Institution for
Science, and Senior of Counsel, Covington & Burling LLP

FREDERICK R. ANDERSON, JR., Partner, McKenna, Long & Aldridge
LLP

ARTHUR I. BIENENSTOCK, Special Assistant to the President for Federal
Research Policy, and Director, Wallenberg Research Link, Stanford
University

BARBARA E. BIERER, Professor of Medicine, Harvard Medical School,
and Senior Vice President, Research, Brigham and Women’s Hospital

ELIZABETH H. BLACKBURN, Morris Herzstein Professor of Biology and
Physiology, University of California, San Francisco

JOHN BURRIS, President, Burroughs Wellcome Fund

ARTURO CASADEVALL, Lco and Julia Forchheimer Professor of
Microbiology and Immunology; Chair, Department of Biology and
Immunology; and Professor of Medicine, Albert Einstein College of
Medicine

JOE S. CECIL, Project Director, Program on Scientific and Technical
Evidence, Division of Research, Federal Judicial Center

ROCHELLE COOPER DREYFUSS, Pauline Newman Professor of Law
and Director, Engelberg Center on Innovation Law and Policy, New York
University School of Law

DREW ENDY, Assistant Professor, Bioengineering, Stanford University, and
President, The BioBricks Foundation

PAUL G. FALKOWSKI, Board of Governors Professor in Geological and
Marine Science, Department of Earth and Planetary Science, Rutgers, The
State University of New Jersey

MARCUS FELDMAN, Burnet C. and Mildred Wohlford Professor of
Biological Sciences, Stanford University

ALICE P. GAST, President, Lehigh University

JASON GRUMET, President, Bipartisan Policy Center

BENJAMIN W. HEINEMAN, JR., Senior Fellow, Harvard Law School and
Harvard Kennedy School of Government

D. BROCK HORNBY, U.S. District Judge for the District of Maine

ALAN B. MORRISON, Lerner Family Associate Dean for Public Interest and
Public Service, George Washington University Law School

PRABHU PINGALI, Deputy Director of Agricultural Development, Global
Development Program, Bill and Melinda Gates Foundation

vii

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

HARRIET RABB, Vice President and General Counsel, Rockefeller
University

BARBARA JACOBS ROTHSTEIN, Director, The Federal Judicial Center

DAVID S.TATEL, Judge, U.S. Court of Appeals for the District of Columbia
Circuit

SOPHIE VANDEBROEK, Chief Technology Officer and President, Xerox
Innovation Group, Xerox Corporation

Staff

ANNE-MARIE MAZZA, Director
STEVEN KENDALL, Associate Program Officer

viii

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Foreword

In 1993, in the case Daubert v. Merrell Dow Pharmaceuticals, Inc., the Supreme
Court instructed trial judges to serve as “gatekeepers” in determining whether the
opinion of a proffered expert is based on scientific reasoning and methodology.
Since Daubert, scientific and technical information has become increasingly impor-
tant in all types of decisionmaking, including litigation. As a result, the science and
legal communities have searched for expanding opportunities for collaboration.

Our two institutions have been at the forefront of trying to improve the use
of science by judges and attorneys. In Daubert, the Supreme Court cited an amicus
curiae brief submitted by the National Academy of Sciences and the American
Association for the Advancement of Science to support the view of science as “a
process for proposing and refining theoretical explanations about the world that
are subject to further testing and refinement.” Similarly, in Kumho Tire Co. v.
Carmichael (1999) the Court cited an amicus brief filed by the National Academy
of Engineering for its assistance in explaining the process of engineering.

Soon after the Daubert decision the Federal Judicial Center published the first
edition of the Reference Manual on Scientific Evidence, which has become the leading
reference source for federal judges for difficult issues involving scientific testimony.
The Center also undertook a series of research studies and judicial education pro-
grams intended to strengthen the use of science in courts.

More recently the National Research Council through its Committee on Sci-
ence, Technology, and Law has worked closely with the Federal Judicial Center to
organize discussions, workshops, and studies that would bring the two communi-
ties together to explore the nature of science and engineering, and the processes
by which science and technical information informs legal issues. It is in that spirit
that our organizations joined together to develop the third edition of the Reference
Manual on Scientific Evidence. This third edition, which was supported by grants from
the Carnegie Foundation and the Starr Foundation, builds on the foundation of the
first two editions, published by the Center. This edition was overseen by a National
Research Council committee composed of judges and scientists and engineers who
share a common vision that together scientists and engineers and members of the
judiciary can play an important role in informing judges about the nature and work
of the scientific enterprise.

Our organizations benefit from the contributions of volunteers who give
their time and energy to our efforts. During the course of this project, two of
the chapter authors passed away: Margaret Berger and David Friedman. Both
Margaret and David served on NRC committees and were frequent contributors
to Center judicial education seminars. Both were involved in the development of
the Reference Manual from the beginning, both have aided each of our institutions
through their services on committees, and both have made substantial contribu-
tions to our understanding of law and science through their individual scholarship.
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They will be missed but their work will live on in the thoughtful scholarship they
have left behind.

We extend our sincere appreciation to Dr. Jerome Kassirer and Judge Gladys
Kessler and all the members of the committee who gave so generously to make
this edition possible.

THE HONORABLE BARBARA J. ROTHSTEIN RarpH J. CICERONE

Director President

Federal Judicial Center National Academy of Sciences
X
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Preface

Supreme Court decisions during the last decade of the twentieth century man-
dated that federal courts examine the scientific basis of expert testimony to ensure
that it meets the same rigorous standard employed by scientific researchers and
practitioners outside the courtroom. Needless to say, this requirement places a
demand on judges not only to comprehend the complexities of modern science
but to adjudicate between parties’ differing interpretations of scientific evidence.
Science, meanwhile, advances. Methods change, new fields are born, new tests
are introduced, the lexicon expands, and fresh approaches to the interpretation of
causal relations evolve. Familiar terms such as enzymes and molecules are replaced
by microarray expression and nanotubes; single-author research studies have now
become multi-institutional, multi-author, international collaborative efforts.

No field illustrates the evolution of science better than forensics. The evi-
dence provided by DNA technology was so far superior to other widely accepted
methods and called into question so many earlier convictions that the scientific
community had to reexamine many of its time-worn forensic science practices.
Although flaws of some types of forensic science evidence, such as bite and foot-
print analysis, lineup identification, and bullet matching were recognized, even
the most revered form of forensic science—fingerprint identification—was found
to be fallible. Notably, even the “gold standard” of forensic evidence, namely
DNA analysis, can lead to an erroncous conviction if the sample is contaminated,
if specimens are improperly identified, or if appropriate laboratory protocols and
practices are not followed.

Yet despite its advances, science has remained fundamentally the same. In its
ideal expression, it examines the nature of nature in a rigorous, disciplined manner
in, whenever possible, controlled environments. It still is based on principles of
hypothesis generation, scrupulous study design, meticulous data collection, and
objective interpretation of experimental results. As in other human endeavors,
however, this ideal is not always met. Feverish competition between researchers
and their parent institutions, fervent publicity secking, and the potential for daz-
zling financial rewards can impair scientific objectivity. In recent years we have
experienced serious problems that range from the introduction of subtle bias in
the design and interpretation of experiments to overt fraudulent studies. In this
welter of modern science, ambitious scientists, self-designated experts, billion-
dollar corporate entities, and aggressive claimants, judges must weigh evidence,
judge, and decide.

As with previous editions of the Reference Manual, this edition is organized
according to many of the important scientific and technological disciplines likely
to be encountered by federal (or state) judges. We wish to highlight here two
critical issues germane to the interpretation of all scientific evidence, namely issues
of causation and conflict of interest. Causation is the task of attributing cause
and effect, a normal everyday cognitive function that ordinarily takes little or

xiii
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no effort. Fundamentally, the task is an inferential process of weighing evidence
and using judgment to conclude whether or not an effect is the result of some
stimulus. Judgment is required even when using sophisticated statistical methods.
Such methods can provide powerful evidence of associations between variables,
but they cannot prove that a causal relationship exists. Theories of causation
(evolution, for example) lose their designation as theories only if the scientific
community has rejected alternative theories and accepted the causal relation-
ship as fact. Elements that are often considered in helping to establish a causal
relationship include predisposing factors, proximity of a stimulus to its putative
outcome, the strength of the stimulus, and the strength of the events in a causal
chain. Unfortunately, judges may be in a less favorable position than scientists to
make causal assessments. Scientists may delay their decision while they or others
gather more data. Judges, on the other hand, must rule on causation based on
existing information. Concepts of causation familiar to scientists (no matter what
stripe) may not resonate with judges who are asked to rule on general causation
(i.e., 1s a particular stimulus known to produce a particular reaction) or specific
causation (i.e., did a particular stimulus cause a particular consequence in a spe-
cific instance). In the final analysis, a judge does not have the option of suspending
judgment until more information is available, but must decide after considering
the best available science. Finally, given the enormous amount of evidence to be
interpreted, expert scientists from different (or even the same) disciplines may not
agree on which data are the most relevant, which are the most reliable, and what
conclusions about causation are appropriate to be derived.

Like causation, conflict of interest is an issue that cuts across most, if not all,
scientific disciplines and could have been included in each chapter of the Reference
Manual. Conflict of interest manifests as bias, and given the high stakes and adver-
sarial nature of many courtroom proceedings, bias can have a major influence on
evidence, testimony, and decisionmaking. Conflicts of interest take many forms
and can be based on religious, social, political, or other personal convictions. The
biases that these convictions can induce may range from serious to extreme, but
these intrinsic influences and the biases they can induce are difficult to identify.
Even individuals with such prejudices may not appreciate that they have them, nor
may they realize that their interpretations of scientific issues may be biased by them.
Because of these limitations, we consider here only financial conflicts of interest;
such conflicts are discoverable. Nonetheless, even though financial conflicts can
be identified, having such a conflict, even one involving huge sums of money,
does not necessarily mean that a given individual will be biased. Having a financial
relationship with a commercial entity produces a conflict of interest, but it does
not inevitably evoke bias. In science, financial conflict of interest is often accom-
panied by disclosure of the relationship, leaving to the public the decision whether
the interpretation might be tainted. Needless to say, such an assessment may be
difficult. The problem is compounded in scientific publications by obscure ways
in which the conflicts are reported and by a lack of disclosure of dollar amounts.

Xiv
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Judges and juries, however, must consider financial conflicts of interest when
assessing scientific testimony. The threshold for pursuing the possibility of bias
must be low. In some instances, judges have been frustrated in identifying expert
witnesses who are free of conflict of interest because entire fields of science seem
to be co-opted by payments from industry. Judges must also be aware that the
research methods of studies funded specifically for purposes of litigation could
favor one of the parties. Though awareness of such financial conflicts in itself is
not necessarily predictive of bias, such information should be sought and evaluated
as part of the deliberations.

The Reference Manual on Scientific Evidence, here in its third edition, is formu-
lated to provide the tools for judges to manage cases involving complex scientific
and technical evidence. It describes basic principles of major scientific fields
from which legal evidence is typically derived and provides examples of cases in
which such evidence was used. Authors of the chapters were asked to provide an
overview of principles and methods of the science and provide relevant citations.
We expect that few judges will read the entire manual; most will use the volume
in response to a need when a particular case arises involving a technical or sci-
entific issue. To help in this endeavor, the Reference Manual contains completely
updated chapters as well as new ones on neuroscience, exposure science, mental
health, and forensic science. This edition of the manual has also gone through the
thorough review process of the National Academy of Sciences.

As in previous editions, we continue to caution judges regarding the proper
use of the reference guides. They are not intended to instruct judges concern-
ing what evidence should be admissible or to establish minimum standards for
acceptable scientific testimony. Rather, the guides can assist judges in identifying
the issues most commonly in dispute in these selected areas and in reaching an
informed and reasoned assessment concerning the basis of expert evidence. They
are designed to facilitate the process of identifying and narrowing issues concern-
ing scientific evidence by outlining for judges the pivotal issues in the areas of
science that are often subject to dispute. Citations in the reference guides identify
cases in which specific issues were raised; they are examples of other instances
in which judges were faced with similar problems. By identifying scientific areas
commonly in dispute, the guides should improve the quality of the dialogue
between the judges and the parties concerning the basis of expert evidence.

In our committee discussions, we benefited from the judgment and wisdom
of the many distinguished members of our committee, who gave time with-
out compensation. They included Justice Ming Chin of the Supreme Court
of California; Judge Pauline Newman of the U.S. Court of Appeals for the
Federal Circuit in Washington, D.C.; Judge Kathleen MacDonald O’Malley of
the U.S. Court of Appeals for the Federal Circuit; Judge Jed Rakoft of the U.S.
District Court for the Southern District of New York; Channing Robertson,
Ruth G. and William K. Bowes Professor, School of Enginering, and Professor,
Department of Chemical Engineering, Stanford University; Joseph Rodricks,

XV
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Principal, Environ, Arlington, Virginia; Allen Wilcox, Senior Investigator, Insti-
tute of Environmental Health Sciences, Research Triangle Park, North Carolina;
and Sandy Zabell, Professor of Statistics and Mathematics, Weinberg College of
Arts and Sciences, Northwestern University.

Special commendation, however, goes to Anne-Marie Mazza, Director of
the Committee on Science, Technology, and Law, and Joe Cecil of the Federal
Judicial Center. These individuals not only shepherded each chapter and its
revisions through the process, but provided critical advice on content and editing.
They, not we, are the real editors.

Finally, we would like to express our gratitude for the superb assistance of
Steven Kendall and for the diligent work of Guru Madhavan, Sara Maddox, Lillian
Maloy, and Julie Phillips.
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Introduction
STEPHEN BREYER

Stephen Breyer, L.L.B., is Associate Justice of the Supreme Court of the United States.

Portions of this Introduction appear in Stephen Breyer, The Interdependence of Science and Law, 280
Science 537 (1998).
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IN THIS AGE OF SCIENCE, SCIENCE SHOULD EXPECT TO find a warm wel-
come, perhaps a permanent home, in our courtrooms. The reason is a simple
one. The legal disputes before us increasingly involve the principles and tools of
science. Proper resolution of those disputes matters not just to the litigants, but
also to the general public—those who live in our technologically complex society
and whom the law must serve. Our decisions should reflect a proper scientific and
technical understanding so that the law can respond to the needs of the public.

Consider, for example, how often our cases today involve statistics—a tool
familiar to social scientists and economists but, until our own generation, not to
many judges. In 2007, the U.S. Supreme Court heard Zuni Public Schools District
No. 89 v. Department of Education,! in which we were asked to interpret a statis-
tical formula to be used by the U.S. Secretary of Education when determining
whether a state’s public school funding program “equalizes expenditures” among
local school districts. The formula directed the Secretary to “disregard” school
districts with “per-pupil expenditures . . . above the 95th percentile or below the
5th percentile of such expenditures . . . in the State.” The question was whether
the Secretary, in identifying the school districts to be disregarded, could look to
the number of pupils in a district as well as the district’s expenditures per pupil.
Answering that question in the affirmative required us to draw upon technical
definitions of the term “percentile” and to consider five different methods by
which one might calculate the percentile cutoffs.

In another recent Term, the Supreme Court heard two cases involving con-
sideration of statistical evidence. In Hunt v. Cromartie,”> we ruled that summary
judgment was not appropriate in an action brought against various state officials,
challenging a congressional redistricting plan as racially motivated in violation of
the Equal Protection Clause. In determining that disputed material facts existed
regarding the motive of the state legislature in redrawing the redistricting plan, we
placed great weight on a statistical analysis that offered a plausible alternative inter-
pretation that did not involve an improper racial motive. Assessing the plausibility
of this alternative explanation required knowledge of the strength of the statistical
correlation between race and partisanship, understanding of the consequences of
restricting the analysis to a subset of precincts, and understanding of the relation-
ships among alternative measures of partisan support.

In Department of Commerce v. United States House of Representatives,” residents
of a number of states challenged the constitutionality of a plan to use two forms
of statistical sampling in the upcoming decennial census to adjust for expected
“undercounting” of certain identifiable groups. Before examining the constitu-
tional issue, we had to determine if the residents challenging the plan had standing
to sue because of injuries they would be likely to suffer as a result of the sampling

1. 127 S. Ct. 1534 (2007).
2. 119'S. Ct. 1545 (1999).
3. 119'S. Ct. 765 (1999).
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plan. In making this assessment, it was necessary to apply the two sampling strate-
gies to population data in order to predict the changes in congressional apportion-
ment that would most likely occur under each proposed strategy. After resolving
the standing issue, we had to determine if the statistical estimation techniques were
consistent with a federal statute.

In each of these cases, we judges were not asked to become expert statisti-
cians, but we were expected to understand how the statistical analyses worked.
Trial judges today are asked routinely to understand statistics at least as well, and
probably better.

But science is far more than tools, such as statistics. And that “more” increas-
ingly enters directly into the courtroom. The Supreme Court, for example, has
recently decided cases involving basic questions of human liberty, the resolution
of which demanded an understanding of scientific matters. Recently we were
asked to decide whether a state’s method of administering a lethal injection to
condemned inmates constituted cruel and unusual punishment in violation of the
Eighth Amendment.* And in 1997, we were asked to decide whether the Consti-
tution protects a right to physician-assisted suicide.> Underlying the legal questions
in these cases were medical questions: What effect does a certain combination of
drugs, administered in certain doses, have on the human body, and to what extent
can medical technology reduce or eliminate the risk of dying in severe pain? The
medical questions did not determine the answer to the legal questions, but to do
our legal job properly, we needed to develop an informed—although necessarily
approximate—understanding of the science.

Nor were the lethal-injection and “right-to-die” cases unique in this respect.
A different case concerned a criminal defendant who was found to be mentally
competent to stand trial but not mentally competent to represent himself. We
held that a state may insist that such a defendant proceed to trial with counsel.®
Our opinion was grounded in scientific literature suggesting that mental illness
can impair functioning in different ways, and consequently that a defendant may
be competent to stand trial yet unable to carry out the tasks needed to present
his own defense.

The Supreme Court’s docket is only illustrative. Scientific issues permeate
the law. Criminal courts consider the scientific validity of, say, DNA sampling or
voiceprints, or expert predictions of defendants’ “future dangerousness,” which
can lead courts or juries to authorize or withhold the punishment of death. Courts
review the reasonableness of administrative agency conclusions about the safety of
a drug, the risks attending nuclear waste disposal, the leakage potential of a toxic
waste dump, or the risks to wildlife associated with the building of a dam. Patent
law cases can turn almost entirely on an understanding of the underlying technical

4. Baze v. Rees, 128 S. Ct. 1520 (2008).
5. Washington v. Glucksberg, 521 U.S. 702 (1997); Vacco v. Quill, 521 U.S. 793 (1997).
6. Indiana v. Edwards, 128 S. Ct. 2379 (2008).
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or scientific subject matter. And, of course, tort law often requires difficult deter-
minations about the risk of death or injury associated with exposure to a chemical
ingredient of a pesticide or other product.

The importance of scientific accuracy in the decision of such cases reaches
well beyond the case itself. A decision wrongly denying compensation in a toxic
substance case, for example, can not only deprive the plaintiff of warranted com-
pensation but also discourage other similarly situated individuals from even trying
to obtain compensation and encourage the continued use of a dangerous substance.
On the other hand, a decision wrongly granting compensation, although of imme-
diate benefit to the plaintiff, can improperly force abandonment of the substance.
Thus, if the decision is wrong, it will improperly deprive the public of what can
be far more important benefits—those surrounding a drug that cures many while
subjecting a few to less serious risk, for example. The upshot is that we must search
for law that reflects an understanding of the relevant underlying science, not for law
that frees companies to cause serious harm or forces them unnecessarily to abandon
the thousands of artificial substances on which modern life depends.

The search is not a search for scientific precision. We cannot hope to inves-
tigate all the subtleties that characterize good scientific work. A judge is not a
scientist, and a courtroom is not a scientific laboratory. But consider the remark
made by the physicist Wolfgang Pauli. After a colleague asked whether a certain
scientific paper was wrong, Pauli replied, “That paper isn’t even good enough
to be wrong!”” Our objective is to avoid legal decisions that reflect that paper’s
so-called science. The law must seck decisions that fall within the boundaries of
scientifically sound knowledge.

Even this more modest objective is sometimes difficult to achieve in practice.
The most obvious reason is that most judges lack the scientific training that might
facilitate the evaluation of scientific claims or the evaluation of expert witnesses
who make such claims. Judges typically are generalists, dealing with cases that can
vary widely in subject matter. Our primary objective is usually process-related:
seeing that a decision is reached fairly and in a timely way. And the decision in a
court of law typically (though not always) focuses on a particular event and specific
individualized evidence.

Furthermore, science itself may be highly uncertain and controversial with
respect to many of the matters that come before the courts. Scientists often express
considerable uncertainty about the dangers of a particular substance. And their
views may differ about many related questions that courts may have to answer.
What, for example, is the relevance to human cancer of studies showing that a
substance causes some cancers, perhaps only a few, in test groups of mice or rats?
What is the significance of extrapolations from toxicity studies involving high
doses to situations where the doses are much smaller? Can lawyers or judges or
anyone else expect scientists always to be certain or always to have uniform views

7. Peter W. Huber, Galileo’s Revenge: Junk Science in the Courtroom 54 (1991).
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with respect to an extrapolation from a large dose to a small one, when the causes
of and mechanisms related to cancer are generally not well known? Many difficult
legal cases fall within this area of scientific uncertainty.

Finally, a court proceeding, such as a trial, is not simply a search for dispas-
sionate truth. The law must be fair. In our country, it must always seck to protect
basic human liberties. One important procedural safeguard, guaranteed by our
Constitution’s Seventh Amendment, is the right to a trial by jury. A number of
innovative techniques have been developed to strengthen the ability of juries to
consider difficult evidence.? Any effort to bring better science into the courtroom
must respect the jury’s constitutionally specified role—even if doing so means that,
from a scientific perspective, an incorrect result is sometimes produced.

Despite the difficulties, I believe there is an increasingly important need for
law to reflect sound science. I remain optimistic about the likelihood that it will
do so. It is common to find cooperation between governmental institutions and
the scientific community where the need for that cooperation is apparent. Today,
as a matter of course, the President works with a science adviser, Congress solicits
advice on the potential dangers of food additives from the National Academy of
Sciences, and scientific regulatory agencies often work with outside scientists, as
well as their own, to develop a product that reflects good science.

The judiciary, too, has begun to look for ways to improve the quality of
the science on which scientifically related judicial determinations will rest. The
Federal Judicial Center is collaborating with the National Academy of Sciences
through the Academy’s Committee on Science, Technology, and Law.” The
Committee brings together on a regular basis knowledgeable scientists, engineers,
judges, attorneys, and corporate and government officials to explore areas of inter-
action and improve communication among the science, engineering, and legal
communities. The Committee is intended to provide a neutral, nonadversarial
forum for promoting understanding, encouraging imaginative approaches to prob-
lem solving, and discussing issues at the intersection of science and law.

In the Supreme Court, as a matter of course, we hear not only from the par-
ties to a case but also from outside groups, which file amicus curiae briefs that help
us to become more informed about the relevant science. In the “right-to-die”
case, for example, we received about 60 such documents from organizations of
doctors, psychologists, nurses, hospice workers, and handicapped persons, among
others. Many discussed pain-control technology, thereby helping us to identify
areas of technical consensus and disagreement. Such briefs help to educate the
justices on potentially relevant technical matters, making us not experts, but
moderately educated laypersons, and that education improves the quality of our
decisions.

8. See generally Jury Trial Innovations (G. Thomas Munsterman et al. eds., 1997).
9. A description of the program can be found at Committee on Science, Technology, and Law,
http://www.nationalacademies.org/stl (last visited Aug. 10, 2011).
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Moreover, our Court has made clear that the law imposes on trial judges the
duty, with respect to scientific evidence, to become evidentiary gatekeepers.'”
The judge, without interfering with the jury’s role as trier of fact, must determine
whether purported scientific evidence is “reliable” and will “assist the trier of
fact,” thereby keeping from juries testimony that, in Pauli’s sense, isn’t even good
enough to be wrong. This requirement extends beyond scientific testimony to all
forms of expert testimony.!!" The purpose of Dauberf's gatekeeping requirement
“is to make certain that an expert, whether basing testimony upon professional
studies or personal experience, employs in the courtroom the same level of intel-
lectual rigor that characterizes the practice of an expert in the relevant field.”!?

Federal trial judges, looking for ways to perform the gatekeeping func-
tion better, increasingly have used case-management techniques such as pretrial
conferences to narrow the scientific issues in dispute, pretrial hearings where
potential experts are subject to examination by the court, and the appointment
of specially trained law clerks or scientific special masters. For example, Judge
Richard Stearns of Massachusetts, acting with the consent of the parties in a
highly technical genetic engineering patent case,'® appointed a Harvard Medical
School professor to serve “as a sounding board for the court to think through
the scientific significance of the evidence” and to “assist the court in determining
the validity of any scientific evidence, hypothesis or theory on which the experts
base their testimony.”!* Judge Robert E. Jones of Oregon appointed experts from
four different fields to help him assess the scientific reliability of expert testimony
in silicone gel breast implant litigation."> Judge Gladys Kessler of the District of
Columbia hired a professor of environmental science at the University of Califor-
nia at Berkeley “to answer the Court’s technical questions regarding the meaning
of terms, phrases, theories and rationales included in or referred to in the briefs
and exhibits” of the parties.'® Judge A. Wallace Tashima of the Ninth Circuit has
described the role of technical advisor as “that of a ... tutor who aids the court
in understanding the jargon and theory’ relevant to the technical aspects of the
evidence.”!”

Judge Jack B. Weinstein of New York suggests that courts should some-

3

times “go beyond the experts proffered by the parties” and “appoint indepen-

10. Gen. Elec. Co. v. Joiner, 522 U.S. 136 (1997); Daubert v. Merrell Dow Pharms., Inc., 509
U.S. 579 (1993).

11. Kumbho Tire Co. v. Carmichael, 119 S. Ct. 1167 (1999).

12. Id. at 1176.

13. Biogen, Inc. v. Amgen, Inc., 973 F. Supp. 39 (D. Mass. 1997).

14. MediaCom Corp. v. Rates Tech., Inc., 4 F. Supp. 2d 17 app. B at 37 (D. Mass. 1998)
(quoting the Affidavit of Engagement filed in Biogen, Inc. v. Amgen, Inc., 973 F. Supp. 39 (D. Mass.
1997) (No. 95-10496)).

15. Hall v. Baxter Healthcare Corp., 947 F. Supp. 1387 (D. Or. 1996).

16. Conservation Law Found. v. Evans, 203 F. Supp. 2d 27, 32 (D.D.C. 2002).

17. Ass’n of Mexican-American Educators v. State of California, 231 F.3d 572, 612 (9th Cir.
2000) (en banc) (Tashima, J., dissenting).
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dent experts” as the Federal Rules of Evidence allow.!® Judge Gerald Rosen of
Michigan appointed a University of Michigan Medical School professor to testify
as an expert witness for the court, helping to determine the relevant facts in a
case that challenged a Michigan law prohibiting partial-birth abortions.!” Chief
Judge Robert Pratt of Iowa hired two experts—a professor of insurance and an
actuary—to help him review the fairness of a settlement agreement in a complex
class-action insurance-fraud case.’® And Judge Nancy Gertner of Massachusetts
appointed a professor from Brandeis University to assist the court in assessing a
criminal defendant’s challenge to the racial composition of the jury venire in the
Eastern Division of the District of Massachusetts.?!

In what one observer has described as “the most comprehensive attempt to
incorporate science, as scientists practice it, into law,”?? Judge Sam Pointer, Jr.,
of Alabama appointed a “neutral science panel” of four scientists from different
disciplines to prepare a report and testimony on the scientific basis of claims in sili-
cone gel breast implant product liability cases consolidated as part of a multidistrict
litigation process.?> The panel’s report was cited in numerous decisions exclud-
ing expert testimony that connected silicone gel breast implants with systemic
injury.>* The scientists’ testimony was videotaped and made part of the record
so that judges and jurors could consider it in cases returned to the district courts
from the multidistrict litigation process. The use of such videotape testimony can
result in more consistent decisions across courts, as well as great savings of time
and expense for individual litigants and courts.

These case-management techniques are neutral, in principle favoring neither
plaintiffs nor defendants. When used, they have typically proved successful. None-
theless, judges have not often invoked their rules-provided authority to appoint
their own experts.?> They may hesitate simply because the process is unfamiliar
or because the use of this kind of technique inevitably raises questions. Will use
of an independent expert, in effect, substitute that expert’s judgment for that of
the court? Will it inappropriately deprive the parties of control over the presenta-
tion of the case? Will it improperly intrude on the proper function of the jury?
Where is one to find a truly neutral expert? After all, different experts, in total
honesty, often interpret the same data differently. Will the search for the expert

18. Jack B. Weinstein, Individual Justice in Mass Tort Litigation: The Effect of Class Actions,
Consolidations, and Other Multiparty Devices 116 (1995).

19. Evans v. Kelley, 977 F. Supp. 1283 (E.D. Mich. 1997).

20. Grove v. Principal Mutual Life Ins. Co., 200 FR.D. 434, 443 (S.D. Towa 2001).

21. United States v. Green, 389 F. Supp. 2d 29, 48 (D. Mass. 2005).

22. Olivia Judson, Slide-Rule Justice, Nat’l J., Oct. 9, 1999, at 2882, 2885.

23. In re Silicone Gel Breast Implant Prod. Liab. Litig., Order 31 (N.D. Ala. filed May 30,
1996) (MDL No. 926).

24. See Laura L. Hooper et al., Assessing Causation in Breast Implant Litigation: The Role of Science
Panels, 64 Law & Contemp. Probs. 139, 181 n.217 (collecting cases).

25. Joe S. Cecil & Thomas E. Willging, Accepting Daubert’s Invitation: Defining a Role for Court-
Appointed Experts in Assessing Scientific Validity, 43 Emory L.J. 995, 1004 (1994).
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create inordinate delay or significantly increase costs? Who will pay the expert?
Judge William Acker, Jr., of Alabama writes:

Unless and until there is a national register of experts on various subjects and a
method by which they can be fairly compensated, the federal amateurs wear-
ing black robes will have to overlook their new gatekeeping function lest they
assume the intolerable burden of becoming experts themselves in every discipline
known to the physical and social sciences, and some as yet unknown but sure

to blossom.?®

A number of scientific and professional organizations have come forward
with proposals to aid the courts in finding skilled experts. The National Confer-
ence of Lawyers and Scientists, a joint committee of the American Association for
the Advancement of Science (AAAS) and the Science and Technology Section
of the American Bar Association, has developed a program to assist federal and
state judges, administrative law judges, and arbitrators in identifying indepen-
dent experts in cases that present technical issues, when the adversarial system is
unlikely to yield the information necessary for a reasoned and principled resolu-
tion of the disputed issues. The program locates experts through professional and
scientific organizations and with the help of a Recruitment and Screening Panel
of scientists, engineers, and health care professionals.?’

The Private Adjudication Center at Duke University—which unfortunately
no longer exists—established a registry of independent scientific and technical
experts who were willing to provide advice to courts or serve as court-appointed
experts.?® Registry services also were available to arbitrators and mediators and
to parties and lawyers who together agreed to engage an independent expert at
the early stages of a dispute. The registry recruited experts primarily from major
academic institutions and conducted targeted searches to find experts with the
qualifications required for particular cases. Registrants were required to adhere to
a code of conduct designed to ensure confidence in their impartiality and integrity.

Among those judges who have thus far experimented with court-appointed
scientific experts, the reaction has been mixed, ranging from enthusiastic to dis-
appointed. The Federal Judicial Center has examined a number of questions
arising from the use of court-appointed experts and, based on interviews with
participants in Judge Pointer’s neutral science panel, has offered lessons to guide
courts in future cases. We need to learn how better to identify impartial experts,
to screen for possible conflicts of interest, and to instruct experts on the scope of

26. Letter from Judge William Acker, Jr., to the Judicial Conference of the United States et al.
(Jan. 2, 1998).

27. Information on the AAAS program can be found at Court Appointed Scientific Experts,
http://www.aaas.org/spp/case/case.htm (last visited Aug. 10, 2011).

28. Letter from Corinne A. Houpt, Registry Project Director, Private Adjudication Center, to
Judge Rya W. Zobel, Director, Federal Judicial Center (Dec. 29, 1998) (on file with the Research
Division of the Federal Judicial Center).
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their duties. Also, we need to know how better to protect the interests of the par-
ties and the experts when such extraordinary procedures are used. We also need to
know how best to prepare a scientist for the sometimes hostile legal environment
that arises during depositions and cross-examination.?’

It would also undoubtedly be helpful to recommend methods for efficiently
educating (i.e., in a few hours) willing scientists in the ways of the courts, just as
it would be helpful to develop training that might better equip judges to under-
stand the ways of science and the ethical, as well as practical and legal, aspects of
scientific testimony.?

In this age of science we must build legal foundations that are sound in sci-
ence as well as in law. Scientists have offered their help. We in the legal com-
munity should accept that offer. We are in the process of doing so. This manual
seeks to open legal institutional channels through which science—its learning,
tools, and principles—may flow more easily and thereby better inform the law.
The manual represents one part of a joint scientific—legal effort that will further
the interests of truth and justice alike.

29. Laura L. Hooper et al., Neutral Science Panels: Two Examples of Panels of Court-Appointed
Experts in the Breast Implants Product Liability Litigation 93-98 (Federal Judicial Center 2001);
Barbara S. Hulka et al., Experience of a Scientific Panel Formed to Advise the Federal Judiciary on Silicone
Breast Implants, 342 New Eng. J. Med. 812 (2000).

30. Gilbert S. Omenn, Enhancing the Role of the Scientific Expert Witness, 102 Envtl. Health Persp.
674 (1994).
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[. Supreme Court Cases

In 1993, the Supreme Court’s opinion in Daubert v. Merrell Dow Pharmaceuticals'
ushered in a new ecra with regard to the admissibility of expert testimony. As
expert testimony has become increasingly essential in a wide variety of litigated
cases, the Daubert opinion has had an enormous impact. If plaintiffs’ expert proof is
excluded on a crucial issue, plaintiffs cannot win and usually cannot even get their
case to a jury. This discussion begins with a brief overview of the Supreme Court’s
three opinions on expert testimony—often called the Daubert trilogy>—and their
impact. It then examines a fourth Supreme Court case that relates to expert testi-
mony, before turning to a variety of issues that judges are called upon to resolve,
particularly when the proffered expert testimony hinges on scientific knowledge.

A. Daubert v. Merrell Dow Pharmaceuticals, Inc.

In the seminal Daubert case, the Court granted certiorari to decide whether the
so-called Frye (or “general acceptance™) test,> which some federal circuits (and
virtually all state courts) used in determining the admissibility of scientific evi-
dence, had been superseded by the enactment of the Federal Rules of Evidence
in 1973. The Court held unanimously that the Frye test had not survived. Six
justices joined Justice Blackmun in setting forth a new test for admissibility after
concluding that “Rule 702 . . . clearly contemplates some degree of regulation of
the subjects and theories about which an expert may testify.”* While the two other
members of the Court agreed with this conclusion about the role of Rule 702,
they thought that the task of enunciating a new rule for the admissibility of expert
proof should be left to another day.’

The majority opinion in Daubert sets forth a number of major themes that run
throughout the trilogy. First, it recognized the trial judge as the “gatekeeper” who
must screen proffered expert testimony.® Second, the objective of the screening
is to ensure that expert testimony, in order to be admissible, must be “not only
relevant, but reliable.”” Although there was nothing particularly novel about the
Supreme Court finding that a trial judge has the power to make an admissibility
determination—Federal Rules of Evidence 104(a) and 702 pointed to such a
conclusion—and federal trial judges had excluded expert testimony long before

1. 509 U.S. 579 (1993).
2. The other two cases are Gen. Elec. Co. v. Joiner, 522 U.S. 136 (1997) and Kumho Tire Co. v.
Carmichael, 526 U.S. 137 (1999). The disputed issue in all three cases was causation.
3. Frye v. United States, 293 F. 1013 (D.C. Cir. 1923).
4. Daubert, 509 U.S. at 589.
. Id. at 601.
. Id. at 589.
Id.

N ow
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Daubert, the majority opinion in Daubert stated that the trial court has not only
the power but the obligation to act as gatekeeper.®

The Court then considered the meaning of its two-pronged test of relevancy
and reliability in the context of scientific evidence. With regard to relevancy, the
Court explained that expert testimony cannot assist the trier in resolving a factual
dispute, as required by Rule 702, unless the expert’s theory is tied sufficiently to
the facts of the case. “Rule 702’s ‘helpfulness’ standard requires a valid scientific
connection to the pertinent inquiry as a precondition to admissibility.” This
consideration, the Court remarked, “has been aptly described by Judge Becker
as one of ‘fit.””1”

To determine whether proffered scientific testimony or evidence satisfies
the standard of evidentiary reliability,!" a judge must ascertain whether it is
“ground|ed] in the methods and procedures of science.”'> The Court, empha-
713 then

examined the characteristics of scientific methodology and set out a nonexclusive

sizing that “[t]he inquiry envisioned by Rule 702 is . . . a flexible one,

list of four factors that bear on whether a theory or technique has been derived
by the scientific method.'* First and foremost, the Court viewed science as an
empirical endeavor: “[Wlhether [a theory or technique| can be (and has been)
tested” is the “methodology [that] distinguishes science from other fields of human
inquiry.”!®
technique or theory has been subjected to peer review or publication, whether

The Court also mentioned as indicators of good science whether the

the existence of known or potential error rates has been determined, and whether
standards exist for controlling the technique’s operation.!® In addition, although
general acceptance of the methodology within the scientific community is no
longer dispositive, it remains a factor to be considered.!”

The Court did not apply its new test to the eight experts for the plaintiffs
who sought to testify on the basis of in vitro, animal, and epidemiological studies

8. Id.

9. Id. at 591-92.

10. Id. at 591. Judge Becker used this term in discussing the admissibility of expert testimony
about factors that make eyewitness testimony unreliable. See United States v. Downing, 753 F.2d
1224, 1242 (3d Cir. 1985) (on remand court rejected the expert testimony on ground of “fit” because
expert discussed factors such as the high likelihood of inaccurate cross-racial identifications that were
not present in the case) and United States v. Downing, 609 F. Supp. 784, 791-92 (E.D. Pa. 1985),
aff’d, 780 F.2d 1017 (3d Cir. 1985).

11. Commentators have faulted the Court for using the label “reliability” to refer to the concept
that scientists term “validity.” The Court’s choice of language was deliberate. It acknowledged that
scientists typically distinguish between validity and reliability and that “[i]n a case involving scientific
evidence, evidentiary reliability will be based upon scientific validity.” Daubert, 509 U.S. at 590 n.9.

12. Id. at 590.

13. Id. at 594.

14. Id. at 593-94. “[W]e do not presume to set out a definitive checklist or test.” Id. at 593.

15. Id.

16. Id. at 593-94.

17. Id. at 594.
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that the drug Bendectin taken by the plaintiffs’ mothers during pregnancy could
cause or had caused the plaintifts’ birth defects. Instead, it reversed and remanded
the case. Nor did the Court deal with any of the procedural issues raised by the
Daubert opinion, such as the burden, if any, on the party seeking a ruling exclud-
ing expert testimony, or the standard of review on appeal.

The Daubert opinion soon led to Daubert motions followed by Daubert hear-
ings as parties moved in limine to have their opponents’ experts precluded from
testifying at trial for failure to satisfy the new requirements for expert testimony.
The motions raised numerous questions that the Court had not dealt with, some
of which were dealt with in the next two opinions by the Supreme Court.

B. General Electric v. Joiner

In General Electric Co. v. Joiner,'® the second case in the trilogy, certiorari was
granted in order to determine the appropriate standard an appellate court should
apply in reviewing a trial court’s Daubert decision to admit or exclude scientific
expert testimony. In Joiner, the 37-year-old plaintiff, a longtime smoker with a
family history of lung cancer, claimed that exposure to polychlorinated biphenyls
(PCBs) and their derivatives had promoted the development of his small-cell lung
cancer. The trial court applied the Daubert criteria, excluded the opinions of the
plaintiffs experts, and granted the defendants’ motion for summary judgment.'”
The court of appeals reversed the decision, stating that “[b]ecause the Federal
Rules of Evidence governing expert testimony display a preference for admis-
sibility, we apply a particularly stringent standard of review to the trial judge’s
exclusion of expert testimony.”?"

All the justices joined Chief Justice Rehnquist in holding that abuse of discre-
tion is the correct standard for an appellate court to apply in reviewing a district
court’s evidentiary ruling, regardless of whether the ruling allowed or excluded
expert testimony.?! The Court unequivocally rejected the suggestion that a more
stringent standard is permissible when the ruling, as in joiner, is “outcome deter-
minative” because it resulted in a grant of summary judgment for the defendant
because the plaintiff failed to produce evidence of causation.?? In a concurring
opinion, Justice Breyer urged judges to avail themselves of techniques, such as the
use of court-appointed experts, that would assist them in making determinations

about the admissibility of complex scientific or technical evidence.??

18. 522 U.S. 136 (1997).

19. Joiner v. Gen. Elec. Co., 864 F. Supp. 1310 (N.D. Ga. 1994).

20. Joiner v. Gen. Elec. Co., 78 E.3d 524, 529 (11th Cir. 1996).

21. Gen. Elec. Co. v. Joiner, 522 U.S. at 141-43.

22. Id. at 142-43.

23. Id. at 147-50. This issue is discussed in further detail in Justice Breyer’s introduction to
this manual.
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With the exception of Justice Stevens, who dissented from this part of the
opinion, the justices then did what they had not done in Daubert—they examined
the record, found that the plaintiff’s experts had been properly excluded, and
reversed the court of appeals decision without a remand to the lower court. The
Court concluded that it was within the district court’s discretion to find that the
statements of the plaintiftf’s experts with regard to causation were nothing more
than speculation. The Court noted that the plaintiff never explained “how and
why the experts could have extrapolated their opinions”?* from animal studies
far removed from the circumstances of the plaintiff’s exposure.?® It also observed
that the district court could find that the four epidemiological studies the plaintiff
relied on were insufficient as a basis for his experts” opinions.?® Consequently, the
court of appeals had erred in reversing the district court’s determination that the
studies relied on by the plaintiff’s experts “were not sufficient, whether individu-
ally or in combination, to support their conclusions that Joiner’s exposure to PCBs
contributed to his cancer.”?’

The plaintiff in Joiner had argued that the epidemiological studies showed a
link between PCBs and cancer if the results of all the studies were pooled, and
that this weight-of-the-evidence methodology was reliable. Therefore, according
to the plaintiff, the district court erred when it excluded a conclusion based on a
scientifically reliable methodology because it thereby violated the Court’s precept
in Daubert that the “focus, of course, must be solely on principles and methodol-
ogy, not on the conclusions that they generate.”?® The Supreme Court responded
to this argument by stating that

conclusions and methodology are not entirely distinct from one another. Trained
experts commonly extrapolate from existing data. But nothing in either Daubert
or the Federal Rules of Evidence requires a district court to admit opinion evi-
dence which is connected to existing data only by the ipse dixit of the expert. A
court may conclude that there is simply too great an analytical gap between the
data and the opinion proffered.?’

24. Id. at 144.

25. The studies involved infant mice that had massive doses of PCBs injected directly into their
bodies; Joiner was an adult who was exposed to fluids containing far lower concentrations of PCBs.
The infant mice developed a different type of cancer than Joiner did, and no animal studies showed that
adult mice exposed to PCBs developed cancer or that PCBs lead to cancer in other animal species. Id.

26. The authors of the first study of workers at an Italian plant found lung cancer rates among
ex-employees somewhat higher than might have been expected but refused to conclude that PCBs
had caused the excess rate. A second study of workers at a PCB production plant did not find the
somewhat higher incidence of lung cancer deaths to be statistically significant. The third study made
no mention of exposure to PCBs, and the workers in the fourth study who had a significant increase
in lung cancer rates also had been exposed to numerous other potential carcinogens. Id. at 145—46.

27. Id. at 146-47.

28. Id. at 146 (quoting Daubert, 509 U.S. at 595).

29. Id. at 146.

15

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Manual on Scientific Evidence

Justice Stevens, in his partial dissent, assumed that the plaintiff’s expert was
entitled to rely on such a methodology, which he noted is often used in risk assess-
ment, and that a district court that admits expert testimony based on a weight-of-
the-evidence methodology does not abuse its discretion.® Justice Stevens would
have remanded the case for the court below to determine if the trial court had
abused its discretion when it excluded the plaintiff’s experts.!

C. Kumho Tire Co. v. Carmichael

Less than one year after deciding Joiner, the Supreme Court granted certiorari in
Kumbho to decide if the trial judge’s gatekeeping obligation under Daubert applies
only to scientific evidence or if it extends to profters of “technical, or other special-
ized knowledge,” the other categories of expertise recognized in Federal Rule of
Evidence 702. In addition, there was uncertainty about whether disciplines such as
economics, psychology, and other “soft” sciences were governed by this standard;
about when the four factors endorsed in Daubert as indicators of reliability had to
be applied; and how experience factors into the gatekeeping process. Although
Rule 702 specifies that an expert may be qualified through experience, the Court’s
emphasis in Daubert on “testability” suggested that an expert should not be allowed
to base a conclusion solely on experience if the conclusion can easily be tested.

In Kumho, the plaintiffs brought suit after a tire blew out on a minivan, caus-
ing an accident in which one passenger died and others were seriously injured.
The tire, which was manufactured in 1988, had been installed on the minivan
sometime before it was purchased as a used car by the plaintiffs in 1993. In their
diversity action against the tire’s maker and its distributor, the plaintiffs claimed
that the tire was defective. To support this allegation, the plaintiffs relied primarily
on deposition testimony by an expert in tire-failure analysis, who concluded on
the basis of a visual inspection of the tire that the blowout was caused by a defect
in the tire’s manufacture or design.

When the defendants moved to exclude the plaintiffs’ expert, the district
court agreed with the defendants that the Daubert gatekeeping obligation applied
not only to scientific knowledge but also to “technical analyses.”3?> The district
court excluded the plaintiffs’ expert and granted summary judgment. Although
the court conceded on a rehearing that it had erred in treating the four factors dis-
cussed in Daubert as mandatory, it adhered to its original determination because the
court simply found the Daubert factors appropriate, analyzed them, and discerned
no competing criteria sufficiently strong to outweigh them.?

30. Id. at 153-54.

31. Id. at 150-51.

32. Carmichael v. Samyang Tire, Inc., 923 F. Supp. 1514, 1522 (S.D. Ala. 1996), rev’d, 131
F.3d 1433 (11th Cir. 1997), rev’d sub nom. Kumho Tire Co. v. Carmichael, 526 U.S. 137 (1999).

33. Id. at 1522, 1524.
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The Eleventh Circuit reversed the district court’s decision in Kumho, holding,
as a matter of law under a de novo standard of review, that Daubert applies only
to scientific opinions.** The court of appeals drew a distinction between expert
testimony that relies on the application of scientific theories or principles—which
would be subject to a Daubert analysis—and testimony that is based on the expert’s
“skill- or experience-based observation.”*®> The court then found that the testi-
mony proffered by plaintiff was “non-scientific” and that “the district court erred

as a matter of law by applying Daubert in this case.”3°

The circuit court agreed that
the trial court has a gatekeeping obligation; its quarrel with the district court was
with that court’s assumption that Daubert’s four factors had to be applied.

All of the justices of the Supreme Court, in an opinion by Justice Breyer, held
that the trial court’s gatekeeping obligation extends to all expert testimony,*’ and
unanimously rejected the Eleventh Circuit’s dichotomy between the expert who
“relies on the application of scientific principles” and the expert who relies on
“skill- or experience-based observation.”?® The Court noted that Federal Rule of
Evidence 702 “makes no relevant distinction between ‘scientific’ knowledge and

s

‘technical’ or ‘other specialized’ knowledge,” and “applies its reliability standard
to all . . . matters within its scope.”?® Furthermore, said the Court, “no clear line”
can be drawn between the different kinds of knowledge, and “no one denies that
an expert might draw a conclusion from a set of observations based on extensive
and specialized experience.”*"

The Court also unanimously found that the court of appeals had erred when
it used a de novo standard, instead of the Joiner abuse-of-discretion standard, to
determine that Daubert’s criteria were not reasonable measures of the reliability
of the expert’s testimony.*' As in Joiner, and again over the dissent of Justice
Stevens,*? the Court then examined the record and concluded that the trial court
had not abused its discretion when it excluded the testimony of the witness.
Accordingly, it reversed the opinion of the Eleventh Circuit.

The opinion adopts a flexible approach that stresses the importance of iden-
tifying “the particular circumstances of the particular case at issue.”*® The court
must then make sure that the proffered expert will observe the same standard of
“intellectual rigor” in testifying as he or she would employ when dealing with

similar matters outside the courtroom.**

34. Carmichael v. Samyang Tire, Inc., 131 E3d 1433, 1435 (11th Cir. 1997).
35. 1d.

36. Id. at 1436 (footnotes omitted).

37. Kumho Tire Co. v. Carmichael, 526 U.S. 137 (1999).
38. Id. at 151.

39. Id. at 148.

40. Id. at 156.

41. Id. at 152.

42. Id. at 158.

43. Id. at 150.

44. Id. at 152.
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How this extremely flexible approach of the Court is to be applied emerges in
Part III of the opinion when the Court engages in a remarkably detailed analysis
of the record that illustrates its comment in Joiner that an expert must account for
“how and why” he or she reached the challenged opinion.*?

The Court illustrated the application of this standard to the facts of the case

and its deference to the district court findings as follows:

After examining the transcript in some detail, and after considering respondents’
detense of Carlson’s methodology, the District Court determined that Carlson’s
testimony was not reliable. It fell outside the range where experts might rea-
sonably differ, and where the jury must decide among the conflicting views of
different experts, even though the evidence is shaky. In our view, the doubts
that triggered the District Court’s initial inquiry here were reasonable, as was the

court’s ultimate conclusion.*®

Although Kumho is the most recent pronouncement by the Supreme Court
on how to determine whether proffered testimony by an expert is admissible,
and Rule 702 of the Federal Rules of Evidence was amended in 2000 to provide
“some general standards that the trial court must use to assess the reliability and
helpfulness of proffered expert testimony,” it is still Daubert that trial courts cite
and rely on most frequently when ruling on a motion to preclude expert testi-
mony.*” Even though Daubert interprets a federal rule of evidence, and rules of
evidence are designed to operate at trial, Daubert’s greatest impact has been pre-
trial: If plaintiff’s experts can be excluded from testifying about an issue crucial to
plaintiff’s case, the litigation may end with summary judgment for the defendant.
Furthermore, although summary judgment grants are reviewed de novo by an
appellate court, there is nothing to review if plaintiff failed to submit admissible
evidence on a material issue. Consequently, only the less stringent abuse-of-
discretion standard will apply, and there will be less chance for a reversal on appeal.

D. Weisgram v. Marley

Plaintiff is entitled to only one chance to select an expert who can withstand a
Daubert motion. In a fourth Supreme Court case, Weisgram v. Marley,*® the district
court ruled for plaintiffs on a Daubert motion and the plaintiffs won a jury verdict.
On appeal, the circuit court found that, despite the abuse-of-discretion standard,
plaintiff’s experts should have been excluded and granted judgment as a matter
of law for the defendants. Plaintiffs argued that they now had the right to a new
trial at which they could introduce more expert testimony. The Supreme Court

45. Gen. Elec. Co v. Joiner, 522 U.S. 136, 144 (1997).
46. Kumho Tire Co. v. Carmichael, 526 U.S. at 153.
47. A search of federal cases on Westlaw after Kumho was decided indicates that the Daubert

decision has been cited more than twice as often as the Kumho decision.
48. 528 U.S. 440 (2000).
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granted certiorari limited to the new trial issue (it did not review the Daubert
determination) but refused to grant a new trial. Justice Ginsberg explained:

Since Daubert, moreover, parties relying on expert testimony have had notice of
the exacting standards of reliability such evidence must meet. . . . It is implau-
sible to suggest, post-Daubert, that parties will initially present less than their best
expert evidence in the expectation of a second chance should their first trial fail. *

Weisgram causes tactical problems for plaintiffs about how much to spend
for expert testimony. Should they pay for additional expensive expert testimony
even though they think the district court would rule in their favor on a Daubert
motion, or is the risk of a reversal on Daubert grounds and a consequent judgment
for the defendant too great despite the abuse-of-discretion standard? Weisgram
may indeed push plaintiffs to bring the very best expertise into litigation—a
stated goal of the trilogy, but it may also make it difficult to litigate legitimate
claims because of the cost of expert testimony. Is access to the federal courts less
important than regulating the admissibility of expert testimony? Even if plaintiffs
successfully withstand a Daubert motion, that does not guarantee they will win
were the case to be tried. But very few cases now go to trial, and an inability by
the defendant to exclude plaintiffs’ experts undoubtedly affects the willingness
of the defendant to negotiate a settlement.

[1. Interpreting Daubert

Although almost 20 years have passed since Daubert was decided, a number of
basic interpretive issues remain.

A. Atomization

When there is a Daubert challenge to an expert, should the court look at all the
studies on which the expert relies for their collective effect or should the court
examine the reliability of each study independently? The issue arises with proof of
causation in toxic tort cases when plaintiff’s expert relies on studies from different
scientific disciplines, or studies within a discipline that present different strengths
and weaknesses, in concluding that defendant’s product caused plaintift’s adverse
health effects. Courts rarely discuss this issue explicitly, but some appear to look
at each study separately and give no consideration to those studies that cannot
alone prove causation.

Although some use the language in Joiner as the basis for this slicing-and-dic-
ing approach,® scientific inference typically requires consideration of numerous

49. 528 U.S. at 445 (internal citations omitted).
50. See discussion, supra notes 28-31 and related text.
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findings, which, when considered alone, may not individually prove the conten-
tion.> It appears that many of the most well-respected and prestigious scientific
bodies (such as the International Agency for Research on Cancer (IARC), the
Institute of Medicine, the National Research Council, and the National Institute
for Environmental Health Sciences) consider all the relevant available scientific
evidence, taken as a whole, to determine which conclusion or hypothesis regard-
ing a causal claim is best supported by the body of evidence. In applying the scien-
tific method, scientists do not review cach scientific study individually for whether
by itself it reliably supports the causal claim being advocated or opposed. Rather,
as the Institute of Medicine and National Research Council noted, “summing,
or synthesizing, data addressing different linkages [between kinds of data] forms a
more complete causal evidence model and can provide the biological plausibility
needed to establish the association” being advocated or opposed.>® The IARC has
concluded that “[t]he final overall evaluation is a matter of scientific judgment
reflecting the weight of the evidence derived from studies in humans, studies in

experimental animals, and mechanistic and other relevant data.”>?

B. Conflating Admissibility with Sufficiency

In Daubert, Justice Blackmun’s opinion explicitly acknowledges that in some cases
admissible evidence may not suftice to support a verdict in favor of plaintiffs. In
other words, it seems to recognize that the admissibility determination comes first
and is separate from the sufficiency determination. But in Joiner the Court pays
little attention to this distinction and suggests that plaintiff’s expert testimony may
be excluded if the evidence on which he secks to rely is itself deemed insufficient.

But what difference does it make if sufficiency is conflated with admissibility?>*
After all, the case’s final outcome will be the same. As Daubert recognizes, the trial
judge’s authority to decide whether the plaintiff has produced sufficient evidence
to withstand a dispositive motion under Rule 56 or 50 is indisputable; a one-step
process that considers sufficiency when adjudicating a Daubert motion is arguably

51. See e.g., Susan Haack, An Epistemologist in the Bramble-Bush: At the Supreme Court with
M. Joiner, 26 ]. Health Pol. Pol'y & L. 217-37 (1999) (discussing the individual studies that lead to
the compelling inference of a double-helical structure of a DNA molecule, which, when considered
separately, fail to compel that inference). See also Milward v. Acuity Specialty Products Group, Inc.,
F.3d _, 2011 WL 982385, *10 639 E.3d 11, 26 (1st Cir. 2011) (reversing the district court’s exclusion
of expert testimony based on an assessment of the direct causal effect of the individual studies, finding
that the “weight of the evidence” properly supported the expert’s opinion that exposure to benzene
can cause acute promyelocytic leukemia).

52. Institute of Medicine and National Research Council, Dietary Supplements: A Framework
for Evaluating Safety 262 (2005).

53. Vincent J. Cogliano et al., The Science and Practice of Carcinogen Identification and Evaluation,
112 Envtl. Health Persp. 1272 (2004).

54. The distinction between admissibility and sufficiency is also discussed in Michael D. Green
et al., Reference Guide on Epidemiology, Section VII, in this manual.

20

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

The Admissibility of Expert Testimony

more efficient than a two-step process that requires the district judge to analyze
admissibility before it can turn to sufficiency.

There are, however, consequences to conflating admissibility and sufficiency.
The de novo standard of review that ordinarily applies to judgments as a matter of
law following a determination of insufficient evidence is converted into the lower
abuse-of-discretion standard that governs evidentiary rulings on admissibility, and
thereby undermines the jury trial mandate of the Seventh Amendment. Science
proceeds by cumulating and synthesizing evidence until there is enough for a new
paradigm. That does not mean that every study meets the most rigorous scientific
standards. Judgment is required in determining which inferences are appropriate,
but an approach that encourages looking at studies sequentially rather than holisti-
cally has costs that must be considered.

C. Credibility

Daubert and the expense of litigation make it difficult for courts to hew to the line
that assigns credibility issues to the jury rather than the court. One troublesome
area is conflicts of interest. To what extent should a court permit the plaintift to
inquire into the defense expert’s relationship with the defendant? If the expert
testified at trial, information that could have skewed the expert’s testimony could
be brought to the attention of the jury through cross-examination or extrinsic
evidence. Impeachment by bias suffers from fewer constraints than other forms
of impeachment.> But suppose the defendant seeks through a Daubert challenge
to exclude the plaintiff’s expert witness as relying on unreliable evidence to show
causation in a toxic tort action. The defendant supports its argument with testi-
mony by an academic from a highly respected institution whose research shows
that the defendant’s product is safe. Should the court permit the plaintift to inquire
whether the expert was on the payroll of the defendant corporation, or attended
conferences paid for by the defendant, or received gifts from the defendant? What
about corporate employees ghostwriting reports about their products that are then
submitted in someone else’s name? Other ties that an expert may have to industry
have also been reported: royalties, stock ownership, working in an institution that
receives considerable funding from the defendant. These are all practices that have
been reported in the media and are practices that the plaintiff would like to ques-
tion the expert about under oath.>® A court is unlikely to allow a wide-ranging

55. See United States v. Abel, 469 U.S. 45, 50 (1984) (explaining that “proof of bias is almost
always relevant because the jury, as finder of fact and weigher of credibility, has historically been
entitled to assess all evidence which might bear on the accuracy and truth of a witness’ testimony”).

56. See, e.g., In re Welding Fume Products, 534 F. Supp. 2d 761, 764 (N.D. Ohio 2008)
(requiring all parties to the litigation to “disclose the fact of, and the amounts of, payments they made,
either directly or indirectly, to any entity (whether an individual or organization) that has authored
or published any study, article, treatise, or other text upon which any expert in this MDL litigation
relies, or has relied”).
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fishing expedition if the plaintiff has no proof that the defense expert engaged in
such behavior. But even if the plaintift has extrinsic evidence available that points
to conflicts of interest on the part of the expert, how should a court assess this
information in ruling on the admissibility of plaintiff’s experts? Is this a credibility
determination? Should allegations about conflicts be resolved by the judge at an
in limine hearing, or should the plaintiff’s expert be permitted to testify so that
this issue can be explored at trial?

Another troublesome issue about credibility arises when an expert seeks to
base an opinion on controverted evidence in the case. May the court exclude the
expert’s opinion on a Daubert motion if it finds that the expert’s model did not
incorporate the appropriate data that fit the facts of the case, or is this an issue
for the jury?>’

Does the court avoid a credibility determination if it finds that the expert is
qualified but the court disagrees with the theory on which the expert is relying?
In Kochert v. Greater Lafayette Health Serv. Inc.,® a complex antitrust case, the court
held that the trial court properly excluded the plaintiff’s economic experts on the
ground that the plaintiff’s antitrust theory was based on the wrong legal standard
after ruling for the plaintiff on Daubert challenges.

1. Applying Daubert

Application of Daubert raises a number of persistent issues, many of which relate
to proof of causation. The three cases in the trilogy and Weisgram all turned on
questions of causation, and the plaintiffs in each of the cases ultimately lost because
they failed to introduce admissible expert testimony on this issue.

Causation questions have been particularly troubling in cases in which plain-
tiffs allege that the adverse health effects for which they seek damages are a result
of exposure to the defendant’s product.

A. Is the Expert Qualified?

As a threshold matter, the witness must be qualified as an expert to present
expert opinion testimony. An expert needs more than proper credentials, whether
grounded in “skill, experience, training or education” as set forth in Rule 702 of
the Federal Rules of Evidence. A proposed expert must also have “knowledge.”

57. Compare Consol. Insured Benefits, Inc. v. Conseco Med. Ins. Co., No. 03-cv-3211, 2006
WL 3423891 (D.S.C. 2006) (fraud case; Daubert motion to exclude plaintiff’s expert economist’s testi-
mony on damages; court finds that testimony question of weight, not admissibility) with Concord Boat
Corp. v. Brunswick Corp., 207 F.3d 1039, 1055-56 (8th Cir. 2000) (excluding expert’s testimony as
“mere speculation” that ignored inconvenient evidence).

58. 463 F.3d 710 (7th Cir. 2006).
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For example, an expert who seeks to testify about the findings of epidemiological
studies must be knowledgeable about the results of the studies and must take into
account those studies that reach conclusions contrary to the position the expert
secks to advocate.

B. Assessing the Scientific Foundation of Studies from Different
Disciplines

Expert opinion is typically based on multiple studies, and those studies may come
from different scientific disciplines. Some courts have explicitly stated that certain
types of evidence proffered to prove causation have no probative value and there-
fore cannot be reliable.>® Opinions based on animal studies have been rejected
because of reservations about extrapolating from animals to humans or because the
plaintiff’s extrapolated dose was lower than the animals’—which is invariably the
case because one would have to study unmanageable, gigantic numbers of animals
to see results if animals were not given high doses. The field of toxicology, which,
unlike epidemiology, is an experimental science, is rapidly evolving, and prior case
law regarding such studies may not take into account important new developments.

But even when there are epidemiological studies, a court may conclude that
they cannot prove causation because they are not conclusive and therefore unreli-
able. And if they are unreliable, they cannot be combined with other evidence.®

Experts will often rely on multiple studies, each of which has some probative
value but, when considered separately, cannot prove general causation.

As noted above, trial judges have great discretion under Daubert and a court
is free to choose an atomistic approach that evaluates the available studies one by
one. Some judges have found this practice contrary to that of scientists who look
at knowledge incrementally.®! But there are no hard-and-fast scientific rules for
synthesizing evidence, and most research can be critiqued on a variety of grounds.

59. See, e.g., In re Rezulin, 2004 WL 2884327, at *3 (S.D.N.Y. 2004); Cloud v. Pfizer Inc.,
198 F. Supp. 2d 1118, 1133 (D. Ariz. 2001) (stating that case reports were merely compilations of
occurrences and have been rejected as reliable scientific evidence supporting an expert opinion that
Daubert requires); Haggerty v. Upjohn Co., 950 F. Supp. 1160, 1164 (S.D. Fla. 1996), aff’d, 158 F.3d
588 (11th Cir. 1998) (“scientifically valid cause and effect determinations depend on controlled clinical
trials and epidemiological studies”); Wade-Greaux v. Whitehall Labs., Inc., 874 F. Supp. 1441, 1454
(D.V.I. 1994), aff’d, 46 F.3d 1120 (3d Cir. 1994) (stating there is a need for consistent epidemiological
studies showing statistically significant increased risks).

60. See Hollander v. Sandoz Pharm. Corp., 289 F.3d 1193, 1216 n.21 (10th Cir. 2002) (“To sug-
gest that those individual categories of evidence deemed unreliable by the district court may be added to
form a reliable theory would be to abandon ‘the level of intellectual rigor of the expert in the field.””).

61. See, e.g., In re Ephedra, 393 F. Supp. 2d 181, 190 (S.D.N.Y. 2005) (allowing scientific expert
testimony regarding “‘a confluence of suggestive, though non-definitive, scientific studies [that] make[s]
it more-probable-than-not that a particular substance . . . contributed to a particular result. . . .”; after
a two-week Daubert hearing in a case in which there would never be epidemiological evidence, the
court concluded that some of plaintiffs” experts could testify on the basis of animal studies, analogous
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Few studies are flawless. Epidemiology is vulnerable to attack because of problems
with confounders and bias. Furthermore, epidemiological studies are grounded
in statistical models. What role should statistical significance play in assessing the
value of a study? Epidemiological studies that are not conclusive but show some
increased risk do not prove a lack of causation. Some courts find that they there-
fore have some probative value,?? at least in proving general causation.®

Even, however, if plaintiffs convince the trial judge that their experts relied
on reliable and relevant evidence in establishing general causation, that is, in opin-
ing that the defendant’s product can cause the adverse effects for which plaintiffs
seek compensation, plaintiffs must also present admissible expert testimony that
the defendant’s product caused their specific injuries. For example, in the Zyprexa
litigation,®* the court found that plaintiffs’ expert’s conclusion that Zyprexa may
cause excessive weight gain leading to diabetes was well supported, but the expert’s
assertion that Zyprexa had a direct adverse effect on cells essential to the produc-
tion of insulin by the body in cases in which there was no documented weight
gain lacked scientific support. The record demonstrates that the expert’s opinions
relied on a subjective methodology, a fast-and-loose application of his scientific
theories to the facts, and conclusion-driven assessments on the issues of causation
in the cases on which he proposed to testify. He was not allowed to testify because
his opinions were neither “based upon sufficient facts or data,” nor were they “the
product of reliable principles and methods,” and he had not “applied the principles
and methods reliably to the facts of the case.”®®

Courts handling Daubert motions sometimes sound as though only one pos-
sible answer is legitimate. If scientists seeking to testify for opposing sides disagree,
some courts conclude that one side must be wrong.°® The possibility that both
sides are offering valid scientific inferences is rarely recognized, even though this
happens often in the world of science.

As noted above, district courts have great discretion in deciding how to pro-
ceed when faced with evidence from different scientific disciplines and presenting
different degrees of scientific rigor. In assessing the proffered testimony of the

human studies, plausible theories of the mechanisms involved, etc.); Milward v. Acuity Specialty Prods.
Group, Inc., 639 F.3d 11 (Ist Cir. 2011).

62. See Cook v. Rockwell Int’l Corp., 580 F. Supp. 2d 1071 (D. Colo. 2006) (discussing why
the court excluded expert’s testimony, even though his epidemiological study did not produce statisti-
cally significant results).

63. In re Viagra Prods., 572 F. Supp. 2d 1071 (D. Minn. 2008) (extensive review of all expert
evidence proffered in multidistricted product liability case).

64. See In re Zyprexa Prods., 2009 WL 1357236 (E.D.N.Y. May 12, 2009) (providing citations
to opinions dealing with Daubert rulings and summary judgment motions in the Zyprexa litigation).

65. See Fed. R. Evid. 702; ¢f. Gen. Elec. Co. v. Joiner, 522 U.S. 136, 146 (opinion that “is con-
nected to existing data only by the ipse dixit of the expert” need not be admitted).

66. See Soldo v. Sandoz Pharm. Corp., 2003 WL 22005007 (W.D. Pa. 2003) (stating that court
appointed three experts to assist it pursuant to Fed. R. Evid. 706 and then rejected opinion express-

ing minority view).
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expert in light of the studies on which the testimony is based, courts may choose

to limit the opinion that the expert would be allowed to express if the case went

1.67

to trial.®” Given the expense of trials, the paucity of trials, and the uncertainty

about how jurors would evaluate such testimony, limiting an expert’s opinion
may lead to settlements.®®

The abuse-of-discretion standard may lead to inconsistent results in how
courts handle proof of causation. There can be inconsistencies even within cir-
cuits when district judges disagree on whether plaintiffs’ experts have met their
burden of proof.®

C. How Should the Courts Assess Exposure?

Another difficulty in proving causation in toxic tort cases is that plaintiff must
establish that he or she was exposed to defendant’s product. Obviously this is not a

problem with prescription drugs, but in other types of cases, such as environmen-

tal torts, establishing exposure and the extent of the exposure can be difficult.””

Although exact data on exposure need not be required, an expert should, how-

ever, be able to provide reasonable explanations for his or her conclusions about

the amount of exposure and that it sufficed to cause plaintiffs” injuries.”!

67 See, e.g., In re Ephedra, 393 F. Supp. 2d 181 (S.D.N.Y. 2005) (stating that qualified experts
may testify to a reliable basis for believing that ephedra may contribute to cardiac injury and strokes in
persons with high blood pressure, certain serious heart conditions, or a genetic sensitivity to ephedra;
experts would have to acknowledge that none of this has been the subject of definitive studies and
may yet be disproved).

68. But f. Giles v. Wyeth, 556 F.3d 596 (7th Cir. 2009) (plaintiff won Daubert challenge but
lost at trial).

69. Compare Bonner v. ISP Techs., Inc., 259 E.3d 924 (8th Cir. 2001) (affirming jury verdict
that exposure to solvent caused plaintiff’s psychological and cognitive impairment and Parkinsonian
symptoms; defendant argued that expert’s opinion based on case reports, animal studies, structural
analysis studies should have been excluded on Daubert grounds; the court stated: “The first several
victims of a new toxic tort should not be barred from having their day in court simply because the
medical literature, which will eventually show the connection between the victims’ condition and the
toxic substance, has not yet been completed.”) with Glastetter v. Novartis Pharm. Corp., 107 F. Supp.
2d 1015 (E.D. Mo. 2000), aff’d per curiam, 252 F.3d 986 (8th Cir. 2001) (plaintift claimed that drug she
had taken for lactation suppression had caused her stroke; trial court held that Daubert precluded experts
from finding causation on the basis of case reports, animal studies, human dechallenge/rechallenge
data, internal documents from defendant, and Food and Drug Administration’s revocation of drug for
lactation suppression; appellate court stated: “We do not discount the possibility that stronger evidence
of causation exists, or that, in the future, physicians will demonstrate to a degree of medical certainty
that Parlodel can cause ICHs. Such evidence has not been presented in this case, however, and we
have no basis for concluding that the district court abused its discretion in excluding Glastetter’s expert
evidence.” Id. at 992.

70. Issues involving assessment of exposure are discussed in Joseph V. Rodricks, Reference
Guide on Exposure Science, in this manual.

71. Anderson v. Hess Corp., 592 F. Supp. 2d 1174, 1178 (D.N.D. 2009) (“[A] plaintiff [in a
toxic tort case] is not required to produce a mathematically precise table equating levels of exposure

25

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Manual on Scientific Evidence

Suppose, for example, that plaintift alleges that her unborn child suffered
injuries when her room was sprayed with an insecticide. Plaintiff’s expert is pre-
pared to testify that she relied on another expert’s opinion that the insecticide can
cause harm of the sort suffered by the child and that academic studies have found
injuries when less than the amount sprayed in this case was used. But the expert
who offered this opinion reached this conclusion without considering the size of
the house, or the area treated, or how it was applied, or the amount applied to
the outside of the house. And no one had measured this substance in the mother.
Consequently, the court found that plaintiff had not provided adequate proof of
exposure.’?

A recent case that illustrates the complex problems that arise with exposure
issues is Henricksen v. ConocoPhilips Co.”® In Henricksen, the plaintiff who drove a
gasoline tanker truck for 30 years alleged that his acute myelogenous leukemia
(AML) was caused by his occupational exposure to benzene, a component of gaso-
line. Although some studies show that AML, or at least some forms of AML, may
be caused by exposure to benzene, the same is not true with regard to gasoline.
The court rejected testimony by plaintiff’s experts that sought to link the exposure
to the benzene in the gasoline to plaintiff’s claim. There were numerous problems:
Did plaintiff manifest symptoms typical of AML that was chemically induced and
not idiopathic? How could one calculate how much benzene plaintift would have
been exposed to considering how many hours he worked and how the gasoline
was delivered? How much benzene exposure is required to support the conclu-
sion that general causation has been established? Each of these issues is discussed
in considerable detail, suggesting that the studies that would logically be needed
to conclude that the alleged exposure can be linked to causation may simply not
have been done. Because the plaintiff bears the burden of proof, this means that
plaintift’s experts often will be excluded.

IV. Forensic Science

To date, Daubert has rarely been raised in the forensic context, but this may be
about to change.” We do not know as yet what shifts may occur in response to
the National Academies’ highly critical report on the forensic sciences.”> We do
know that the report played a role in the Supreme Court’s opinion in Melendez-

with levels of harm—plaintiff must only produce evidence from which a reasonable person could
conclude that the defendant’s emissions probably caused the plaintiff’s harms.”).

72. Junk v. Terminix Int’l. Co., 594 F. Supp. 2d 1062 (S.D. Iowa 2008).

73. 605 F. Supp. 2d 1142 (E.D. Wash. 2009).

74. These issues are discussed at greater length in Paul C. Giannelli et al., Reference Guide on
Forensic Identification Expertise, in this manual.

75. National Research Council, Strengthening Forensic Science in the United States: A Path
Forward (2009).
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Diaz v. Massachusetts’®

concerning the application of the Confrontation Clause to
expert forensic testimony. But it will take some time to understand the repercus-
sions this opinion will cause in the criminal justice system.

Even aside from this constitutional development and in the absence of con-
gressional or other institutional action, the extensive coverage of the National
Academies’ report by the media and academia may bring about change. Further-
more, analysts of the more than 200 DNA exonerations to date claim that in more
than 50% of the cases, invalid, or improperly conducted, or misleadingly inter-
preted forensic science contributed to the wrongful convictions.”” The seriousness
of these mistakes is aggravated because some of the inmates were on death row.
These developments may affect judicial approaches to opinions offered by pros-
ecution experts. Also, as judges write more sharply focused opinions in civil cases,
the very different approach they use in criminal cases stands out in vivid contrast.
Supposedly, the federal rules are trans-substantive, and it is certainly arguable that
errors that bear on life and liberty should weigh more heavily than errors in civil
cases concerned primarily with money.

To date, however, few prosecution experts have been excluded as witnesses
in criminal prosecutions.”® Usually judges have allowed them to testify or, at most,
have curtailed some of the conclusions that prosecution experts sought to offer.””
However, there are a number of issues in forensic sciences that may become the
object of Daubert challenges.

A. Validity

As the discussion in Chapter 5 of the National Academies’ report recounts, foren-
sic fields vary considerably with regard to the quantity and quality of research done
to substantiate that a given technique is capable of making reliable individualized

76. 129 S. Ct. 2527, 2536 (2009).

77. The Innocence Project, available at www.innocenceproject.org.

78. See Maryland v. Rose, Case No. K06-0545 at 31 (Balt. County Cir. Ct. Oct. 19, 2007)
(excluding fingerprint evidence in a death penalty case as a “subjective, untested, unverifiable identi-
fication procedure that purports to be infallible”).

79. See, e.g., United States v. Green, 405 F. Supp. 2d 104 (D. Mass. 2005) (explaining that an
expert would be permitted to describe similarities between shell casings but prohibited from testifying
to match; Judge Gertner acknowledged that toolmark identification testimony should be excluded
under Daubert, but that every single court post-Daubert admitted the testimony); United States v.
Glynn, 578 F. Supp. 2d 567 (S.D.N.Y. 2008) (explaining that testimony linking bullet and casings
to the defendant was inadmissible under Daubert, but testimony that the evidence was “more likely
than not” from the firearm was admissible under Federal Rule of Evidence 401); United States v.
Rutherford, 104 F. Supp. 2d 1190, 1193 (D. Neb. 2000) (handwriting experts permitted to testify to
similarities between sample from defendant and document in question but not permitted to conclude
that defendant was the author). See United States v. Rutherford, 104 F. Supp. 2d 1190, 1193 (D. Neb.
2000); United States v. Hines, 55 F. Supp. 2d 530 (D. Md. 2002).
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identifications. Non-DNA forensic techniques often turn on subjective analyses.?

But making Daubert objections in these fields requires defense counsel to under-
stand in detail how the particular technique works, as well as to be knowledgeable

about the scientific method and statistical issues.8!

B. Proficiency

Non-DNA forensic techniques often rely on subjective judgments, and the profi-
ciency of the expert to make such judgments may become the focus of a Daubert
challenge. In theory, proficiency tests could determine whether well-trained
experts in those fields can reach results with low error rates. In practice, however,
there are numerous obstacles to such tests. Sophisticated proficiency tests are dif-
ficult and expensive to design. If the tests are too easy, the results will not assess the
ability of examiners to draw correct conclusions when forensic evidence presents
a difficult challenge in identifying a specific individual or source.’? Furthermore,
in many jurisdictions, forensic examiners are not independent of law enforcement
agencies and/or prosecutors’ offices and can often obtain information about a
proficiency testing program through those sources.

C. Malfunctioning Laboratories

Numerous problems have been identified in crime laboratories ranging from uncer-
tified laboratory professionals and unaccredited laboratories performing incom-
petent work to acts of deliberate fraud, such as providing falsified results from
tests that were never done.®® Although outright fraud may be rare, unintended
inaccurate results that stem from inadequate supervision, training, and record
keeping, failure to prevent contamination, and failure to follow proper statistical
procedures can have devastating effects. Evidence that a laboratory has engaged in
such practices should certainly lead to Daubert challenges for lack of reliability, but
this requires that such investigations be undertaken and the defense have access to
the results. Whether courts can be persuaded to almost automatically reject labora-
tory results in the absence of proper accreditation of laboratories and certification

80. See National Research Council, supra note 75, at 133.

81. Specific forensic science techniques are discussed in Paul C. Giannelli et al., Reference
Guide on Forensic Identification Expertise, Sections V=X, in this manual.

82. United States v. Llera Plaza, 188 F. Supp. 2d 549 (E.D. Pa. 2002) (court acknowledged
that defense raised real questions about the adequacy of proficiency tests taken by FBI fingerprint
examiners but concluded that fingerprint testimony satisfied Daubert in part because no examples were
shown of erroneous identifications by FBI examiners). An erroneous FBI identification was made in
the Brandon Mayfield case discussed in the introduction to Strengthening Forensic Science in the United
States, supra note 75, at 45—46.

83. See National Research Council, supra note 75, at 183-215 and Paul C. Giannelli et al.,

Reference Guide on Forensic Identification Expertise, Section IV, in this manual.
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of forensic practitioners remains to be seen. Laboratory techniques, such as drug
analyses, that do not suffer from the same uncertainties regarding validity as the
forensic identification techniques can, of course, also produce erroncous results if
the laboratory is failing to follow proper procedures.

D. Interpretation

Forensic techniques that rest on subjective judgments are susceptible to cognitive
biases.?* We have seen instances of contextual bias, but as yet there has been little
research on contextual or other types of cognitive bias. We do not yet know
whether courts will consider this type of evidence when expertise is challenged.

E. Testimony

Defense counsel may of course object to testimony that a prosecution expert secks
to give. When the prosecution relies on a subjective identification technique,
lawyers for the defense should attempt to clarify what “match” means if the expert
uses this terminology and to explain to the jury that studies to date do not per-
mit conclusions about individualization. To do this, the defense may have to call
its own experts and ask for jury instructions. Defense counsel must also remain
alert and object to prosecution testimony in which the witness claims to know
probabilities—that have not been established in a particular field—on the basis of
extensive personal experience. Objections also should be raised to testimony about
zero error rates. The defense must also remember that the Daubert opinion itself
recognized that testimony can be excluded under Federal Rule of Evidence 403
if its prejudicial effect substantially outweighs its probative value.

F. Assistance for the Defense and Judges

Perhaps the most troubling aspect of trying to apply Daubert to forensic evidence is
that very few defense counsel are equipped to take on this challenge. Such counsel
lack the training and resources to educate judges on these complex issues. Judges
in the state criminal justice system that handle the great majority of criminal cases
often have overloaded dockets and little or no assistance. Whether a defendant in a
particular case is constitutionally entitled to expert assistance is a complicated issue
that defense counsel needs to explore.?> Possibly the best chance for the defense to
get meaningful help that also would assist the court is to get pro bono assistance

84. National Research Council, supra note 75, at 184—185.

85. See Ake v. Oklahoma, 470 U.S. 68 (1985) (recognizing indigent’s right to psychiatric expert
assistance in a capital case in which defendant raised insanity defense). Jurisdictions difter widely in
how they interpret Ake.

29

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Manual on Scientific Evidence

from other counsel who are knowledgeable about Daubert and have a sophisticated
understanding of statistical reasoning. Lawyers who have handled complex issues
about causation may be able to transfer their expertise to other difficult issues
relating to expert testimony.®® Judges might also consider asking for amicus briefs
from appropriate organizations or governmental units.

G. Confrontation Clause

The majority in Melendez-Diaz v. Massachusetts, in an opinion by Justice Scalia over
a strong dissent by Justice Kennedy, held that the defendant has a constitutional
right to demand that a forensic analyst whose conclusions the prosecution wishes
to introduce into evidence must be produced in court for cross-examination. In
a drug case, for example, the prosecution may not simply introduce a report or
an affidavit from the analyst if the defendant demands production of the analyst
for cross-examination. When the analyst is produced, this will gave the defense
the opportunity through cross-examination to raise questions about fraud, incom-
petence, and carelessness and to ask questions about laboratory procedures and
other issues discussed in the National Research Council report. Effective cross-
examination will demand of defense counsel the same type of expertise needed
to succeed on Daubert challenges. Numerous unanswered questions about the
operation of Melendez-Diaz will have to be litigated. It remains to be seen how
often, if at all, defense counsel will take advantage of the Confrontation Clause

or whether they will waive the defendant’s right to confront expert witnesses.®”

V. Procedural Context

Apart from their effect on admissibility of expert testimony, Daubert and its sub-
sequent interpretations have also affected the broader context in which such cases
are litigated and have altered the role of testifying experts in the pretrial stages of
litigation.

A. Class Certification Proceedings

One question that arises with increasing frequency is whether and how Daubert is
to be applied at class certification proceedings. The problem arises because of the
commonality and predominance requirements in Rule 23(a) of the Federal Rules

86. Cf. Kitzmiller v. Dover Area School Dist., 400 F. Supp. 2d 707 (M.D. Pa. 2005) (attorneys
who specialized in defense product liability litigation and had expertise about the nature of science
participated in case objecting to teaching intelligent design in public schools).

87. Both defendants and prosecutors face concerns about the resources required to fully imple-
ment such protections. See National Research Council, supra note 75, at 187.
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of Civil Procedure and has emerged with regard to a wide variety of substantive
claims that plaintiffs seek to bring as a class action. For example, in Sanneman v.
Chrysler Corp.,?® plaintiff sought class certification of a common-law fraud action
and a breach-of-warranty action, the gist of which was “that Chrysler had fraudu-
lently concealed a paint defect in many of the vehicles it manufactured beginning
on or about 1990.”% Plaintiff’s expert testified at the class certification hearing
that the paint problem is always caused by ultraviolet rays, but acknowledged
“that other causes may contribute to or exacerbate the problem.” After oral
argument, the court concluded that plaintiff’s expert’s testimony satisfied Daubert,
but because ultraviolet rays are not always the only cause of problems with paint,
proof of damages would probably have to be made vehicle by vehicle. The motion
for class certification was therefore denied. Daubert challenges have been raised to
class certification in numerous other cases.”!

As of this writing, there is a decided trend toward rejecting class certifica-
tion on the ground that plaintiff’s proffered expert testimony does not satisfy the
Rule 23(a) requirements, although the circuits are not unanimous in how rigor-
ous the examination of expert proof needs to be. Must the expert testimony be
subjected to the same rigorous scrutiny to determine whether it is relevant and
reliable as when the issue is admissibility at trial, or is a less searching analysis
appropriate at the certification stage? In other words, should the trial judge con-
duct a Daubert hearing and analysis identical to that undertaken when a defendant
seeks to preclude a plaintiff’s witness from testifying at trial? Not only “should”
the trial judge conduct a Daubert hearing, but, as the Seventh Circuit has ruled in
American Honda, the trial judge “must” do so. If a full Daubert hearing is required
in every class certification case, what has happened to the broad and case-familiar
discretion that a trial judge is supposed to exercise?”

The trial judge in Rhodes v. E.I. du Pont de Nemours & Co.%% concluded that
the expert opinions offered in support of class certification should be subjected
to a full-scale Daubert analysis, including a Daubert hearing. The judge explained

88. 191 ER.D. 441 (E.D. Pa. 2000).

89. Id. at 443.

90. Id. at 451.

91. See, e.g., Blades v. Monsanto Co., 400 F.3d 562 (8th Cir. 2005) (antitrust price-fixing con-
spiracy); Rhodes v. E.I. du Pont de Nemours & Co., 2008 WL 2400944 (S.D. W. Va. June 11, 2008)
(medical monitoring claim in toxic tort action); Gutierrez v. Johnson & Johnson, 2006 WL 3246605
(D.N_J. Nov. 6, 2006) (employment discrimination); Nichols v. SmithKline Beecham Corp., 2003 WL
302352 (E.D. Pa. Jan. 29, 2003) (violation of Sherman Antitrust Act); In re St. Jude Med., Inc., 2003
‘WL 1589527 (D. Minn. Mar. 27, 2003) (product liability action); Bacon v. Honda of Am. Mfg Inc.,
205 FR.D. 466 (S.D. Ohio 2001) (same); Midwestern Mach v. Northwest Airlines, Inc., 211 ER.D.
562 (D. Minn. 2001) (violation of Clayton Act); In re Polypropylene Carpet, 996 F. Supp. 18 (N.D.
Ga. 1997) (same); In re Monosodium Glutamate, 205 FR.D. 229 (D. Minn. 2001).

92. 2008 WL 2400944 (S.D. W. Va. June 11, 2008). See also American Honda Motor Co. v.
Allen, 600 F.3d 813, 816 (7th Cir. 2010) (district court must perform a full Daubert analysis before

certifying a class action where the expert’s report or testimony is critical to class certification).
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that decisions that see a more limited role for Daubert in class certification hearings
stem in part from misinterpreting the Supreme Court’s opinion in Eisen v. Carlisle
& Jacquelin.”® In Eisen, which predated Daubert by 19 years, the Court instructed
district courts to refrain from conducting “a preliminary inquiry into the merits
of a proposed class action” when they consider certification.”* At this time, only
the Ninth Circuit forbids the lower courts from examining evidence that relates to
the merits and from requiring a rigorous examination of the expert testimony and
Rule 23(a) requirements.”> The Rhodes case deplored this approach because the
overwhelming majority of class actions settle and therefore allowing the action to
proceed as a class action “might invite plaintiffs to seek class status for settlement
purposes.” On the other hand, knocking out the possibility of class certification
early in the proceedings affects the possibility of settling cases in which liability is
debatable. A possible compromise is partial certification that would allow a com-
mon issue to be established at a class trial, leaving individual issues for separate
proceedings.

B. Discovery

1. Amended discovery rules

Rule 26 of the Federal Rules of Civil Procedure—the core rule on civil discovery—
was amended in 1993 more or less contemporaneously with Daubert to allow judges
to exert greater control of expert testimony. Those amendments required experts
retained or specially employed to provide expert testimony, or whose duties as the
party’s employee regularly involve giving expert testimony, to furnish an extensive
report prior to his or her deposition.”® These reports were required to indicate

93. 417 U.S. 156 (1974).

94. Id. at 177-78.

95. See Dukes v. Wal-Mart, Inc., 474 F.3d 1214 (9th Cir. 2007). The Supreme Court declined
an opportunity to address the role of Daubert in class certification when it granted certiorari in Dukes,
even though the issue was raised in some of the petitions. The Court subsequently granted a petition
for certiorari in Erica P. John Fund Inc. v. Halliburton Co. (U.S. Jan. 7, 2011) (No. 09-1403), which
raises related questions regarding the extent to which the district court may consider the merits of the
underlying litigation and require that loss causation be demonstrated by a preponderance of admissible
evidence at the class certification stage under Federal Rule of Civil Procedure 23. Other courts accord
Daubert a limited role, such as requiring the trial judge to determine only that the expert testimony is
“not fatally flawed.” See Fogarazzo v. Lehman Bros., Inc., 2005 WL 361205 (S.D.N.Y. Feb. 16, 2005).

96. Fed R. Civ. P. 26(2)(2)(B), as amended December 1, 2010, made substantial changes to the
1993 amendments. The 1993 amendments also recognized a second category of testifying experts who
were not retained or specially employed in anticipation of litigation, such as treating physicians, who
were not required to provide reports. But see 3M v. Signtech USA, 177 ER.D. 459 (D. Minn. 1998)
(requiring report from employee experts who do not regularly provide expert testimony because it
eliminates surprise and is consistent with the spirit of Rule 26(a)(2)(B)). Under the 2010 amendments
the attorney must submit a report indicating the subject matter and the facts and opinions to which an
unretained testifying expert is expected to testify. Fed. R. Civ. P. 26(a)(2)(C) (amended Dec. 1, 2010).
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“the data or other information considered by the expert witness in forming the opin-
ions” (emphasis added). Many, although not all, courts construed this language as
opening the door to discovery of anything conveyed by counsel to the expert.”’
Courts taking this approach found that all communications between counsel and
experts were discoverable even if the communication was opinion work product.
In other words, these courts found that the protection for opinion work product in
Rule 26(b)(3) was trumped by the disclosure provisions in Rule 26(a)(2)(B). These
courts also required disclosure of all the expert’s draft reports and notes.

Trigon Ins. Co. v. United States,”® went a step further. It held that drafts
prepared with the assistance of consultants who would not testify, as well as all
communications between the consultants and the experts, including e-mails,
were discoverable. In Trigon, many of these materials had been destroyed. The
court ordered the defendant to hire an outside technology consultant to retrieve
as much of these data as possible, allowed adverse inferences to be drawn against
the defendant, and awarded more than $179,000 in fees and costs to plaintiff.”

Those who favor the free discovery of communications between counsel and
experts and draft reports justified these results as shedding light on whether the
expert’s opinions are his or her own or those of counsel. Critics of this approach
found it costly and time-consuming and point out that lawyers have developed
strategies to overcome transparency, such as retaining two sets of experts—one to
consult and the other to testifty—which makes discovery even more expensive.

After a series of public hearings the Advisory Committee on Civil Rules
determined that the disclosure rules increased the cost of litigation with no offset-
ting advantage to the conduct of litigation. The report of the Advisory Committee
noted that such an extensive inquiry into expert communications with attorneys
did not lead to better testing of expert opinions “because attorneys and expert
witnesses go to great lengths to forestall discovery.”1%"

Under amended rules that became effective in December 2010, disclosure is
limited to “the facts or data” considered by the expert, and does not extend to
“other information.” Draft reports are no longer discoverable, and communica-
tions between counsel and an expert are protected from discovery unless the
communications: (1) relate to compensation for the expert’s study or testimony;

97. See Karn v. Ingersoll Rand, 168 FR.D. 633 (N.D. Ind. 1996) (requiring disclosure of all
documents reviewed by experts in forming their opinions); Reg’l Airport Auth. v. LFG, LLC, 460
F.3d 697, 716 (6th Cir. 2006) (“other information” interpreted to include all communications by
counsel to expert).

98. 204 ER.D. 277 (E.D. Va. 2002).

99. Id. See also Semtech Corp. v. Royal Ins. Co., 2007 WL 5462339 (C.D. Cal. Oct. 24, 2007)
(explaining that preclusion of expert from testifying for failure to disclose drafts and failing to disclose
input of counsel at hearing made it impossible to discern the basis for his opinion).

100. Report of the Civil Rules Advisory Committee, from Honorable Mark R. Kravitz, Chair,
Advisory Committee on Federal Rules of Civil Procedure, to Honorable Lee H. Rosenthal, Chair,
Standing Committee on Rules of Practice and Procedure (May 8, 2008), available at http://www.
uscourts.gov/uscourts/RulesAndPolicies/rules/R eports/ CV05-2009.pdf.
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(2) identify facts or data provided by counsel and considered by the expert; or
(3) identify assumptions furnished by counsel that the expert relied upon in form-
ing opinions. Testifying experts who were not required to provide a report under
the previous rules—such as treating physicians—are now required to provide a
summary of the facts or opinions to which the witness expects to testify. While this
requirement relating to experts not required to file a report would provide more
disclosure than under the 1993 amendments, the main thrust of the 2010 amend-
ments is to narrow expert discovery with an eye toward minimizing expense and
focusing attention on the expert’s opinion.

Nothing in the amendments precludes asking an expert at a deposition to
explain the bases or foundations for his or her opinions or asking whether the
expert considered other possible approaches, but inquiries into counsel’s input
would be severely curtailed. Aside from communications with counsel relating
to compensation, or inquiring into “facts or data” provided by counsel that the
expert considered, the expert may also be asked if counsel furnished him or her
with assumptions on which he or she relied. Now that the amended rules have
become effective, it remains to be seen how broadly courts and magistrates will
interpret the “assumptions” provision. Are there instances in which it will be
inferred that counsel was seeking to have the expert make an assumption although
this was never explicitly stated? Those who think more transparency is desirable
in dealing with expert testimony will certainly push to expand this category.
Whether these amendments if adopted can constrain the gamesmanship that sur-
rounds expert testimony remains to be seen.

2. E-discovery

Also uncertain is whether experts will be needed to determine the proper scope
of e-discovery. Rule 26(b)(2)(B) provides the following:

A party need not provide discovery of electronically stored information from
sources that the party identifies as not reasonably accessible because of undue
burden or cost.

The burden is on the party from whom discovery is sought to show this
undue burden or cost, but the court may nevertheless order discovery if the
requesting party can show good cause.

May the requesting party making a motion to compel proffer expert testi-
mony to show that the requested information would have been readily accessible
if the party with the information had used a different search methodology? Recent
opinions by a magistrate judge so suggest.!”! Magistrate Judge John Facciola notes
that “[w]hether search terms or ‘keywords’ will yield the information sought is a
complicated question involving the interplay, at least, of the sciences of computer

101. See e.g. United States v. O’Keefe, 537 F. Supp. 2d 14 (D.D.C. 2008); Equity Analytics,
LLC v. Lunden, 248 ER.D. 331 (D.D.C. 2008).
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technology, statistics and linguistics. . . . This topic is clearly beyond the ken of a
layman and requires that any conclusion be based on evidence that, for example,
meets the criteria of Rule 702 of the Federal Rules of Evidence.”!"?
Superimposing Daubert hearings on top of e-discovery proceedings will make
an already costly procedure even more costly, one of the consequences that
Rule 26(b)(2)(B) secks to avoid. On the other hand, a search that would not lead
to the information sought defeats the objectives of discovery. A helpful opinion
on how these factors should be balanced that examines the issues a court must

103 which also

consider can be found in Victor Shirley, Inc. v. Creative Pipe, Inc.,
contains a very brief overview of the various techniques for conducting searches of
electronically stored information. A court may well require technical assistance in
dealing with these issues. In some instances, a court-appointed expert or a special
master appointed pursuant to Rule 53 of the Federal Rules of Civil Procedure
might be more desirable than a full-fledged Daubert battle among experts, particu-

larly if one of the parties has far fewer resources than its opponent.

C. Daubert Hearings

When a Daubert issue arises, the trial court has discretion about how to proceed.!**
It need not grant an evidentiary hearing and has leeway to decide when and how
issues about the admissibility of expert testimony should be determined. The bur-
den is on the parties to persuade the court that a particular procedure is needed.!%

The generally unfettered power of the trial judge to make choices emerges

106 3 criminal case. The defendant

clearly if we look at United States v. Nacchio,
claimed that the trial judge erred in granting the government’s Daubert motion to
exclude his expert in the middle of the trial without an evidentiary hearing, lead-
ing to his conviction. On appeal, a divided panel of the Tenth Circuit reversed
on the ground that the expert testimony had been improperly excluded and
remanded for a new trial. After a rehearing, the conviction was reinstated in a 5-4
opinion. The majority rejected the defense’s central argument that the court had
to take into account that this was a criminal case; the majority saw this purely as a
Daubert issue and found that the burden of satisfying Daubert and convincing the
trial judge to hold a hearing rested solely on the defendant. Although there may
be some cases in which a reviewing court would find that the trial court abused
its discretion in the procedures it used in handling a Daubert motion,'"” this has

102. See Equity Analytics, 248 F.R.D. at 333.

103. 250 FR.D. 251 (D. Md. 2008).

104. Kumho Tire Co. v. Carmichael, 526 U.S. at 137, 150 (1999).

105. For example, in the government’s RICO tobacco case, all Daubert issues were decided on
the papers without any testimony being presented. United States v. Phillip Morris Inc., 2002 WL
34233441, at *1 (D.D.C. Sept. 30, 2002).

106. 555 F.3d 1234 (10th Cir. 2009).

107. See Padillas v. Stork-Gamco, Inc., 186 F.3d 412 (3d Cir. 1999).
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become more and more unlikely in civil cases as Daubert rulings have accumulated
and courts increasingly expect litigators to understand their obligations.

VI. Conclusion

The Daubert trilogy has dramatically changed the legal landscape with regard to
expert witness testimony. The Supreme Court attempted in Daubert to articulate
basic principles to guide trial judges in making decisions about the admissibility
of complex scientific and technological expert testimony. Unfortunately, the
Daubert trilogy has, in actuality, spawned a huge, and expensive, new subject of
litigation and have left many procedural and substantive questions unanswered.
Moreover, there are serious concerns about whether the guidelines enunciated by
the Court have been interpreted by lower courts to limit, rather than respect, the
discretion of trial judges to manage their complex cases, whether the guidelines
conflict with the preference for admissibility contained in both the Federal Rules
of Evidence and Daubert itself, and whether the guidelines have resulted in trial
judges encroaching on the province of the jury to decide highly contested factual
issues and to judge the overall credibility of expert witnesses and their scientific
theories. Perhaps most disturbingly, there are serious concerns on the part of
many scientists as to whether the courts are, as Daubert prescribed, making admis-
sibility decisions—decisions that may well determine the ultimate outcome of a

case—which are in fact “ground[ed] in the methods and procedures of science.”!%®

108. Daubert v. Merrill Dow Pharms., 509 U.S. at 579, 590 (1993).
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I. Introduction

Recent Supreme Court decisions have put judges in the position of having to
decide what is scientific and what is not.! Some judges may not be entirely
comfortable making such decisions, despite the guidance supplied by the Court
and illuminated by learned commentators.> The purpose of this chapter is not
to resolve the practical difficulties that judges will encounter in reaching those
decisions; it is to demystify somewhat the business of science and to help judges
understand the Daubert decision, at least as it appears to a scientist. In the hope
of accomplishing these tasks, I take a mildly irreverent look at some formidable
subjects. I hope the reader will accept this chapter in that spirit.

[I. A Bit of History

Modern science can reasonably be said to have come into being during the time
of Queen Elizabeth I of England and William Shakespeare. Almost immediately,
it came into conflict with the law.

While Shakespeare was composing his sonnets and penning his plays in
England, Galileo Galilei in Italy was inventing the idea that careful experiments
in a laboratory could reveal universal truths about the way objects move through
space. A bit later, after hearing about the newly invented telescope, he made
one for himself, and with it he made discoveries in the heavens that astonished
and thrilled all of Europe. Nonetheless, in 1633, Galileo was put on trial for his
scientific teachings. The trial of Galileo is usually portrayed as a conflict between
science and the Roman Catholic Church, but it was, after all, a trial, with judges
and lawyers, and all the other trappings of a formal legal procedure.

Another great scientist of the day, William Harvey, who discovered the circu-
lation of blood, worked not only at the same time as Galileo, but also at the same
place—the University of Padua, not far from Venice. If you visit the University of
Padua today and tour the old campus at the heart of the city, you will be shown
Galileo’s cattedra, the wooden pulpit from which he lectured (and curiously, one
of his vertebrae in a display case just outside the rector’s oftfice—maybe the rector
needs to be reminded to have a little spine). You will also be shown the lecture

1. These Supreme Court decisions are discussed in Margaret A. Berger, The Admissibility of
Expert Testimony, Sections II-III, IV.A, in this manual. For a discussion of the difficulty in distin-
guishing between science and engineering, see Channing R. Robertson et al., Reference Guide on
Engineering, in this manual.

2. Since publication of the first edition of this manual, a number of works have been developed
to assist judges and attorneys in understanding a wide range of scientific evidence. See, e.g., 1 & 2
Modern Scientific Evidence: The Law and Science of Expert Testimony (David L. Faigman et al. eds.,
1997); Expert Evidence: A Practitioner’s Guide to Law, Science, and the FJC Manual (Bert Black &
Patrick W. Lee eds., 1997).

38

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

How Science Works

theater in which Harvey dissected cadavers while eager students peered down-
ward from tiers of overhanging balconies. Because dissecting cadavers was illegal
in Harvey’s time, the floor of the theater was equipped with a mechanism that
whisked the body out of sight when a lookout gave the word that the authorities
were coming. Obviously, both science and the law have changed a great deal since
the seventeenth century.

Another important player who lived in the same era was not a scientist at all,
but a lawyer who rose to be Lord Chancellor of England in the reign of Elizabeth’s
successor, James I. His name was Sir Francis Bacon, and in his magnum opus,
which he called Novum Organum, he put forth the first theory of the scientific
method. In Bacon’s view, the scientist should be an impartial observer of nature,
collecting observations with a mind cleansed of harmful preconceptions that might
cause error to creep into the scientific record. Once enough such observations
were gathered, patterns would emerge, giving rise to truths about nature.

Bacon’s theory has been remarkably influential down through the centuries,
even though in his own time there were those who knew better. “That’s exactly
how a Lord Chancellor would do science,” William Harvey is said to have grumbled.

III. Theories of Science

Today, in contrast to the seventeenth century, few would deny the central impor-
tance of science to our lives, but not many would be able to give a good account
of what science is. To most, the word probably brings to mind not science itself,
but the fruits of science, the pervasive complex of technology and discoveries that
has transformed all of our lives. However, science also might equally be thought
to include the vast body of knowledge we have accumulated about the natural
world. There are still mysteries, and there always will be mysteries, but the fact is
that, by and large, we understand how nature works.

A. Francis Bacon’s Scientific Method

But science is even more than that. Ask a scientist what science is, and the answer
will almost surely be that it is a process—a way of examining the natural world
and discovering important truths about it. In short, the essence of science is the
scientific method.?

3. The Supreme Court, in Daubert v. Merrell Dow Pharmaceuticals, Inc., acknowledged the impor-
tance of defining science in terms of its methods as follows: “‘Science is not an encyclopedic body of
knowledge about the universe. Instead, it represents a process for proposing and refining theoretical
explanations about the world that are subject to further testing and refinement’ (empbhasis in original).
509 U.S. 579, 590 (1993) (quoting Brief for the American Association for the Advancement of Science
and the National Academy of Sciences as Amici Curiae at 7-8).
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This stirring description suffers from an important shortcoming. We do not
really know what the scientific method is.* There have been many attempts at
formulating a general theory of how science works, or at least how it should work,
starting, as we have seen, with the theory of Sir Francis Bacon. But Bacon’s idea,
that science proceeds through the collection of observations without prejudice, has
been rejected by all serious thinkers. Everything about the way we do science—
the language we use, the instruments we use, the methods we use—depends on
clear presuppositions about how the world works. Modern science is full of things
that cannot be observed at all, such as force fields and complex molecules. At the
most fundamental level, it is impossible to observe nature without having some
reason to choose what is and is not worth observing. Once that elementary choice
is choice is made, Bacon has been left behind.

B. Karl Popper’s Falsification Theory

Opver the past century, the ideas of the Vienna-born philosopher Sir Karl
Popper have had a profound effect on theories of the scientific method.> In
contrast to Bacon, Popper believed that all science begins with a prejudice, or
perhaps more politely, a theory or hypothesis. Nobody can say where the theory
comes from. Formulating the theory is the creative part of science, and it can-
not be analyzed within the realm of philosophy. However, once the theory is in
hand, Popper tells us, it is the duty of the scientist to extract from it logical but
unexpected predictions that, if they are shown by experiment not to be correct,
will serve to render the theory invalid.

Popper was deeply influenced by the fact that a theory can never be proved
right by agreement with observation, but it can be proved wrong by disagreement
with observation. Because of this asymmetry, science uniquely makes progress by
proving that good ideas are wrong so that they can be replaced by even better
ideas. Thus, Bacon’s impartial observer of nature is replaced by Popper’s skeptical
theorist. The good Popperian scientist somehow comes up with a hypothesis that
fits all or most of the known facts, then proceeds to attack that hypothesis at its
weakest point by extracting from it predictions that can be shown to be false. This

process is known as falsification.®

4. For a general discussion of theories of the scientific method, see Alan F. Chalmers, What Is
This Thing Called Science? (1982). For a discussion of the ethical implications of the various theories,
see James Woodward & David Goodstein, Conduct, Misconduct and the Structure of Science, 84 Am.
Scientist 479 (1996).

5. See, e.g., Karl R. Popper, The Logic of Scientific Discovery (Karl R. Popper trans., 1959).

6. The Supreme Court in Daubert recognized Popper’s conceptualization of scientific knowl-
edge by noting that “[o|rdinarily, a key question to be answered in determining whether a theory or
technique is scientific knowledge that will assist the trier of fact will be whether it can be (and has
been) tested.” 509 U.S. at 593. In support of this point, the Court cited as parenthetical passages from
both Carl Gustav Hempel, Philosophy of Natural Science 49 (1966) (“‘[T]he statements constituting
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Popper’s ideas have been fruitful in weaning the philosophy of science away
from the Baconian view and some other earlier theories, but they fall short in a
number of ways in describing correctly how science works. The first of these is
the observation that, although it may be impossible to prove a theory is true by
observation or experiment, it is as almost equally impossible to prove one is false
by these same methods. Almost without exception, in order to extract a falsifiable
prediction from a theory, it is necessary to make additional assumptions beyond
the theory itself. Then, when the prediction turns out to be false, it may well be
one of the other assumptions, rather than the theory itself, that is false. To take a
simple example, early in the twentieth century it was found that the orbits of the
outermost planets did not quite obey the predictions of Newton’s laws of gravity
and mechanics. Rather than take this to be a falsification of Newton’s laws, astron-
omers concluded that the orbits were being perturbed by an additional unseen
body out there. They were right. That is precisely how Pluto was discovered.

The apparent asymmetry between falsification and verification that lies at the
heart of Popper’s theory thus vanishes. But the difficulties with Popper’s view go
even beyond that problem. It takes a great deal of hard work to come up with a
new theory that is consistent with nearly everything that is known in any area of
science. Popper’s notion that the scientist’s duty is then to attack that theory at its
most vulnerable point is fundamentally inconsistent with human nature. It would
be impossible to invest the enormous amount of time and energy necessary to
develop a new theory in any part of modern science if the primary purpose of all
that work was to show that the theory was wrong.

This point is underlined by the fact that the behavior of the scientific com-
munity is not consistent with Popper’s notion of how it should be. Credit in
science 1s most often given for offering correct theories, not wrong ones, or for
demonstrating the correctness of unexpected predictions, not for falsifying them.
I know of no example of a Nobel Prize awarded to a scientist for falsifying his or
her own theory.

C. Thomas Kuhn’s Paradigm Shifts

Another towering figure in the twentieth century theory of science is Thomas
Kuhn.” Kuhn was not a philosopher but a historian (more accurately, a physi-
cist who retrained himself as a historian). It is Kuhn who popularized the word
paradigm, which has today come to seem so inescapable.

A paradigm, for Kuhn, is a kind of consensual worldview within which scien-
tists work. It comprises an agreed-upon set of assumptions, methods, language, and

a scientific explanation must be capable of empirical test’”) and Karl R. Popper, Conjectures and
Refutations: The Growth of Scientific Knowledge 37 (5th ed. 1989) (“‘[T]he criterion of the scientific
status of a theory is its falsifiability, or refutability, or testability’”).

7. Thomas S. Kuhn, The Structure of Scientific Revolutions (1962).
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everything else needed to do science. Within a given paradigm, scientists make
steady, incremental progress, doing what Kuhn calls “normal science.”

As time goes on, difficulties and contradictions arise that cannot be resolved,
but the tendency among scientists is to resist acknowledging them. One way or
another they are swept under the rug, rather than being allowed to threaten the
central paradigm. However, at a certain point, enough of these difficulties accu-
mulate to make the situation intolerable. At that point, a scientific revolution
occurs, shattering the paradigm and replacing it with an entirely new one.

This new paradigm, says Kuhn, is so radically different from the old that
normal discourse between the practitioners of the two paradigms becomes impos-
sible. They view the world in different ways and speak different languages. It is
not even possible to tell which of the two paradigms is superior, because they
address different sets of problems. They are incommensurate. Thus, science does
not progress incrementally, as the science textbooks would have it, except during
periods of normal science. Every once in a while, a scientific revolution brings
about a paradigm shift, and science heads off in an entirely new direction.

Kuhn’s view was formed largely on the basis of two important historical
revolutions. One was the original scientific revolution that started with Nicolaus
Copernicus and culminated with the new mechanics of Isaac Newton. The
very word revolution, whether it refers to the scientific kind, the political kind,
or any other kind, refers metaphorically to the revolutions in the heavens that
Copernicus described in a book, De Revolutionibus Orbium Caelestium, published
as he lay dying in 1543.% Before Copernicus, the dominant paradigm was the
worldview of ancient Greek philosophy, frozen in the fourth century B.C.E. ideas
of Plato and Aristotle. After Newton, whose masterwork, Philosophice Naturalis
Principia Mathematica, was published in 1687, every scientist was a Newtonian, and
Aristotelianism was banished forever from the world stage. It is even possible that
Sir Francis Bacon’s disinterested observer was a reaction to Aristotelian authority.
Look to nature, not to the ancient texts, Bacon may have been saying.

The second revolution that served as an example for Kuhn occurred early in
the twentieth century. In a headlong series of events that lasted a mere 25 years,
the Newtonian paradigm was overturned and replaced with the new physics, in
the form of quantum mechanics and Einstein’s theories of special and general
relativity. This second revolution, although it happened much faster, was no less
profound than the first.

The idea that science proceeds by periods of normal activity punctuated by
shattering breakthroughs that make scientists rethink the whole problem is an
appealing one, especially to the scientists themselves, who believe from personal
experience that it really happens that way. Kuhn’s contribution is important. It
offers us a useful context (a paradigm, one might say) for organizing the entire
history of science.

8. I. Bernard Cohen, Revolution in Science (1985).
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Nonetheless, Kuhn’s theory does suffer from a number of shortcomings. One
of them is that it contains no measure of how big the change must be in order
to qualify as a revolution or paradigm shift. Most scientists will say that there is
a paradigm shift in their laboratory every 6 months or so (or at least every time
it becomes necessary to write another proposal for research support). That is not
exactly what Kuhn had in mind.

Another difficulty is that even when a paradigm shift is truly profound, the
paradigms it separates are not necessarily incommensurate. The new sciences of
quantum mechanics and relativity, for example, did indeed show that Newton’s
laws of mechanics were not the most fundamental laws of nature. However,
they did not show that they were wrong. Quite the contrary, they showed why
Newton’s laws were right: Newton’s laws arose out of newly discovered laws that
were even deeper and that covered a wider range of circumstances unimagined
by Newton and his followers—that is, phenomena as small as atoms, or nearly as
fast as the speed of light, or as dense as black holes. In our more familiar realms of
experience, Newton’s laws go on working just as well as they always did. Thus,
there is no quarrel and no ambiguity at all about which paradigm is “better.” The
new laws of quantum mechanics and relativity subsume and enhance the older
Newtonian worldview.

D. An Evolved Theory of Science

If neither Bacon nor Popper nor Kuhn gives us a perfect description of what
science is or how it works, all three of them help us to gain a much deeper
understanding of it.

Scientists are not Baconian observers of nature, but all scientists become
Baconians when it comes to describing their observations. With very few excep-
tions, scientists are rigorously, even passionately, honest about reporting scientific
results and how they were obtained. Scientific data are the coin of the realm in
science, and they are always treated with reverence. Those rare instances in which
scientists are found to have fabricated or altered their data in some way are always
traumatic scandals of the first order.”

Scientists are also not Popperian falsifiers of their own theories, but they do
not have to be. They do not work in isolation. If a scientist has a rival with a
different theory of the same phenomenon, the rival will be more than happy to
perform the Popperian duty of attacking the scientist’s theory at its weakest point.

9. Such instances are discussed in David Goodstein, Scientific Fraud, 60 Am. Scholar 505
(1991). For a summary of recent investigations into scientific fraud and lesser instances of scientific
misconduct, see Office of Research Integrity, Department of Health and Human Services, Scientific
Misconduct Investigations: 1993—1997, http://ori.dhhs.gov/PDF/scientific.pdf (last visited Nov. 21,
1999) (summarizing 150 scientific misconduct investigations closed by the Office of Research
Integrity).
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Moreover, if falsification is no more definitive than verification, and scientists
prefer in any case to be right rather than wrong, they nonetheless know how to
hold verification to a very high standard. If a theory makes novel and unexpected
predictions, and those predictions are verified by experiments that reveal new and
useful or interesting phenomena, then the chances that the theory is correct are
greatly enhanced. And, even if it is not correct, it has been fruitful in the sense
that it has led to the discovery of previously unknown phenomena that might
prove useful in themselves and that will have to be explained by the next theory
that comes along.

Finally, science does not, as Kuhn seemed to think, periodically self-destruct
and need to start over again. It does, however, undergo startling changes of per-
spective that lead to new and, invariably, better ways of understanding the world.
Thus, although science does not proceed smoothly and incrementally, it is one
of the few areas of human endeavor that is genuinely progressive. There is no
doubt at all that the quality of twentieth century science is better than nineteenth
century science, and we can be absolutely confident that the quality of science in
the twenty-first century will be better still. One cannot say the same about, say,
art or literature.!”

To all of this, a few things must be added. The first is that science is, above
all, an adversarial process. It is an arena in which ideas do battle, with observa-
tions and data the tools of combat. The scientific debate is very difterent from
what happens in a court of law, but just as in the law, it is crucial that every idea
receive the most vigorous possible advocacy, just in case it might be right. Thus,
the Popperian ideal of holding one’s hypothesis in a skeptical and tentative way
is not merely inconsistent with reality; it would be harmful to science if it were
pursued. As will be discussed shortly, not only ideas, but the scientists themselves,
engage in endless competition according to rules that, although they are not writ-
ten down, are nevertheless complex and binding.

In the competition among ideas, the institution of peer review plays a central
role. Scientific articles submitted for publication and proposals for funding often
are sent to anonymous experts in the field, in other words, to peers of the author,
for review. Peer review works superbly to separate valid science from nonsense,

10. The law, too, can claim to be progressive. The development of legal constructs, such as due
process, equal protection, and individual privacy, reflects notable progress in the betterment of man-
kind. See Laura Kalman, The Strange Career of Legal Liberalism 2—4 (1996) (recognizing the “faith”
of legal liberalists in the use of law as an engine for progressive social change in favor of society’s
disadvantaged). Such progress is measured by a less precise form of social judgment than the consensus
that develops regarding scientific progress. See Steven Goldberg, The Reluctant Embrace: Law and Science
in America, 75 Geo. L.J. 1341, 1346 (1987) (**Social judgments, however imprecise, can sometimes be
reached on legal outcomes. If a court’s decision appears to lead to a sudden surge in the crime rate,
it may be judged wrong. If it appears to lead to new opportunities for millions of citizens, it may be
judged right. The law does gradually change to reflect this kind of social testing. But the process is
slow, uncertain, and controversial; there is nothing in the legal community like the consensus in the

scientific community on whether a particular result constitutes progress.”).
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or, in Kuhnian terms, to ensure that the current paradigm has been respected.!!
It works less well as a means of choosing between competing valid ideas, in part
because the peer doing the reviewing is often a competitor for the same resources
(space in prestigious journals, funds from government agencies or private foun-
dations) being sought by the authors. It works very poorly in catching cheating
or fraud, because all scientists are socialized to believe that even their toughest
competitor is rigorously honest in the reporting of scientific results, which makes
it easy for a purposefully dishonest scientist to fool a referee. Despite all of this,
peer review is one of the venerated pillars of the scientific edifice.

IV. Becoming a Professional Scientist

Science as a profession or career has become highly organized and structured.!?
It 1s not, relatively speaking, a very remunerative profession—that would be
inconsistent with the Baconian ideal—but it is intensely competitive, and material
well-being does tend to follow in the wake of success (successful scientists, one
might say, do get to bring home the Bacon).

A. The Institutions

These are the institutions of science: Research is done in the Ph.D.-granting
universities and, to a lesser extent, in colleges that do not grant Ph.D.s. It is also
done 1n national laboratories and in industrial laboratories. Before World War 11,
basic science was financed mostly by private foundations (Rockefeller, Carnegie),
but since the war, the funding of science (except in industrial laboratories) has
largely been taken over by agencies of the federal government, notably the
National Science Foundation (an independent agency), the National Institutes of

11. The Supreme Court received differing views regarding the proper role of peer review.
Compare Brief for Amici Curiae Daryl E. Chubin et al. at 10, Daubert v. Merrell Dow Pharms., Inc.,
509 U.S. 579 (1993) (No. 92-102) (“peer review referees and editors limit their assessment of submit-
ted articles to such matters as style, plausibility, and defensibility; they do not duplicate experiments
from scratch or plow through reams of computer-generated data in order to guarantee accuracy or
veracity or certainty”), with Brief for Amici Curiae New England Journal of Medicine, Journal of the
American Medical Association, and Annals of Internal Medicine in Support of Respondent, Daubert
v. Merrell Dow Pharm., Inc., 509 U.S. 579 (1993) (No. 92-102) (proposing that publication in a
peer-reviewed journal be the primary criterion for admitting scientific evidence in the courtroom). See
generally Daryl E. Chubin & Edward J. Hackett, Peerless Science: Peer Review and U.S. Science Policy
(1990); Arnold S. Relman & Marcia Angell, How Good Is Peer Review? 321 New Eng. J. Med. 827-29
(1989). As a practicing scientist and frequent peer reviewer, I can testify that Chubin’s view is correct.

12. The analysis that follows is based on David Goodstein & James Woodward, Inside Science,
68 Am. Scholar 83 (1999).
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Health (part of the Department of Health and Human Services), and parts of the
Department of Energy and the Department of Defense.

Scientists who work at all these organizations—universities, colleges, national
and industrial laboratories, and funding agencies—belong to scientific societies that
are organized mostly by discipline. There are large societies, such as the American
Physical Society and the American Chemical Society; societies for subdisciplines,
such as optics and spectroscopy; and even organizations of societies, such as
FASEB, the Federation of American Societies for Experimental Biology.

Scientific societies are private organizations that elect their own officers,
hold scientific meetings, publish journals, and finance their operations from the
collection of dues and from the proceeds of their publishing and educational
activities. The American Association for the Advancement of Science also holds
meetings and publishes Science, a famous journal, but it is not restricted to any one
discipline. The National Academy of Sciences holds meetings and publishes the
Proceedings of the National Academy of Sciences, and, along with the National Acad-
emy of Engineering, Institute of Medicine, and its operational arm, the National
Research Council, advises various government agencies on matters pertaining to
science, engineering, and health. In addition to the advisory activities, one of its
most important activities is to elect its own members.

These are the basic institutions of American science. It should not come as
news that the universities and colleges engage in a fierce but curious competi-
tion, in which no one knows who is keeping score, but everyone knows roughly
what the score is. (In recent years, some national and international media outlets
have found it worthwhile to appoint themselves scorekeepers in this competi-
tion. Academic officials dismiss these journalistic judgments, except when their
own institutions come out on top.) Departments in each discipline compete with
one another, as do national and industrial laboratories and even funding agencies.
Competition in science is at its most refined, however, at the level of individual
careers.

B. The Reward System and Authority Structure

To regulate competition among scientists, there is a reward system and an authority
structure. The fruits of the reward system are fame, glory, and immortality. The
purposes of the authority structure are power and influence. The reward system and
the authority structure are closely related to one another, but scientists distinguish
sharply between them. When they speak of a colleague who has become president
of a famous university, they will say sadly, “It’s a pity—he was still capable of good
work,” sounding like warriors lamenting the loss of a fallen comrade. The univer-
sity president is a kingpin of the authority structure, but, with rare exceptions, he
is a dropout from the reward system. Similar kinds of behavior can be observed
in industrial and government laboratories, but a description of what goes on in
universities will be enough to illustrate how the system works.
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A career in academic science begins at the first step on the reward system
ladder, earning a Ph.D., followed in many areas by one or two stints as a post-
doctoral fellow. The Ph.D. and postdoctoral positions had best be at universities
(or at least departments) that are high up in that fierce but invisible competi-
tion, because all subsequent steps are more likely than not to take the individual
sideways or downward on the list. The next step is a crucial one: appointment
to a tenure-track junior faculty position. About two-thirds of all postdoctoral
fellows in biology in American universities believe that they are going to make
this step, but in fact, only about a quarter of them succeed. This step and all sub-
sequent steps require growing renown as a scientist beyond the individual’s own
circle of acquaintances. Thus, it is essential by this time that the individual has
accomplished something. The remaining steps up the reward system ladder are
promotion to an academic tenured position and full professorship; various prizes,
medals, and awards given out by the scientific societies; an endowed chair (the
virtual equivalent of Galileo’s wooden cattedra); election to the National Academy
of Sciences; particularly prestigious awards up to and including the Nobel Prize;
and, finally, a reputation equivalent to immortality.

Positions in the authority structure are generally rewards for having achieved
a certain level in the reward system. For example, starting from the Ph.D. or
junior faculty level, it is possible to step sideways temporarily or even permanently
into a position as contract officer in a funding agency. Because contract officers
influence the distribution of research funds, they have a role in deciding who will
succeed in the climb up the reward system ladder. At successively higher levels one
can become a journal editor; department chair; dean, provost, director of national
research laboratory or president of a university; and even the head of a funding
agency, a key player in determining national policy as it relates to science and
technology. People in these positions have stepped out of the traditional reward
system, but they have something to say about who succeeds within it.

V. Some Myths and Facts About Science

“In matters of science,” Galileo wrote, “the authority of thousands is not worth
the humble reasoning of one single person.”!® Doing battle with the Aristotelian
professors of his day, Galileo believed that kowtowing to authority was the enemy
of reason. But, contrary to Galileo’s famous remark, the fact is that within the
scientific community itself, authority is of fundamental importance. If a paper’s

13. 1 found this statement framed on the office wall of a colleague in Italy in the form, “In
questioni di scienza L’autorita di mille non vale I'umile ragionare di un singolo.” However, I have not been
able to find the famous remark in this form in Galileo’s writings. An equivalent statement in different
words can be found in Galileo’s Il Saggiatore (1623). See Andrea Frova & Mariapiera Marenzona,
Parola di Galileo 473 (1998).
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author is a famous scientist, the paper is probably worth reading. The triumph of

reason over authority is just one of the many myths about science. Following is

a brief list of some others:

Myth:

Fact:

Myth:

Fact:

Myth:

Fact:

Myth:
Fact:

Myth:
Fact:

Scientists must have open minds, being ready to discard old ideas in
favor of new ones.

Because science i1s an adversarial process through which each idea
deserves the most vigorous possible defense, it is useful for the suc-
cessful progress of science that scientists tenaciously cling to their own
ideas, even in the face of contrary evidence.

The institution of peer review assures that all published papers are
sound and dependable.

Peer review generally will catch something that is completely out of
step with majority thinking at the time, but it is practically useless for
catching outright fraud, and it is not very good at dealing with truly
novel ideas. Peer review mostly assures that all papers follow the cur-
rent paradigm (see comments on Kuhn, above). It certainly does not
ensure that the work has been fully vetted in terms of the data analysis
and the proper application of research methods.

Science must be an open book. For example, every new experiment
must be described so completely that any other scientist can reproduce it.
There is a very large component of skill in making cutting-edge
experiments work. Often, the only way to import a new technique
into a laboratory is to hire someone (usually a postdoctoral fellow)
who has already made it work elsewhere. Nonetheless, scientists have
a solemn responsibility to describe the methods they use as fully and
accurately as possible. And, eventually, the skill will be acquired by
enough people to make the new technique commonplace.

When a new theory comes along, the scientist’s duty is to falsify it.
When a new theory comes along, the scientist’s instinct is to verify it.
When a theory is new, the effect of a decisive experiment that shows
it to be wrong is that both the theory and the experiment are in most
cases quickly forgotten. This result leads to no progress for anybody in
the reward system. Only when a theory is well established and widely
accepted does it pay off to prove that it is wrong.

University-based research is pure and free of conflicts of interest.
The Bayh-Dole Act of the early 1980s permits universities to patent

the results of research supported by the federal government. Many uni-
versities have become adept at obtaining such patents. In many cases
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this raises conflict-of-interest problems when the universities” interest
in pursuing knowledge comes into conflict with its need for revenue.
This is an area that has generated considerable scrutiny. For instance,
the recent Institute of Medicine report Conflict of Interest in Medical
Research, Education, and Practice sheds light on the changing dimensions
of conflicts of interest associated with growing interdisciplinary col-
laborations between individuals, universities, and industry especially in
life sciences and biomedical research.'

Myth: Real science is easily distinguished from pseudoscience.

Fact:  This is what philosophers call the problem of demarcation: One of
Popper’s principal motives in proposing his standard of falsifiability
was precisely to provide a means of demarcation between real science
and impostors. For example, Einstein’s general theory of relativity
(with which Popper was deeply impressed) made clear predictions that
could certainly be falsified if they were not correct. In contrast, Freud’s
theories of psychoanalysis (with which Popper was far less impressed)
could never be proven wrong. Thus, to Popper, relativity was science
but psychoanalysis was not.

Real scientists do not behave as Popper says they should, and
there 1s another problem with Popper’s criterion (or indeed any other
criterion) for demarcation: Would-be scientists read books too. If it
becomes widely accepted (and to some extent it has) that falsifiable
predictions are the signature of real science, then pretenders to the
throne of science will make falsifiable predictions too.!> There is no
simple, mechanical criterion for distinguishing real science from some-
thing that is not real science. That certainly does not mean, however,
that the job cannot be done. As I discuss below, the Supreme Court,
in the Daubert decision, has made a respectable stab at showing how
to do it.!°

14. Institute of Medicine, Conflict of Interest in Medical Research, Education, and Practice
(Bernard Lo & Marilyn Field eds., 2009).

15. For a list of such pretenders, see Larry Laudan, Beyond Positivism and Relativism 219
(1996).

16. The Supreme Court in Daubert identified four nondefinitive factors that were thought to be
illustrative of characteristics of scientific knowledge: testability or falsifiability, peer review, a known or
potential error rate, and general acceptance within the scientific community. 509 U.S. at 590. Subse-
quent cases have expanded on these factors. See, e.g., In re TMI Litig. Cases Consol. II, 911 E. Supp.
775, 787 (M.D. Pa. 1995) (which considered the following additional factors: the relationship of the
technique to methods that have been established to be reliable, the qualifications of the expert witness
testifying based on the methodology, the nonjudicial uses of the method, logical or internal consistency
of the hypothesis, the consistency of the hypothesis with accepted theories, and the precision of the
hypothesis or theory). See generally Bert Black et al., Science and the Law in the Wake of Daubert: A New
Search for Scientific Knowledge, 72 Tex. L. Rev. 715, 783-84 (1994) (discussion of expanded list of factors).
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Scientific theories are just that: theories. All scientific theories are
eventually proved wrong and are replaced by other theories.

The things that science has taught us about how the world works are
the most secure elements in all of human knowledge. Here I must
distinguish between science at the frontiers of knowledge (where by
definition we do not yet understand everything and where theories
are indeed vulnerable) and textbook science that is known with great
confidence. Matter is made of atoms, DNA transmits the blueprints of
organisms from generation to generation, light is an electromagnetic
wave—these things are not likely to be proved wrong. The theory of
relativity and the theory of evolution are in the same class and are still
called “theories” for historic reasons only.!” The GPS device in my
car routinely uses the general theory of relativity to make calculations
accurate enough to tell me exactly where I am and to take me to my
destination with unerring precision. The phenomenon of natural selec-
tion has been observed under numerous field conditions as well as in
controlled laboratory experiments.

In recent times, the courts have had much to say about the teach-
ing of the theory of evolution in public schools.'® In one instance
the school district decided that students should be taught the “gaps/
problems” in Darwin’s theory and given “Intelligent Design” as an
alternative explanation. The courts (Judge Jones of the United States
District Court for the Middle District of Pennsylvania) came down
hard on the side of Darwin, ruling that “Intelligent Design” was thinly
disguised religion that had no place in the science classroom.

It should be said here that the incorrect notion that all theories
must eventually be wrong is fundamental to the work of both Popper
and Kuhn, and these theorists have been crucial in helping us under-
stand how science works. Thus, their theories, like good scientific
theories at the frontiers of knowledge, can be both useful and wrong.

Scientists are people of uncompromising honesty and integrity.

They would have to be if Bacon were right about how science works,
but he was not. Most scientists are rigorously honest where honesty
matters most to them: in the reporting of scientific procedures and data
in peer-reviewed publications. In all else, they are ordinary mortals.

17. According to the National Academy of Sciences and Institute of Medicine’s 2008 report

Science, Evolution, and Creationism, “the strength of a theory rests in part on providing scientists with

the basis to explain observed phenomena and to predict what they are likely to find when exploring

new phenomena and observations.” The report also helps differentiate a theory from a hypothesis, the

latter being testable natural explanations that may offer tentative scientific insights.
18. Kitzmiller v. Dover Area School District, 400 F. Supp. 2d 707 (M.D. Pa. 2005).
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VI. Comparing Science and the Law

Science and the law differ both in the language they use and the objectives they
seek to accomplish.

A. Language

Oscar Wilde (and G.B. Shaw too) once remarked that the United States and
England are two nations divided by a common language. Something similar can
be said, with perhaps more truth (if less wit), of science and the law. There are
any number of words commonly used in both disciplines, but with different
meanings.

For example, the word force, as it is used by lawyers, has connotations of vio-
lence and the domination of one person’s will over another, when used in phrases
such as “excessive use of force” and “forced entry.” In science, force is something
that when applied to a body, causes its speed and direction of motion to change.
Also, all forces arise from a few fundamental forces, most notably gravity and the
electric force. The word carries no other baggage.

In contrast, the word evidence is used much more loosely in science than in
law. The law has precise rules of evidence that govern what is admissible and what
is not. In science, the word merely seems to mean something less than “proof.” A
certain number of the papers in any issue of a scientific journal will have titles that
begin with “Evidence for (or against) . . .” What that means is, the authors were
not able to prove their point, but are presenting their results anyway.

The word theory is a particularly interesting example of a word that has dif-
ferent meanings in each discipline. A legal theory is a proposal that fits the known
facts and legal precedents and that favors the attorney’s client. What’s required
of a theory in science is that it make new predictions that can be tested by new
experiments or observations and falsified or verified (as discussed above).

Even the word law has different meanings in the two disciplines. To a legal
practitioner, a law is something that has been promulgated by some human
authority, such as a legislature or parliament. In science, a law is a law of nature,
something that humans can hope to discover and describe accurately, but that can
never be changed by any human authority or intervention.

My final example is, to me, the most interesting of all. It is the word error.
In the law, and in common usage, error and mistake are more or less synonymous.
A legal decision can be overturned if it is found to be contaminated by judicial
error. In science, however, error and mistake have different meanings. Anyone can
make a mistake, and scientists have no obligation to report theirs in the scientific
literature. They just clean up the mess and go on to the next attempt. Error,
on the other hand, is intrinsic to any measurement, and far from ignoring it or
covering it up or even attempting to eliminate it, authors of every paper about a
scientific experiment will include a careful analysis of the errors to put limits on
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the uncertainty in the measured result. To make mistakes is human, one might
say, but error is intrinsic to our interaction with nature, and is therefore part of
science.

B. Objectives

Beyond the meanings of certain key words, science and the law differ funda-
mentally in their objectives. The objective of the law is justice; that of science
is truth.!” These are among the highest goals to which humans can aspire, but
they are not the same thing. Justice, of course, also secks truth, but it requires
that clear decisions be made in a reasonable and limited period of time. In the
scientific search for truth there are no time limits and no point at which a final
decision must be made.

And yet, despite all these differences, science and the law share, at the deepest
possible level, the same aspirations and many of the same methods. Both disci-
plines seek, in structured debate and using empirical evidence, to arrive at rational
conclusions that transcend the prejudices and self-interest of individuals.

VII. A Scientist’s View of Daubert

In the 1993 Daubert decision, the U.S. Supreme Court took it upon itself to
resolve, once and for all, the knotty problem of the demarcation between science
and pseudoscience. Better yet, it undertook to enable every federal judge to solve
that problem in deciding the admissibility of each scientific expert witness in every

case that arises. In light of all the uncertainties discussed in this chapter, it must be

considered an ambitious thing to do.?"

The presentation of scientific evidence in a court of law is a kind of shotgun
marriage between the two disciplines. Both are obliged to some extent to yield

19. This point was made eloquently by D. Allen Bromley in Science and the Law, Address at
the 1998 Annual Meeting of the American Bar Association (Aug. 2, 1998).

20. Chief Justice Rehnquist, responding to the majority opinion in Daubert, was the first to
express his uneasiness with the task assigned to federal judges, as follows: “I defer to no one in my
confidence in federal judges; but I am at a loss to know what is meant when it is said that the scientific
status of a theory depends on its ‘falsifiability,” and I suspect some of them will be, too.” 509 U.S. at
579 (Rehnquist, C.J., concurring in part and dissenting in part). His concern was then echoed by Judge
Alex Kozinski when the case was reconsidered by the U.S. Court of Appeals for the Ninth Circuit
following remand by the Supreme Court. 43 F.3d 1311, 1316 (9th Cir. 1995) (“Our responsibility,
then, unless we badly misread the Supreme Court’s opinion, is to resolve disputes among respected,
well-credentialed scientists about matters squarely within their expertise, in areas where there is no
scientific consensus as to what is and what is not ‘good science,” and occasionally to reject such expert
testimony because it was not ‘derived by the scientific method.” Mindful of our position in the hier-
archy of the federal judiciary, we take a deep breath and proceed with this heady task.”).
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to the central imperatives of the other’s way of doing business, and it is likely
that neither will be shown in its best light. The Daubert decision is an attempt
(not the first, of course) to regulate that encounter. Judges are asked to decide the
“evidential reliability” of the intended testimony, based not on the conclusions to
be offered, but on the methods used to reach those conclusions.

In particular, Daubert says, the methods should be judged by the following
four criteria:

1. The theoretical underpinnings of the methods must yield testable predic-
tions by means of which the theory could be falsified.

2. The methods should preferably be published in a peer-reviewed journal.

3. There should be a known rate of error that can be used in evaluating the
results.

4. The methods should be generally accepted within the relevant scientific
community.

In reading these four illustrative criteria mentioned by the Court, one is struck
immediately by the specter of Karl Popper looming above the robed justices. (It
is no mere illusion. The dependence on Popper is explicit in the written deci-
sion.) Popper alone is not enough, however, and the doctrine of falsification is
supplemented by a bow to the institution of peer review, an acknowledgment of
the scientific meaning of error, and a paradigm check (really, an inclusion of the
earlier Frye standard).?!

The Daubert case and two others (General Electric v. Joiner,*> and Kumho Tires
v. Carmichael’®) have led to increasing attention on the part of judges to scientific
and technical issues and have led to the increased exclusion of expert testimony,
but the Daubert criteria seem too general to resolve many of the difficult decisions
the courts face when considering scientific evidence. Nonetheless, despite some
inconsistency in rulings by various judges, the Daubert decision has given the
courts new flexibility, and so far, it has stood the test of time.

All in all, T would give the decision pretty high marks.?* The justices ventured
into the treacherous crosscurrents of the philosophy of science—where even most
scientists fear to tread—and emerged with at least their dignity intact. Falsifiability
may not be a good way of doing science, but it is not the worst a posteriori way
to judge science, and that is all that’s required here. At least they managed to avoid
the Popperian trap of demanding that the scientists be skeptical of their own ideas.

21. In Frye v. United States, 293 F. 1013, 1014 (D.C. Cir. 1923), the court stated that expert
opinion based on a scientific technique is inadmissible unless the technique is “generally accepted” as
reliable in the relevant scientific community.

22. 522 U.S. 136 (1997).

23. 526 U.S. 137 (1999).

24. For a contrary view, see Gary Edmond & David Mercer, Recognizing Daubert: What Judges
Should Know About Falsification, 5 Expert Evid. 2942 (1996).
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The other considerations help lend substance and flexibility.?> The jury is still out
(so to speak) on how well this decision will work in practice, but it is certainly an
impressive attempt to serve justice, if not truth. Applying it in practice will never
be easy, but then that is what this manual is about.?°

25. See supra note 16.
26. For further reading, see John Ziman, PublicKnowledge: An Essay Concerning the Social

Dimension of Science (Cambridge University Press 1968).
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I. Introduction

Forensic identification expertise encompasses fingerprint, handwriting, and fire-
arms (“ballistics”), and toolmark comparisons, all of which are used by crime
laboratories to associate or dissociate a suspect with a crime. Shoe and tire prints
also fall within this large pattern evidence domain. These examinations consist of
comparing a known exemplar with evidence collected at a crime scene or from
a suspect. Bite mark analysis can be added to this category, although it developed
within the field of forensic dentistry as an adjunct of dental identification and i1s
not conducted by crime laboratories. In a broad sense, the category includes trace
evidence such as the analysis of hairs, fibers, soil, glass, and wood. Some forensic
disciplines attempt to individuate and thus attribute physical evidence to a par-
ticular source—a person, object, or location.! Other techniques are useful because
they narrow possible sources to a discrete category based upon what are known as
“class characteristics” (as opposed to “individual characteristics”). Moreover, some
techniques are valuable because they eliminate possible sources.

Following this introduction, Part II of this guide sketches a brief history of
the development of forensic expertise and crime laboratories. Part III discusses
the impact of the advent of DNA analysis and the Supreme Court’s 1993 Daubert
decision,? developments that prompted a reappraisal of the trustworthiness of tes-
timony by forensic identification experts. Part IV focuses on the 2009 National
Research Council (NRC) report on forensic science.® Parts V through X examine
specific identification techniques: (1) fingerprint analysis, (2) questioned document
examination, (3) firearms and toolmark identification, (4) bite mark comparison,
and (5) microscopic hair analysis. Part XI considers recurrent problems, including
the clarity of expert testimony, limitations on its scope, and restrictions on closing
arguments. Part XII addresses procedural issues—pretrial discovery and access to
defense experts.

1. Some forensic scientists believe the word individualization is more accurate than identification.
Paul L. Kirk, The Ontogeny of Criminalistics, 54 J. Crim. L., Criminology & Police Sci. 235, 236 (1963).
The identification of a substance as heroin, for example, does not individuate, whereas a fingerprint
identification does.

2. Daubert v. Merrell Dow Pharms., Inc., 509 U.S. 579 (1993). Daubert is discussed in Margaret
A. Berger, The Admissibility of Expert Testimony, in this manual.

3. National Research Council, Strengthening Forensic Science in the United States: A Path
Forward (2009) [hereinafter NRC Forensic Science Report], available at http://www.nap.edu/catalog.
php?record_1d=12589.

57

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Manual on Scientific Evidence

[I. Development of Forensic Identification
Techniques

An understanding of the current issues requires some appreciation of the past.
The first reported fingerprint case was decided in 1911.* This case preceded the
establishment of the first American crime laboratory, which was created in Los
Angeles in 1923.> The Federal Bureau of Investigation (FBI) laboratory came
online in 1932. At its inception, the FBI laboratory staff included only firearms
identification and fingerprint examination.® Handwriting comparisons, trace evi-
dence examinations, and serological testing of blood and semen were added later.
When initially established, crime laboratories handled a modest number of cases.
For example, in its first full year of operation, the FBI laboratory processed fewer
than 1000 cases.”

Several sensational cases in these formative years highlichted the value of
forensic identification evidence. The Sacco and Vanzetti trial in 1921 was one

of the earliest cases to rely on firearms identification evidence.® In 1935, the

0

extensive use of handwriting comparison testimony’ and wood evidence'® at

the Lindbergh kidnapping trial raised the public consciousness of identification
expertise and solidified its role in the criminal justice system. Crime laboratories
soon sprang up in other large cities such as Chicago and New York."! The num-

4. People v. Jennings, 96 N.E. 1077 (IIL. 1911).

5. See John 1. Thornton, Criminalistics: Past, Present and Future, 11 Lex et Scientia 1, 23 (1975)
(“In 1923, Vollmer served as Chief of Police of the City of Los Angeles for a period of one year.
During that time, a crime laboratory was established at his direction.”).

6. See Federal Bureau of Investigation, U.S. Department of Justice, FBI Laboratory 3 (1981),
available at http://www.ncjrs.gov/App/publications/Abstract.aspx?id=78689.

7. See Anniversary Report, 40 Years of Distinguished Scientific Assistance to Law Enforcement, FBI Law
Enforcement Bull., Nov. 1972, at 4 (“During its first month of service, the FBI Laboratory examiners
handled 20 cases. In its first full year of operation, the volume increased to a total of 963 examinations.
By the next year that figure more than doubled.”).

8. See G. Louis Joughin & Edmund M. Morgan, The Legacy of Sacco & Vanzetti 15 (1948);
see also James E. Starrs, Once More Unto the Breech: The Firearms Evidence in the Sacco and Vanzetti Case
Revisited, Parts I & 1II, 31 J. Forensic Sci. 630, 1050 (1986).

9. See D. Michael Risinger et al., Exorcism of Ignorance as a Proxy for Rational Knowledge: The
Lessons of Handwriting Identification “Expertise,” 137 U. Pa. L. Rev. 731, 738 (1989).

10. See Shirley A. Graham, Anatomy of the Lindbergh Kidnapping, 42 J. Forensic Sci. 368 (1997).
The kidnapper had used a wooden ladder to reach the second-story window of the child’s bedroom.
Arthur Koehler, a wood technologist and identification expert for the Forest Products Laboratory of the
U.S. Forest Service, traced part of the ladder’s wood from its mill source to a lumberyard near the home
of the accused. Relying on plant anatomical comparisons, he also testified that a piece of the ladder
came from a floorboard in the accused’s attic.

11. See Joseph L. Peterson, The Crime Lab, in Thinking About Police 184, 185 (Carl Klockars
ed., 1983) (“[TThe Chicago Crime Laboratory has the distinction of being one of the oldest in the
country. Soon after, however, many other jurisdictions also built police laboratories in an attempt to
cope with the crimes of violence associated with the 1930s gangster era.”).
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ber of laboratories gradually grew and then skyrocketed. The national campaign
against drug abuse led most crime laboratories to create forensic chemistry units,
and today the analysis of suspected contraband drugs constitutes more than 50%
of the caseload of many laboratories.!?> By 2005, the nation’s crime laboratories
were handling approximately 2.7 million cases every year.'> According to a 2005
census, there are now 389 publicly funded crime laboratories in the United States:
210 state or regional laboratories, 84 county laboratories, 62 municipal laborato-
ries, and 33 federal laboratories.'* Currently, these laboratories employ more than
11,900 full-time staff members.!>

The establishment of crime laboratories represented a significant reform in
the types of evidence used in criminal trials. Previously, prosecutors had relied
primarily on eyewitness testimony and confessions. The reliability of physical evi-
dence is often superior to that of other types of proof.'® However, the seeds of the
current controversies over forensic identification expertise were sown during this
period. Even though the various techniques became the stock and trade of crime
laboratories, many received their judicial imprimatur without a critical evaluation
of the supporting scientific research.!”

This initial lack of scrutiny resulted, in part, from the deference that previ-
ous standards of admissibility accorded the community of specialists in the various
fields of expert testimony. In 1923, the D.C. Circuit adopted the “general accep-

12. J. Peterson & M. Hickman, Bureau of Just. Stat. Bull. (Feb. 2005), NCJ 207205. In most
cases, the forensic chemist simply identifies the unknown as a particular drug. However, in some cases
the chemist attempts to individuate and establish that several drug samples originated from the same
production batch at a particular illegal drug laboratory. See Fabrice Besacier et al., Isotopic Analysis of
13C as a Tool for Comparison and Origin Assignment of Seized Heroin Samples, 42 J. Forensic Sci. 429
(1997); C. Sten et al., Computer Assisted Retrieval of Common-Batch Members in Leukart Amphetamine
Profiling, 38 J. Forensic Sci. 1472 (1993).

13. Matthew R. Durose, Crime Labs Received an Estimated 2.7 Million Cases in 2005, Bureau of Just.
State. Bull. (July 2008) NCJ 222181, available at http://pjs.ojp.usdoj.gov/index.cfin?ty=pbdetail &lid=490
(summarizing statistics compiled by the Justice Department’s Bureau of Justice Statistics).

14. NRC Forensic Science Report, supra note 3, at 58.

15. Id. at 59.

16. For example, in 1927, Justice Frankfurter, then a law professor, sharply critiqued the eye-
witness identifications in the Sacco and Vanzetti case. See Felix Frankfurter, The Case of Sacco and
Vanzetti 30 (1927) (“What is the worth of identification testimony even when uncontradicted? The
identification of strangers is proverbially untrustworthy.”). In 1936, the Supreme Court expressed
grave reservations about the trustworthiness of confessions wrung from a suspect by abusive inter-
rogation techniques. See Brown v. Mississippi, 297 U.S. 278 (1936) (due process violated by beating
a confession out of a suspect).

17. “[Flingerprints were accepted as an evidentiary tool without a great deal of scrutiny or
skepticism” of their underlying assumptions. Jennifer L. Mnookin, Fingerprint Evidence in an Age of DNA
Profiling, 67 Brook. L. Rev. 13, 17 (2001); see also Risinger et al., supra note 9, at 738 (“Our literature
search for empirical evaluation of handwriting identification turned up one primitive and flawed validity
study from nearly 50 years ago, one 1973 paper that raises the issue of consistency among examiners
but presents only uncontrolled impressionistic and anecdotal information not qualifying as data in any
rigorous sense, and a summary of one study in a 1978 government report. Beyond this, nothing.”).
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tance” test for determining the admissibility of scientific evidence. The case, Frye
v. United States,'® involved a precursor of the modern polygraph. Although the
general acceptance test was limited to mostly polygraph cases for several decades, it
eventually became the majority pre-Daubert standard.'” However, under that test,
scientific testimony is admissible if the underlying theory or technique is generally
accepted by the specialists within the expert’s field. The Frye test did not require
foundational proof of the empirical validity of the technique’s scientific premises.

[II. Reappraisal of Forensic Identification
Expertise

The advent of DNA profiling in the late 1980s, quickly followed by the Supreme
Court’s 1993 Daubert decision (rejecting Frye), prompted a reassessment of iden-
tification expertise.?’

A. DNA Profiling and Empirical Testing

In many ways, DNA profiling revolutionized the use of expert testimony in crimi-
nal cases.”! Population geneticists, often affiliated with universities, used statistical
techniques to define the extent to which a match of DNA markers individuated
the accused as the possible source of the crime scene sample.?? Typically, the
experts testified to a random-match probability, supporting their opinions by
pointing to extensive empirical testing.

The fallout from the introduction of DNA analysis in criminal trials was sig-
nificant in three ways. First, DNA profiling became the gold standard, regarded
as the most reliable of all forensic techniques.?> NRC issued two reports on the

18. 293 F. 1013 (D.C. Cir. 1923).

19. Frye was cited only five times in published opinions before World War II, mostly in poly-
graph cases. After World War I, it was cited 6 times before 1950, 20 times in the 1950s, and 21 times
in the 1960s. Bert Black et al., Science and the Law in the Wake of Daubert: A New Search for Scientific
Knowledge, 72 Tex. L. Rev. 715, 722 n.30 (1994).

20. See Michael J. Saks & Jonathan J. Koehler, The Coming Paradigm Shift in Forensic Identification
Science, 309 Science 892 (2005).

21. See People v. Wesley, 533 N.Y.S.2d 643, 644 (County Ct. 1988) (calling DNA evidence the
“single greatest advance in the ‘search for truth’ . . . since the advent of cross-examination”).

22. DNA Profiling is examined in detail in David H. Kaye & George Sensabaugh, Reference
Guide on DNA Identification Evidence, in this manual.

23. See Michael Lynch, God’s Signature: DNA Profiling, The New Gold Standard in Forensic Science, 27
Endeavour 2, 93 (2003); Joseph L. Peterson & Anna S. Leggett, The Evolution of Forensic Science: Progress
Amid the Pitfalls, 36 Stetson L. Rev. 621, 654 (2007) (“The scientific integrity and reliability of DNA test-
ing have helped DNA replace fingerprinting and made DNA evidence the new ‘gold standard’ of forensic
evidence”); see also NRC Forensic Science Report, supra note 3, at 40—41 (the ascendancy of DNA).
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subject, emphasizing the importance of certain practices: “No laboratory should
let its results with a new DNA typing method be used in court, unless it has
undergone . . . proficiency testing via blind trials.”** Commentators soon pointed
out the broader implications of this development:

The increased use of DNA analysis, which has undergone extensive validation,
has thrown into relief the less firmly credentialed status of other forensic science
identification techniques (fingerprints, fiber analysis, hair analysis, ballistics, bite
marks, and tool marks). These have not undergone the type of extensive testing
and verification that is the hallmark of science elsewhere.?

Second, the DNA admissibility battles highlighted the absence of mandatory
regulation of crime laboratories.?® This situation began to change with the pas-
sage of the DNA Identification Act of 1994,% the first federal statute regulating a
crime laboratory procedure. The Act authorized the creation of a national database
for the DNA profiles of convicted offenders as well as a database for unidentified
profiles from crime scenes: the Combined DNA Index System (CODIS). Bring-
ing CODIS online was a major undertaking, and its successful operation required
an cffective quality assurance program. As one government report noted, “the
integrity of the data contained in CODIS is extremely important since the DNA
matches provided by CODIS are frequently a key piece of evidence linking a
suspect to a crime.”?® The statute also established a DNA Advisory Board (DAB)
to assist in promulgating quality assurance standards®® and required proficiency

24. National Research Council, DNA Technology in Forensic Science 55 (1992) [hereinafter
NRC 1], available at http://www.nap.edu/catalog.php?record _id=1866. A second report followed.
See National Research Council, The Evaluation of Forensic DNA Evidence (1996), available at http://
www.nap.edu/catalog.php/record_id=5141. The second report also recommended proficiency testing.
Id. at 88 (Recommendation 3.2: “Laboratories should participate regularly in proficiency tests, and the
results should be available for court proceedings.”).

25. Donald Kennedy & Richard A. Merrill, Assessing Forensic Science, 20 Issues in Sci. & Tech. 33,
34 (2003); see also Michael J. Saks & Jonathan J. Koehler, What DNA “Fingerprinting” Can Teach the Law
About the Rest of Forensic Science, 13 Cardozo L. Rev. 361, 372 (1991) (“[F]orensic scientists, like scientists
in all other fields, should subject their claims to methodologically rigorous empirical tests. The results
of these tests should be published and debated.”); Sandy L. Zabell, Fingerprint Evidence, 13 J.L. & Pol’y
143, 143 (2005) (“DNA identification has not only transformed and revolutionized forensic science, it
has also created a new set of standards that have raised expectations for forensic science in general.”).

26. In 1989, Eric Lander, a prominent molecular biologist who became enmeshed in the early
DNA admissibility disputes, wrote: “At present, forensic science is virtually unregulated—with the
paradoxical result that clinical laboratories must meet higher standards to be allowed to diagnose strep
throat than forensic labs must meet to put a defendant on death row.” Eric S. Lander, DNA Finger-
printing on Trial, 339 Nature 501, 505 (1989).

27. 42 U.S.C. § 14131 (2004).

28. Office of Inspector General, U.S. Department of Justice, Audit Report, The Combined
DNA Index System, 1i (2001), available at http://www justice.gov/oig/reports/FB1/a0126/final.pdf.

29. 42 U.S.C. § 14131(b). The legislation contained a “sunset” provision; DAB would expire
after 5 years unless extended by the Director of the FBI. The board was extended for several months
and then ceased to exist. The FBI had established the Technical Working Group on DNA Identifica-
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testing for FBI analysts as well as those in laboratories participating in the national
database or receiving federal funding.?

Third, the use of DNA evidence to exonerate innocent convicts led to a

reexamination of the evidence admitted to secure their original convictions.?!

Some studies indicated that, after eyewitness testimony, forensic identification
evidence was one of the most common types of testimony that jurors relied on

at the earlier trials in returning erroneous verdicts.>> These studies suggested that

flawed forensic analyses may have contributed to the convictions.*?

B. Daubert and Empirical Testing

The second major development prompting a reappraisal of forensic identification
evidence was the Daubert decision.** Although there was some uncertainty about
the effect of the decision at the time Daubert was decided, the Court’s subsequent
cases, General Electric Co. v. Joiner> and Kumho Tire Co. v. Carmichael,>® signaled

tion Methods (TWGDAM) in 1988 to develop standards. TWGDAM functioned under DAB. It was
renamed the Scientific Working Group on DNA Analysis Methods (SWGDAM) in 1999 and replaced
DAB when the latter expired.

30. 42 US.C. § 14132(b)(2) (2004) (external proficiency testing for CODIS participation); id.
§ 14133(a)(1)(A) (2004) (FBI examiners). DAB Standard 13 implements this requirement. The Justice
for All Act, enacted in 2004, amended the statute, requiring all DNA labs to be accredited within
2 years “by a nonprofit professional association of persons actively involved in forensic science that is
nationally recognized within the forensic science community” and to “undergo external audits, not
less than once every 2 years, that demonstrate compliance with standards established by the Director
of the Federal Bureau of Investigation.” 42 U.S.C. § 14132(b)(2).

31. See Samuel R. Gross et al., Exonerations in the United States 1989 Through 2003, 95 J. Crim.
L. & Criminology 523, 543 (2005).

32. A study of 200 DNA exonerations found that expert testimony (55%) was the second lead-
ing type of evidence (after eyewitness identifications, 79%) used in the wrongful conviction cases.
Pre-DNA serology of blood and semen evidence was the most commonly used technique (79 cases).
Next came hair evidence (43 cases), soil comparison (5 cases), DNA tests (3 cases), bite mark evidence
(3 cases), fingerprint evidence (2 cases), dog scent (2 cases), spectrographic voice evidence (1 case),
shoe prints (1 case), and fibers (1 case). Brandon L. Garrett, Judging Innocence, 108 Colum. L. Rev. 55,
81 (2008). These data do not necessarily mean that the forensic evidence was improperly used. For
example, serological testing at the time of many of these convictions was simply not as discriminat-
ing as DNA profiling. Consequently, a person could be included using these serological tests but be
excluded by DNA analysis. Yet, some evidence was clearly misused. See also Paul C. Giannelli, Wrong-
Sful Convictions and Forensic Science: The Need to Regulate Crime Labs, 86 N.C. L. Rev. 163, 165-70,
172-207 (2007).

33. See Melendez-Diaz v. Massachusetts, 129 S. Ct. 2527, 2537 (2009) (citing Brandon L.
Garrett & Peter J. Neufeld, Invalid Forensic Science Testimony and Wrongful Convictions, 95 Va. L. Rev.
1, 34-84 (2009)). See also Brandon L. Garrett, Convicting the Innocent: Where Criminal Prosecutions
Go Wrong, ch. 4 (2011).

34. Daubert is discussed in detail in Margaret A. Berger, The Admissibility of Expert Testimony,
in this manual.

35. 522 U.S. 136 (1997).

36. 526 U.S. 137 (1999).
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that the Daubert standard may often be more demanding than the traditional Frye
standard.’” Kumho extended the reliability requirement to all types of expert tes-
timony, and in 2000, the Court characterized Daubert as imposing an “exacting”
standard for the admissibility of expert testimony.®

Daubert’s impact in civil cases is well documented.®® Although Daubert’s
effect on criminal litigation has been less pronounced,*’ it nonetheless has par-
tially changed the legal landscape. Defense attorneys invoked Daubert as the basis
for mounting attacks on forensic identification evidence, and a number of courts
view the Daubert trilogy as “inviting a reexamination even of ‘generally accepted’
venerable, technical fields.”*! Several courts have held that a forensic technique
is not exempt from Rule 702 scrutiny simply because it previously qualified for
admission under Frye’s general acceptance standard.*?

In addition to enunciating a new reliability test, Daubert listed several factors
that trial judges may consider in assessing reliability. The first and most impor-
tant Daubert factor is testability. Citing scientific authorities, the Daubert Court
noted that a hallmark of science is empirical testing. The Court quoted Hempel:

37. See United States v. Horn, 185 F. Supp. 2d 530, 553 (D. Md. 2002) (“Under Daubert, . . .
it was expected that it would be easier to admit evidence that was the product of new science or
technology. In practice, however, it often seems as though the opposite has occurred—application
of Daubert/Kumho Tire analysis results in the exclusion of evidence that might otherwise have been
admitted under Frye.”).

38. Weisgram v. Marley Co., 528 U.S. 440, 455 (2000).

39. See Lloyd Dixon & Brian Gill, Changes in the Standards of Admitting Expert Evidence in
Federal Civil Cases Since the Daubert Decision 25 (2002) (“[S]ince Daubert, judges have examined
the reliability of expert evidence more closely and have found more evidence unreliable as a result.”);
Margaret A. Berger, Upsetting the Balance Between Adverse Interests: The Impact of the Supreme Court’s
Trilogy on Expert Testimony in Toxic Tort Litigation, 64 Law & Contemp. Probs. 289, 290 (2001) (“The
Federal Judicial Center conducted surveys in 1991 and 1998 asking federal judges and attorneys about
expert testimony. In the 1991 survey, seventy-five percent of the judges reported admitting all prof-
fered expert testimony. By 1998, only fifty-nine percent indicated that they admitted all proffered
expert testimony without limitation. Furthermore, sixty-five percent of plaintiff and defendant counsel
stated that judges are less likely to admit some types of expert testimony since Daubert.”).

40. See Jennifer L. Groscup et al., The Effects of Daubert on the Admissibility of Expert Testimony
in State and Federal Criminal Cases, 8 Psychol. Pub. Pol'y & L. 339, 364 (2002) (“[T]he Daubert deci-
sion did not impact on the admission rates of expert testimony at either the trial or the appellate
court levels.”); D. Michael Risinger, Navigating Expert Reliability: Are Criminal Standards of Certainty
Being Left on the Dock? 64 Alb. L. Rev. 99, 149 (2000) (“|T]he heightened standards of dependability
imposed on expertise proffered in civil cases has continued to expand, but . . . expertise proffered by
the prosecution in criminal cases has been largely insulated from any change in pre-Daubert standards
or approach.”).

41. United States v. Hines, 55 F. Supp. 2d 62, 67 (D. Mass. 1999) (handwriting comparison); see
also United States v. Hidalgo, 229 F. Supp. 2d 961, 966 (D. Ariz. 2002) (“Courts are now confronting
challenges to testimony, as here, whose admissibility had long been settled”; discussing handwriting
comparison).

42. See, e.g., United States v. Williams, 506 F.3d 151, 162 (2d Cir. 2007) (“Nor did [Daubert]
‘grandfather’ or protect from Daubert scrutiny evidence that had previously been admitted under
Frye.”); United States v. Starzecpyzel, 880 F. Supp. 1027, 1040 n.14 (S.D.N.Y. 1995).
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“[T]he statements constituting a scientific explanation must be capable of empiri-
cal test,”® and then Popper: “[T]he criterion of the scientific status of a theory
is its falsifiability, or refutability, or testability.”** The other factors listed by the
Court are generally complementary. For example, the second factor, peer review
and publication, is a means to verify the results of the testing mentioned in the first
factor; and in turn, verification can lead to general acceptance of the technique
within the broader scientific community.*> These factors serve as circumstantial
evidence that other experts have examined the underlying research and found it

to be sound. Similarly, another factor, an error rate, is derived from testing.

[V. National Research Council Report on
Forensic Science

In 2005, the Science, State, Justice, Commerce, and Related Agencies Appro-
priations Act became law.*® The accompanying Senate report commented that,
“[wlhile a great deal of analysis exists of the requirements of the discipline of
DNA, there exists little or no analysis of the . . . needs of the [forensic] commu-
nity outside of the area of DNA.”#" In the Act, Congress authorized the National
Academy of Sciences (NAS) to conduct a comprehensive study of the current
state of forensic science to develop recommendations. In fall 2006, the Academy
established the Committee on Identifying the Needs of the Forensic Science
Community within NRC to fulfill the task appointed by Congress. In February
2009, NRC released the report Strengthening Forensic Science in the United States:
A Path Forward.*®

43. Carl G. Hempel, Philosophy of Natural Science 49 (1966).

44. Karl R. Popper, Conjectures and Refutations: The Growth of Scientific Knowledge 37
(5th ed. 1989).

45. In their amici brief in Daubert, the New England Journal of Medicine and other medical journals
observed:

“Good science” is a commonly accepted term used to describe the scientific community’s system of
quality control which protects the community and those who rely upon it from unsubstantiated scientific
analysis. It mandates that each proposition undergo a rigorous trilogy of publication, replication and
verification before it is relied upon.

Brief for the New England Journal of Medicine, Journal of the American Medical Association, and
Annals of Internal Medicine as Amici Curiae supporting Respondent at *2, Daubert v. Merrell Dow
Pharms., Inc., 509 U.S. 579 (1993) (No. 92-102), 1993 WL 13006387. Peer review’s “role is to pro-
mote the publication of well-conceived articles so that the most important review, the consideration
of the reported results by the scientific community, may occur after publication.” Id. at *3.

46. Pub. L. No. 109-108, 119 Stat. 2290 (2005).

47. S. Rep. No. 109-88, at 46 (2005).

48. NRC Forensic Science Report, supra note 3. The Supreme Court cited the report 3 months
later. Melendez-Diaz v. Massachusetts, 129 S. Ct. 2527 (2009).
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In keeping with its congressional charge, the NRC committee did not address
admissibility issues. The NRC report stated: “No judgment is made about past
convictions and no view is expressed as to whether courts should reassess cases
that already have been tried.”* When the report was released, the co-chair of the
NRC committee stated:

I want to make it clear that the committee’s report does not mean to offer any
judgments on any cases in the judicial system. The report does not assess past
criminal convictions, nor does it speculate about pending or future cases. And
the report offers no proposals for law reform. That was beyond our charge.
Each case in the criminal justice system must be decided on the record before
the court pursuant to the applicable law, controlling precedent, and governing
rules of evidence. The question whether forensic evidence in a particular case is
admissible under applicable law is not coterminous with the question whether
there are studies confirming the scientific validity and reliability of a forensic
science discipline.>”

Yet, in one passage, the report remarked: “Much forensic evidence—including,
for example, bite marks and fircarm and toolmark identifications—is introduced in
criminal trials without any meaningful scientific validation, determination of error
rates, or reliability testing to explain the limits of the discipline.”>! Moreover, the
report did discuss a number of forensic techniques and, where relevant, passages
from the report are cited throughout this chapter.

As the NRC report explained, its primary focus is forward-looking—to out-
line an “agenda for progress.”>? The report’s recommendations are wide-ranging,
covering diverse topics such as medical examiner systems,> interoperability of the
automated fingerprint systems,>* education and training in the forensic sciences,>
codes of ethics,®® and homeland security issues.>’ Some recommendations are

49. Id. at 85. The report goes on to state:

The report finds that the existing legal regime—including the rules governing the admissibility of foren-
sic evidence, the applicable standards governing appellate review of trial court decisions, the limitations
of the adversary process, and judges and lawyers who often lack the scientific expertise necessary to
comprehend and evaluate forensic evidence—is inadequate to the task of curing the documented ills of
the forensic science disciplines.

Id.

50. Harry T. Edwards, Co-Chair, Forensic Science Committee, Opening Statement of Press
Conference (Feb. 18, 2009), transcript available at http://www.nationalacademies.org/includes/
OSEdwards.pdf.

51. NRC Forensic Science Report, supra note 3, at 107-08.

52. Id. at xix.

53. Recommendation 10 (urging the replacement of the coroner with medical examiner system
in medicolegal death investigation).

54. Recommendation 11.

55. Recommendation 2.

56. Recommendation 9.

57. Recommendation 12.
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structural—that is, the creation of an independent federal entity (to be named the
National Institute of Forensic Sciences) to oversee the field®® and the removal of
crime laboratories from the “administrative” control of law enforcement agen-
cies.”® The National Institute of Forensic Sciences would be responsible for
(1) establishing and enforcing best practices for forensic science professionals
and laboratories; (2) setting standards for the mandatory accreditation of crime
laboratories and the mandatory certification of forensic scientists; (3) promoting
scholarly, competitive, peer-reviewed research and technical development in
the forensic sciences; and (4) developing a strategy to improve forensic science
research. Congressional action would be needed to establish the institute. Several
other recommendations are discussed below.

A. Research

The NRC report urged funding for additional research “to address issues of
accuracy, reliability, and validity in the forensic science disciplines.”® In the
report’s words, “[a]mong existing forensic methods, only nuclear DNA analysis
has been rigorously shown to have the capacity to consistently, and with a high
degree of certainty, demonstrate a connection between an evidentiary sample
and a specific individual or source.”® In another passage, the report discussed
the need for further research into the premises underlying forensic disciplines
other than DNA:

A body of research is required to establish the limits and measures of perfor-
mance and to address the impact of sources of variability and potential bias.
Such research is sorely needed, but it seems to be lacking in most of the forensic
disciplines that rely on subjective assessments of matching characteristics. These
disciplines need to develop rigorous protocols to guide these subjective interpre-

. . . 5
tations and pursue equally rigorous research and evaluation programs.®?

58. Recommendation 1.

59. Recommendation 4.

60. Id. at 22 (Recommendation 3).

61. Id. at 100; see also id. at 7 & 87.

62. Id. at 8; see also id. at 15 (“Of the various facets of underresourcing, the committee is most
concerned about the knowledge base. Adding more dollars and people to the enterprise might reduce
case backlogs, but it will not address fundamental limitations in the capabilities of forensic science dis-
ciplines to discern valid information from crime scene evidence.”); id. at 22 (“[S]ome forensic science
disciplines are supported by little rigorous systematic research to validate the discipline’s basic premises
and techniques. There is no evident reason why such research cannot be conducted.”).
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B. Observer Effects

Another recommendation focuses on research to investigate observer bias and
other sources of human error in forensic examinations.®® According to psycho-
logical theory of observer effects, external information provided to persons con-
ducting analyses may taint their conclusions—a serious problem in techniques
with a subjective component.®* A growing body of modern research, noted in
the report,®> demonstrates that exposure to such information can affect forensic
science experts. For example, a handwriting examiner who is informed that an

exemplar belongs to the prime suspect in a case may be subconsciously influ-

enced by this information.®®

One of the first studies to document the biasing effect was a research project
involving hair analysts.®” Some recent studies involving fingerprints have found
biasing.®® Another study concluded that external information had an effect but
not toward making errors. Instead, these rescarchers found fewer definitive and

63. Recommendation 8:

Such programs might include studies to determine the effects of contextual bias in forensic practice
(c.g., studies to determine whether and to what extent the results of forensic analyses are influenced by
knowledge regarding the background of the suspect and the investigator’s theory of the case). In addi-
tion, research on sources of human error should be closely linked with research conducted to quantify
and characterize the amount of error.

64. See generally D. Michael Risinger et al., The Daubert/Kumho Implications of Observer Effects
in Forensic Science: Hidden Problems of Expectation and Suggestion, 90 Cal. L. Rev. 1 (2002).

65. NRC Forensic Science Report, supra note 3, at 139 n.23 & 185 n.2.

66. See L.S. Miller, Bias Among Forensic Document Examiners: A Need for Procedural Change, 12
J. Police Sci. & Admin. 407, 410 (1984) (“The conclusions and opinions reported by the examiners
supported the bias hypothesis.”). Confirmation bias is another illustration. The FBI noted the problem
in its internal investigation of the Mayfield case. A review by another examiner was not conducted
blind—that is, the reviewer knew that a positive identification had already been made—and thus was
subject to the influence of confirmation bias. Robert B. Stacey, A Report on the Erroneous Fingerprint
Individualization in the Madrid Train Bombing Case, 54 J. Forensic Identification 707 (2004).

67. See Larry S. Miller, Procedural Bias in Forensic Science Examinations of Human Hair, 11 Law
& Hum. Behav. 157 (1987). In the conventional method, the examiner is given hair samples from a
known suspect along with a report including other facts and information relating to the guilt of the
suspect. “The findings of the present study raise some concern regarding the amount of unintentional
bias among human hair identification examiners. . . . A preconceived conclusion that a questioned hair
sample and a known hair sample originated from the same individual may influence the examiner’s
opinion when the samples are similar.” Id. at 161.

68. See Itiel Dror & Robert Rosenthal, Meta-analytically Quantifying the Reliability and Biasability
of Forensic Experts, 53 J. Forensic Sci. 900 (2008); Itiel E. Dror et al., Contextual Information Renders
Experts Vulnerable to Making Erroneous Identifications, 156 Forensic Sci. Int’l 74 (2006); Itiel Dror et al.,
When Emotions Get the Better of Us: The Effect of Contextual Tap-Down Processing on Matching Fingerprints,
19 App. Cognit. Psychol. 799 (2005).
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erroneous judgments.”” In any event, forensic examinations should, to the extent
feasible, be conducted “blind.””°

C. Accreditation and Certification

The NRC report called for the mandatory accreditation of crime labs and the
certification of examiners.”! Accreditation and certification standards should be
based on recognized international standards, such as those published by the Inter-
national Organization for Standardization (ISO). According to the report, no
person (public or private) ought to practice or testify as a forensic expert without
certification.”? In addition, laboratories should establish “quality assurance and
quality control procedures to ensure the accuracy of forensic analyses and the
work of forensic practitioners.””3

The American Society of Crime Lab Directors/Laboratory Accreditation
Board (ASCLD/LAB) is the principal accrediting organization in the United
States. Accreditation requirements generally include ensuring the integrity of
evidence, adhering to valid and generally accepted procedures, employing quali-
fied examiners, and operating quality assurance programs—that is, proficiency
testing, technical reviews, audits, and corrective action procedures.”* Currently,
accreditation is mostly voluntary. Only a few states require accreditation of crime

69. Glenn Langenburg et al., Testing for Potential Contextual Bias Effects During the Verification Stage
of the ACE-V Methodology When Conducting Fingerprint Comparisons, 54 J. Forensic Sci. 571 (2009). As
the researchers acknowledge, the examiners knew that they were being tested.

70. See Mike Redmayne, Expert Evidence and Criminal Justice 16 (2001) (“To the extent that
we are aware of our vulnerability to bias, we may be able to control it. In fact, a feature of good sci-

entific practice is the institution of processes—such as blind testing, the use of precise measurements,
standardized procedures, statistical analysis—that control for bias.”).

71. Recommendation 3; see also NRC Forensic Science Report, supra note 3, at 23 (“In short,
oversight and enforcement of operating standards, certification, accreditation, and ethics are lacking
in most local and state jurisdictions.”).

72. Id., Recommendation 7. The recommendation goes on to state:

Certification requirements should include, at a minimum, written examinations, supervised practice,
proficiency testing, continuing education, recertification procedures, adherence to a code of ethics, and
effective disciplinary procedures. All laboratories (public or private) should be accredited and all forensic
science professionals should be certified, when eligible, within a time period estbalished by NIFS.

73. Id., Recommendation 8. The recommendation further comments: “Quality control pro-
cedures should be designed to: identify mistakes, fraud, and bias; confirm the continued validity and
reliability of standard operating procedures and protocols; ensure that best practices are being followed;
and correct procedures and protocols that are found to need improvement.”

74. See Jan S. Bashinski & Joseph L. Peterson, Forensic Sciences, in Local Government: Police
Management 559, 578 (William Geller & Darrel Stephens eds., 4th ed. 2004).
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laboratories.”> New York mandated accreditation in 1994.7¢ Texas”” and Okla-
homa’® followed after major crime laboratory failures.

D. Proficiency Testing

Several of the report’s recommendations referred to proficiency testing,”” of which
there are several types: internal or external, and blind or nonblind (declared).®
The results of the first Laboratory Proficiency Testing Program, sponsored by the
Law Enforcement Assistance Administration (LEAA), were reported in 1978.8!
Voluntary proficiency testing continued after this study.®> The DNA Identification
Act of 1994 mandated proficiency testing for examiners at the FBI as well as for

75. The same is true for certification. NRC Forensic Science Report, supra note 3, at 6 (“[M]ost
jurisdictions do not require forensic practitioners to be certified, and most forensic science disciplines
have no mandatory certification program.”).

76. N.Y. Exec. Law § 995-b (McKinney 2003) (requiring accreditation by the state Forensic Sci-
ence Commission); see also Cal. Penal Code § 297 (West 2004) (requiring accreditation of DINA units
by ASCLD/LAB or any certifying body approved by ASCLD/LAB); Minn. Stat. Ann. § 299C.156(2)
(4) (West Supp. 2006) (specifying that the Forensic Science Advisory Board should encourage accredi-
tation by ASCLD/LAB or other accrediting body).

77. Tex. Code Crim. Proc. Ann. art. 38.35 (Vernon 2004) (requiring accreditation by the
Department of Public Safety). Texas also created a Forensic Science Commission. Id. art. 38.01 (2007).

78. Okla. Stat. Ann. tit. 74, § 150.37(D) (West 2004) (requiring accreditation by ASCLD/LAB
or the American Board of Forensic Toxicology).

79. Recommendations 6 & 7.

80. Proficiency testing does not automatically correlate with a technique’s “error rate.” There
is a question whether error rate should be based on the results of declared and/or blind proficiency
tests of simulated evidence administered to crime laboratories, or if this rate should be based on the
retesting of actual case evidence drawn randomly (1) from the files of crime laboratories or (2) from
evidence presented to courts in prosecuted and/or contested cases.

81. Joseph L. Peterson et al., Crime Laboratory Proficiency Testing Research Program (1978)
[hereinafter Laboratory Proficiency Test]. The report concluded: “A wide range of proficiency levels
among the nation’s laboratories exists, with several evidence types posing serious difficulties for the
laboratories. . . .” Id. at 3. Although the proficiency tests identified few problems in certain forensic
disciplines such as glass analysis, tests of other disciplines such as hair analysis produced very high rates
of “unacceptable proficiency.” According to the report, unacceptable proficiency was most often
caused by (1) misinterpretation of test results due to carelessness or inexperience, (2) failure to employ
adequate or appropriate methodology, (3) mislabeling or contamination of primary standards, and
(4) inadequate databases or standard spectra. Id. at 258.

82. See Joseph L. Peterson & Penelope N. Markham, Crime Laboratory Proficiency Testing
Results, 1978—1991, Part I: Identification and Classification of Physical Evidence, 40 J. Forensic Sci. 994
(1995); Joseph L. Peterson & Penclope N. Markham, Crime Laboratory Proficiency Testing Results,
1978-1991, Part II: Resolving Questions of Common Origin, 40 J. Forensic Sci. 1009 (1995). After
collaborating with the Forensic Sciences Foundation in the initial LEAA-funded crime labora-
tory proficiency testing research program, Collaborative Testing Services, Inc. (CTS) began in
1978 to offer a fee-based testing program. Today, CTS offers samples in many scientific evidence
testing areas to more than 500 forensic science laboratories worldwide. See test results at www.
collaborativetesting.com/.
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analysts in laboratories that participate in the national DNA database or receive
federal funding.®

E. Standard Terminology

The NRC report voiced concern about the use of terms such as “match,” “con-
sistent with,” “identical,” “similar in all respects tested,” and “cannot be excluded
as the source of.” These terms can have “a profound effect on how the trier of fact
in a criminal or civil matter perceives and evaluates scientific evidence.”®* Such
terms need to be defined and standardized, according to the report.

F. Laboratory Reports

A related recommendation concerns laboratory reports and the need for model
formats.®> The NRC report commented:

As a general matter, laboratory reports generated as the result of a scientific
analysis should be complete and thorough. They should contain, at minimum,

G G

“methods and materials,” “procedures,” “results,

priate, sources and magnitudes of uncertainty in the procedures and conclusions

conclusions,” and, as appro-

(e.g., levels of confidence). Some forensic science laboratory reports meet this
standard of reporting, but many do not. Some reports contain only identifying
and agency information, a brief description of the evidence being submitted,
a brief description of the types of analysis requested, and a short statement of
the results (e.g., “the greenish, brown plant material in item #1 was identified
as marjjuana’), and they include no mention of methods or any discussion of
measurement uncertainties.?

In addition, reports “must include clear characterizations of the limitations of
the analyses, including measures of uncertainty in reported results and associated
estimated probabilities where possible.”8’

83. 42 US.C. § 14131(c) (2005). The DNA Act authorized a study of the feasibility of blind
proficiency testing; that study raised questions about the cost and practicability of this type of exami-
nation, as well as its effectiveness when compared with other methods of quality assurance such as
accreditation and more stringent external case audits. Joseph L. Peterson et al., The Feasibility of External
Blind DNA Proficiency Testing. 1. Background and Findings, 48 ]J. Forensic Sci. 21, 30 (2003) (“In the
extreme, blind proficiency testing is possible, but fraught with problems (including costs), and it is
recommended that a blind proficiency testing program be deferred for now until it is more clear how
well implementation of the first two recommendations [accreditation and external case audits] are
serving the same purposes as blind proficiency testing.”).

84. NRC Forensic Science Report, supra note 3, at 21.

85. Id. at 22, Recommendation 2.

86. Id. at 21.

87. Id. at 21-22.
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V. Specific Techniques

The broad field of forensic science includes disparate disciplines such as forensic
pathology, forensic anthropology, arson investigation, and gunshot residue test-
ing.%% The NRC report explained:

Some of the forensic science disciplines are laboratory based (e.g., nuclear and
mitochondrial DNA analysis, toxicology and drug analysis); others are based on
expert interpretation of observed patterns (e.g., fingerprints, writing samples,
toolmarks, bite marks, and specimens such as hair). . . . There are also sharp
distinctions between forensic practitioners who have been trained in chemistry,
biochemistry, biology, and medicine (and who bring these disciplines to bear in

their work) and technicians who lend support to forensic science enterprises.”

The report devoted special attention to forensic disciplines in which the expert’s
final decision is subjective in nature: “In terms of scientific basis, the analytically
based disciplines generally hold a notable edge over disciplines based on expert
interpretation.””’ Moreover, many of the subjective techniques attempt to render
the most specific conclusions—that is, opinions concerning “individualization.”!
Following the report’s example, the remainder of this chapter focuses on “pattern
recognition” disciplines, each of which contains a subjective component. These
disciplines exemplify most of the issues that a trial judge may encounter in ruling
on the admissibility of forensic testimony. Each part describes the technique, the

available empirical research, and contemporary case law.

A. Terminology

Although courts often use the terms “validity” and “reliability” interchange-
ably, the terms have distinct meanings in scientific disciplines. “Validity” refers
to the ability of a test to measure what it is supposed to measure—its accuracy.
“Reliability” refers to whether the same results are obtained in each instance in
which the test is performed—its consistency. Validity includes reliability, but the
converse is not necessarily true. Thus, a reliable, invalid technique will consistently

88. Other examples include drug analysis, blood spatter examinations, fiber comparisons, toxi-
cology, entomology, voice spectrometry, and explosives and bomb residue analysis. As the Supreme
Court noted in Melendez-Diaz v. Massachusetts, 129 S. Ct. 2527, 2537-38 (2009), errors can be
made when instrumental techniques, such as gas chromatography/mass spectrometry analysis, are used.

89. NRC Forensic Science Report, supra note 3, at 7.

90. Id.

91. “Often in criminal prosecutions and civil litigation, forensic evidence is offered to support
conclusions about ‘individualization’ (sometimes referred to as ‘matching’ a specimen to a particular
individual or other source) or about classification of the source of the specimen into one of several
categories. With the exception of nuclear DNA analysis, however, no forensic method has been rigor-
ously shown to have the capacity to consistently, and with a high degree of certainty, demonstrate a
connection between evidence and a specific individual or source.” Id.
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yield inaccurate results. The Supreme Court acknowledged this distinction in
Daubert, but the Court indicated that it was using the term “reliability” in a dif-
ferent sense. The Court wrote that its concern was “evidentiary reliability—that
is, trustworthiness. . . . In a case involving scientific evidence, evidentiary reliability
will be based upon scientific validity.”*?

In forensic science, class and individual characteristics are distinguished. Class
characteristics are shared by a group of persons or objects (e.g., ABO blood
types).”> Individual characteristics are unique to an object or person. The term
“match” is ambiguous because it is sometimes used to indicate the “matching”
of individual characteristics, but on other occasions it is used to refer to “match-
ing” class characteristics (e.g., blood type A at a crime scene “matches” suspect’s
type A blood). Expert opinions involving “individual” and “class” characteristics
raise different issues. In the former, the question is whether an individuation
determination rests on a firm scientific foundation.”* For the latter, the question
is determining the size of the class.”?

V1. Fingerprint Evidence

Sir William Herschel, an Englishman serving in the Indian civil service, and
Henry Faulds, a Scottish physician serving as a missionary in Japan, were among
the first to suggest the use of fingerprints as a means of personal identification.
Since 1858, Herschel had been collecting the handprints of natives for that
purpose. In 1880, Faulds published an article entitled “On the Skin—Furrows

92. 509 U.S. at 590 n.9 (“We note that scientists typically distinguish between ‘validity’ (does
the principle support what it purports to show?) and ‘reliability’ (does application of the principle
produce consistent results?). . . .”).

93. See Bashinski & Peterson, supra note 74, at 566 (“The forensic scientist first investigates
whether items possess similar ‘class” characteristics—that is, whether they possess features shared by all
objects or materials in a single class or category. (For firearms evidence, bullets of the same caliber,
bearing rifling marks of the same number, width, and direction of twist, share class characteristics. They
are consistent with being fired from the same type of weapon.) The forensic scientist then attempts to
determine an item’s ‘individuality’—the features that make one thing different from all others similar
to it, including those with similar class characteristics.”).

94. See Michael Saks & Jonathan Kochler, The Individualization Fallacy in Forensic Science Evidence,
61 Vand. L. Rev. 199 (2008).

95. See Margaret A. Berger, Procedural Paradigms for Applying the Daubert Test, 78 Minn. L.
Rev. 1345, 1356-57 (1994) (“We allow eyewitnesses to testify that the person fleeing the scene wore
a yellow jacket and permit proof that a defendant owned a yellow jacket without establishing the
background rate of yellow jackets in the community. Jurors understand, however, that others than
the accused own yellow jackets. When experts testify about samples matching in every respect, the
jurors may be oblivious to the probability concerns if no background rate is offered, or may be unduly
prejudiced or confused if the probability of a match is confused with the probability of guilt, or if a
background rate is offered that does not have an adequate scientific foundation.”).
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of the Hand” in Nature.”® Sir Francis Galton authored the first textbook on the
subject.”” Individual ridge characteristics came to be known as “Galton details.””®
Subsequently, Edward Henry, the Inspector General of Police in Bengal, real-
ized the potential of fingerprinting for law enforcement and helped establish the
Fingerprint Branch at Scotland Yard when he was recalled to England in 1901.%

English and American courts have accepted fingerprint identification testi-
mony for just over a century. “The first English appellate endorsement of finger-
print identification testimony was the 1906 opinion in Rex v. Castleton. . . . In
1906 and 1908, Sergeant Joseph Faurot, a New York City detective who had in
1904 been posted to Scotland Yard to learn about fingerprinting, used his new
training to break open two celebrated cases: in each instance fingerprint identifica-
tion led the suspect to confess. . . .”1% A 1911 Illinois Supreme Court decision,

People v. Jennings,'*!

is the first published American appellate opinion sustaining
the admission of fingerprint testimony.

Over the years, fingerprint analysis became the gold standard of forensic
identification expertise. In fact, proponents of new, emerging techniques in foren-
sics would sometimes attempt to invoke onto the new techniques the prestige
of fingerprint analysis. Thus, advocates of sound spectrography referred to it as
“voiceprint” analysis.'? Likewise, some early proponents of DNA typing alluded
to it as “DNA fingerprinting.”!*®> However, as previously noted, DNA analysis

has replaced fingerprint analysis as the gold standard.

A. The Technique

Even a cursory study of fingerprints establishes that there is “intense variability . . .
in even small areas of prints.”!%* Given that variability, it is generally assumed that
an identification is possible if the comparison involves two sets of clear images of
all 10 fingerprints. These are known as “record” prints and are typically rolled
onto a fingerprint card or digitized and scanned into an electronic file. Two
complete fingerprint sets are available for comparison in some settings such as

96. Henry Faulds, On the Skin—Furrows of the Hand, 22 Nature 605 (1881). See generally Simon
Cole, Suspect Identities: A History of Fingerprint and Criminal Identification (2001).

97. Francis Galton, Fingerprints (1892).

98. See Andre A. Moenssens, Scientific Evidence in Civil and Criminal Cases § 10.02, at 621
(5th ed. 2007).

99. United States v. Llera Plaza, 188 F. Supp. 2d 549, 554 (E.D. Pa. 2002).

100. Id. at 572.

101. 96 N.E. 1077 (1. 1911).

102. Kenneth Thomas, Voiceprint—DMyth or Miracle, in Scientific and Expert Evidence 1015 (2d
ed. 1981).

103. Colin Norman, Maine Case Deals Blow to DNA Fingerprinting, 246 Science 1556 (Dec. 22,
1989).

104. David A. Stoney, Scientific Status, in 4 David L. Faigman et al., Modern Scientific Evidence:
The Law and Science of Expert Testimony § 32:45, at 361 (2007-2008 ed.).
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immigration matters. However, in the law enforcement setting, the task is more
challenging because only a partial impression (latent print) of a single finger may
be left by a criminal.

Fingerprint evidence is based on three assumptions: (1) the uniqueness of
each person’s friction ridges, (2) the permanence of those ridges throughout
a person’s life, and (3) the transferability of an impression of that uniqueness
to another surface. The last point raises the most significant issue of reliability
because a crime scene (latent) impression is often only a fifth of the size of

the record print. Furthermore, variations in pressure and skin elasticity almost

105

inevitably distort the impression.'”” Consequently, fingerprint impressions from

the same person typically differ in some respects each time the impression is left
on an object.!%°

Although fingerprint analysis is based on physical characteristics, the final
step in the analysis—the formation of an opinion regarding individuation—is

subjective.'’” Examiners lack population frequency data to quantify how rare or

108

common a particular type of fingerprint characteristic is.'"® Rather, in making

that judgment, the examiner relies on personal experience and discussions with
colleagues. Although examiners in some countries must find a certain minimum
number of points of similarities between the latent and the known before declar-
ing a match,'”” neither the FBI nor New Scotland Yard requires any set num-
ber.!’” A single inexplicable difference between the two impressions precludes
finding a match. Because there are frequently “dissimilarities” between the crime
scene and record prints, the examiner must decide whether there is a frue dis-

105. See United States v. Mitchell, 365 F.3d 215, 220-21 (3d Cir. 2004) (“Criminals gener-
ally do not leave behind full fingerprints on clean, flat surfaces. Rather, they leave fragments that are
often distorted or marred by artifacts. . . . Testimony at the Daubert hearing suggested that the typical
latent print is a fraction—perhaps 1/5th—of the size of a full fingerprint.”). “In the jargon, artifacts
are generally small amounts of dirt or grease that masquerade as parts of the ridge impressions seen in
a fingerprint, while distortions are produced by smudging or too much pressure in making the print,
which tends to flatten the ridges on the finger and obscure their detail.” Id. at 221 n.1.

106. NRC Forensic Science Report, supra note 3, at 144 (“The impression left by a given finger
will differ every time, because of inevitable variations in pressure, which change the degree of contact
between each part of the ridge structure and the impression medium.”).

107. See Commonwealth v. Patterson, 840 N.E.2d 12, 15, 16—17 (Mass. 2005) (“These latent
print impressions are almost always partial and may be distorted due to less than full, static contact
with the object and to debris covering or altering the latent impression”; “In the evaluation stage, . . .
the examiner relies on his subjective judgment to determine whether the quality and quantity of those
similarities are sufficient to make an identification, an exclusion, or neither”); Zabell, supra note 25, at
158 (“In contrast to the scientifically-based statistical calculations performed by a forensic scientist in
analyzing DNA profile frequencies, each fingerprint examiner renders an opinion as to the similarity
of friction ridge detail based on his subjective judgment.”).

108. NRC Forensic Science Report, supra note 3, at 139-40 & 144.

109. Stoney, supra note 104, § 32:34, at 354-55.

110. United States v. Llera Plaza, 188 F. Supp. 2d 549, 566—71 (E.D. Pa. 2002).
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similarity, or whether the apparent dissimilarity can be discounted as an artifact or
resulting from distortion.!!!

Three levels of details may be scrutinized: Level 1 details are general flow
ridge patterns such as whorls, loops, and arches.''? Level 2 details are fine ridges
or minutiae such as bifurcations, dots, islands, and ridge endings.!'® These minutiae
are essentially ridge discontinuities.!' Level 3 details are “microscopic ridge
attributes such as the width of a ridge, the shape of its edge, or the presence of a
sweat pore near a particular ridge.”''® Within the fingerprint community there is
disagreement about the usefulness and reliability of Level 3 details.!'

FBI examiners generally follow a procedure known as analysis, comparison,
evaluation, and verification (ACE-V). In the analysis stage, the examiner studies
the latent print to determine whether the quantity and quality of details in the
print are sufficient to permit further evaluation.''” The latent print may be so frag-
mentary or smudged that analysis is impossible. In the evaluation stage, the exam-
iner considers at least the Level 2 details, including “the type of minutiae (forks
or ridge endings), their direction (loss or production of a ridge) and their relative
position (how many intervening ridges there are between minutiae and how far
along the ridges it is from one minutiae to the next).”!'® Again, if the examiner
finds a single, inexplicable difference between the two prints, the examiner con-
cludes that there is no match.!” Alternatively, if the examiner concludes that there
is a match, the examiner seeks verification by a second examiner. “[T]he friction
ridge community actively discourages its members from testifying in terms of the
probability of a match; when a latent print examiner testifies that two impressions

111. Patterson, 840 N.E.2d at 17 (“There is a rule of examination, the ‘one-discrepancy’ rule,
that provides that a nonidentification finding should be made if a single discrepancy exists. However,
the examiner has the discretion to ignore a possible discrepancy if he concludes, based on his experi-
ence and the application of various factors, that the discrepancy might have been caused by distortions
of the fingerprint at the time it was made or at the time it was collected.”).

112. See id. at 16 (“Level one detail involves the general ridge flow of a fingerprint, that is, the
pattern of loops, arches, and whorls visible to the naked eye. The examiner compares this information
to the exemplar print in an attempt to exclude a print that has very clear dissimilarities.”).

113. See id. (“Level two details include ridge characteristics (or Galton Points) like islands,
dots, and forks, formed as the ridges begin, end, join or bifurcate.”). See generally FBI, The Science
of Fingerprints (1977).

114. Stoney, supra note 104, § 32:31, at 350.

115. See Patterson, 840 N.E.2d at 16.

116. See Office of the Inspector General, U.S. Dep'’t of Justice, A Review of the FBI's Handling
of the Brandon Mayfield Case, Unclassified Executive Summary 8 (Jan. 2006) available at www justice.
gov/oig/special/s0601/PDF list.htm. (“Because Level 3 details are so small, the appearance of such
details in fingerprints is highly variable, even between different fingerprints made by the same finger. As
a result, the reliability of Level 3 details is the subject of some controversy within the latent fingerprint
community.”).

117. NRC Forensic Science Report, supra note 3, at 137-38.

118. Stoney, supra note 104, § 32:31, at 350-51.

119. NRC Forensic Science Report, supra note 3, at 140.
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‘match,” they are communicating the notion that the prints could not possibly
have come from two different individuals.”'?® The typical fingerprint analyst will
give one of only three opinions: (1) the prints are unsuitable for analysis, (2) the
suspect is definitely excluded, or (3) the latent print is definitely that of the suspect.

B. The Empirical Record

At several points, the 2009 NR C report noted that there is room for human error
in fingerprint analysis. For example, the report stated that because “the ACE-V
method does not specify particular measurements or a standard test protocol,

. examiners must make subjective assessments throughout.”!?! The report
further commented that the ACE-V method is too “broadly stated” to “qualify
as a validated method for this type of analysis.”!?> The report added that “[t]he
latent print community in the United States has eschewed numerical scores and
corresponding thresholds” and consequently relies “on primarily subjective cri-
teria” in making the ultimate attribution decision.!?® In making the decision, the
examiner must draw on his or her personal experience to evaluate such factors as
“inevitable variations” in pressure, but to date these factors have not been “char-
acterized, quantified, or compared.”!?* At the conclusion of the section devoted
to fingerprint analysis, the report outlined an agenda for the research it considered

necessary “[tJo properly underpin the process of friction ridge identification.”!??

The report noted that some of these research projects have already begun.!?®
Fingerprint analysis raises a number of scientific issues. For example, do the
salient features of fingerprints remain constant throughout a person’s life?'?” Few
of the underlying scientific premises have been subjected to rigorous empirical
investigation,'?® although some experiments have been conducted, and profi-
ciency test results are available.
Two experimental studies were discussed at the 2000 trial in United States v.

Mitchell':

One of the studies conducted by the government for the Daubert hearing [in
Mitchell] employed the two actual latent and the known prints that were at issue
in the case. These prints were submitted to 53 state law enforcement agency

120. Id. at 140-41.

121. Id. at 139.

122. Id. at 142.

123. Id. at 141.

124. Id. at 144.

125. Id.

126. Id.

127. Stoney, supra note 104, § 32:21, at 342.

128. See Zabell, supra note 25, at 164 (“Although there is a substantial literature on the unique-
ness of fingerprints, it is surprising how little true scientific support for the proposition exists.”).

129. 365 F.3d 215 (3d Cir. 2004).
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crime laboratories around the country for their evaluation. Though, of the 35
that responded, most concluded that the latent and known prints matched, eight
said that no match could be made to one of the prints and six said that no match

could be made to the other print.'3

Although there were no false positives, a significant percentage of the participating
laboratories reported at best inconclusive findings.

Lockheed-Martin conducted the second test, the FBI-sponsored 50K study.
This was an empirical study of 50,000 fingerprint images taken from the FBIs
Automated Fingerprint System, a computer database. The study

was an effort to obtain an estimate of the probability that one person’s fingerprints
would be mistaken for those of another person, at least to a computer system
designed to match fingerprints. The FBI asked Lockheed-Martin, the manufac-
turer of its . . . automated fingerprint identification system, . . . to help it run a
comparison of the images of 50,000 single fingerprints against the same 50,000
images, and produce a similarity score for each comparison. The point of this
exercise was to show that the similarity score for an image matched against itself

was far higher than the scores obtained when it was compared to the others.!?!

The comparisons between the two identical images yielded “extremely high
scores.”!32 Nonetheless, some commentators disputed whether the Lockheed-
Martin study demonstrated the validity of fingerprint analysis.'*® The study com-
pared a computerized image of a fingerprint impression against other computerized
images in the database. The study did not address the problem examiners encounter
in the real world; it did not attempt to match a partial fingerprint impression against
images in the database. As noted earlier, crime scene prints are typically distorted
from pressure and sometimes only one-fifth the size of record prints.!** Even the
same finger will not leave the exact impression each time: “The impression left by
a given finger will differ every time, because of inevitable variations in pressure,
which change the degree of contact between each part of the ridge structure and

7135

the impression medium. Thus, one scholar asserted that the “study addresses

the irrelevant question of whether one image of a fingerprint is immensely more
similar to itself than to other images—including those of the same finger.” !¢ Citing

130. Stoney, supra note 104, § 32:3, at 287.

131. Id. § 32:3, at 288.

132. Id. (quoting James L. Wayman, Director, U.S. National Biometric Test Center at the Col-
lege of Engineering, San Jose State University).

133. E.g., David H. Kaye, Questioning a Courtroom Proof of the Uniqueness of Fingerprints, 71 Int’l
Statistical Rev. 521 (2003); S. Pankanti et al., On the Individuality of Fingerprints, 24 IEEE Trans. Pattern
Analysis Mach. Intelligence 1010 (2002).

134. See supra note 105 & accompanying text.

135. NRC Forensic Science Report, supra note 3, at 144.

136. Kaye, supra note 133, at 527-28. In another passage, he wrote: “[T]he study merely dem-
onstrates the trivial fact that the same two-dimensional representation of the surface of a finger is far
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this assertion, the 2009 NRC report stated that the Lockheed-Martin study “has

several major design and analysis flaws.”'37

1. Proficiency testing

In United States v. Llera Plaza,'>® the district court described internal and external
proficiency tests of FBI fingerprint analysts and their supervisors. Between 1995
and 2001, the supervisors participated in 16 external tests created by CTS.!*” One
false-positive result was reported among the 16 tests.!*’ During the same period,

there was a total of 431 internal tests of FBI fingerprint personnel. These person-

nel committed no false-positive errors, but there were three false eliminations.!*!

Hence, the overall error rate was approximately 0.8%.!4?

Although these proficiency tests yielded impressive accuracy rates, the quality
of the tests became an issue. First, the examinees participating in the tests knew
that they were being tested and, for that reason, may have been more meticulous
than in regular practice. Second, the rigor of proficiency testing was questioned.
The Llera Plaza court concluded that the FBI’s internal proficiency tests were “less

demanding than they should be.”!* In the judge’s words, “the FBI examiners got

very high proficiency grades, but the tests they took did not.”!*4

more similar to itself than to such representation of the source of finger from any other person in the
data set.” Id. at 527.

137. NRC Forensic Science Report, supra note 3, at 144 n.35.

138. 188 F. Supp. 2d 549 (E.D. Pa. 2002).

139. Id. at 556.

140. However, a later inquiry led Stephen Meagher, Unit Chief of Latent Print Unit 3 of the
Forensic Analysis Section of the FBI Laboratory “to conclude that the error was not one of faulty eval-
uation but of faulty recording of the evaluation—i.e., a clerical error rather than a technical error.” Id.

141. Id.

142. Sharon Begley, Fingerprint Matches Come Under More Fire as Potentially Fallible, Wall St. J.,
Oct. 7, 2005, at B1.

143. Llera Plaza, 188 F. Supp. 2d at 565. A fingerprint examiner from New Scotland Yard with
25 years’ experience testified that the FBI tests were deficient:

Mr. Bayle had reviewed copies of the internal FBI proficiency tests. . . . He found the latent prints
utilized in those tests to be, on the whole, markedly unrepresentative of the latent prints that would be
lifted at a crime scene. In general, Mr. Bayle found the test latent prints to be far clearer than the prints
an examiner would routinely deal with. The prints were too clear—they were, according to Mr. Bayle,
lacking in the “background noise” and “distortion” one would expect in latent prints lifted at a crime
scene. Further, Mr. Bayle testified, the test materials were deficient in that there were too few latent
prints that were not identifiable; according to Mr. Bayle, at a typical crime scene only about ten percent
of the lifted latent prints will turn out to be matched. In Mr. Bayle’s view the paucity of non-identifiable
latent prints “makes the test too easy. It’s not testing their ability. . . . [I]f I gave my experts these tests,
they’d fall about laughing.”

Id. at 557-58.
144. Id. at 565; see also United States v. Crisp, 324 F.3d 261, 274 (4th Cir. 2003) (Michael, J.,
dissenting) (‘“Proficiency testing is typically based on a study of prints that are far superior to those

usually retrieved from a crime scene.”).
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In an earlier proficiency study (1995), the examiners did not do as well,!*

although many of the subjects were not certified FBI examiners. Of the 156 exam-
iners who participated, only 44% reached the correct conclusion on all the identifi-
cation tasks. Eighty-eight examiners or 56% provided divergent (wrong, incorrect,
erroneous) answers. Six examiners failed to identify any of the latent prints. Forty
eight of the 156 examiners made erroneous identifications—representing 22% of
the total identifications made by the examiners.

A 2006 study resurrected some of the questions raised by the 1995 test. In
that study, examiners were presented with sets of prints that they had previously
reviewed.!#® The researchers found that “experienced examiners do not necessarily
agree with even their own past conclusions when the examination is presented in
a different context some time later.”!*’

These studies call into question the soundness of testimonial claims that

148

fingerprint analysis is infallible!*® or has a zero error rate.'*® In 2008, Haber and

Haber reviewed the literature describing the ACE-V technique and the support-
ing research.' Although many practitioners professed using the technique, Haber
and Haber found that the practitioners’ “descriptions [of their technique]| difter, no
single protocol has been officially accepted by the profession and the standards upon
which the method’s conclusion rest[s] have not been specified quantitatively.”!>!

After considering the Haber study, NRC concluded that the ACE-V “framework

is not specific enough to qualify as a validated method for this type of analysis.”!>?

2. The Mayfield case

Like the empirical data, several reports of fingerprint misidentifications raised ques-
tions about the reliability of fingerprint analysis. The FBI misidentified Brandon
Mayfield as the source of the crime scene prints in the terrorist train bombing in
Madrid, Spain, on March 11, 2004.">3 The mistake was attributed in part to several
types of cognitive bias. According to an FBI review, the “power” of the automated

145. See David L. Grieve, Possession of Truth, 46 J. Forensic Identification 521, 524-25 (1996);
James Starrs, Forensic Science on the Ropes: An Upper Cut to Fingerprinting, 20 Sci. Sleuthing Rev. 1
(1996).

146. Itiel E. Dror et al., Contextual Information Renders Experts Vulnerable to Making Erroneous
Identifications, 156 Forensic Sci. Int’l 74, 76 (2006) (Four of five examiners changed their opinions;
three directly contradicted their prior identifications, and the fourth concluded that data were insuf-
ficient to reach a definite conclusion); see also 1. E. Dror & D. Charlton, Why Experts Make Errors, 56
J. Forensic Identification 600 (2006).

147. NRC Forensic Science Report, supra note 3, at 139.

148. Id. at 104.

149. Id. at 143—-44.

150. Lyn Haber & Ralph Norman Haber, Scientific Validation of Fingerprint Evidence Under
Daubert, 7 Law, Probability & Risk 87 (2008).

151. NRC Forensic Science Report, supra note 3, at 143.

152. Id. at 142.

153. Id. at 46 & 105.
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fingerprint correlation “was thought to have influenced the examiner’s initial judg-
ment and subsequent examination.”!> Thus, he was subject to confirmation bias.
Moreover, a second review by another examiner was not conducted blind—that
is, the reviewer knew that a positive identification had already been made and was

thus subject to expectation (context) bias. Indeed, a third expert from outside the

FBI, one appointed by the court, also erroneously confirmed the identification.!

In addition to the Bureau’s review, the Inspector General of the Department of
Justice investigated the case.'>® The Mayfield case is not an isolated incident.!>’
The Mayfield case led to a more extensive FBI review of the scientific basis of
fingerprints.'>® In January 2006, the FBI created a three-person review committee
to evaluate the fundamental basis of fingerprint analysis. The committee identi-
fied two possible approaches. One approach would be to “develop a quantifiable
minimum threshold based on objective criteria”—if possible.’>® “Any minimum
threshold must consider both the clarity (quality) and the quantity of features and
include all levels of detail, not simply points or minutiae.”'®* Apparently, some
FBI examiners use an unofticial seven-point cutoff, but this standard has never
been tested.'®! As the FBI Review cautioned: “It is compelling to focus on a

quantifiable threshold; however, quality/clarity, that is, distortion and degradation

of prints, is the fundamental issue that needs to be addressed.”!?

154. Stacey, supra note 66, at 713.

155. In addition, the culture at the laboratory was poorly suited to detect mistakes: “To disagree
was not an expected response.” Id.

156. See Oftice of the Inspector General, U.S. Dep’t of Justice, A Review of the FBI’s Handling
of the Brandon Mayfield Case, Unclassified Executive Summary 9 (Jan. 2006). The I.G. made several
recommendations that went beyond the FBI’s internal report:

These include recommendations that the Laboratory [1] develop criteria for the use of Level 3 details
to support identifications, [2] clarify the “one discrepancy rule” to assure that it is applied in a manner
consistent with the level of certainty claimed for latent fingerprint identifications, [3] require docu-
mentation of features observed in the latent fingerprint before the comparison phase to help prevent
circular reasoning, [4] adopt alternate procedures for blind verifications, [5] review prior cases in which
the identification of a criminal suspect was made on the basis of only one latent fingerprint searched
through IAFIS, and [6] require more meaningful and independent documentation of the causes of errors
as part of the Laboratory’s corrective action procedures.

157. In 2005, Professor Cole released an article identifying 23 cases of documented fingerprint
misidentifications. See Simon A. Cole, More Than Zero: Accounting for Error in Latent Fingerprint Iden-
tification, 95 J. Crim. L. & Criminology 985 (2005). The misidentification cases include some that
involved (1) verification by one or more other examiners, (2) examiners certified by the International
Association of Identification, (3) procedures using a 16-point standard, and (4) defense experts who
corroborated misidentifications made by prosecution experts.

158. See Bruce Budowle et al., Review of the Scientific Basis for Friction Ridge Comparisons as a
Means of Identification: Committee Findings and Recommendations, 8 Forensic Sci. Comm. (Jan. 2006)
[hereinafter FBI Review].

159. Id. at 5.

160. Id.

161. There is also a 12-point cutoff, under which a supervisor’s approval is required.

162. Id.
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The second approach would treat the examiner as a “black box.” This meth-
odology would be necessary if minimum criteria for rendering an identification
cannot be devised—in other words, there is simply too much subjectivity in the
process to formulate meaningful, quantitative guidelines. Under this approach,
it becomes critical to determine just how good a “black box” each examiner is:
“The examiner(s) can be tested with various inputs of a range of defined categories
of prints. This approach would demonstrate whether or not it is possible to obtain
a degree of accuracy (that is, assess the performance of the black-box examiner for
rendering an identification).”'%® The review committee noted that this approach
would provide the greatest assurance of reliability if it incorporated blind tech-
nical review. According to the review committee’s report, “[t]o be truly blind,
the second examiner should have no knowledge of the interpretation by the first
examiner (to include not seeing notes or reports).”1%*

Although the FBI Review concluded that reliable identifications could be
made, it conceded that “there are scientific arecas where improvements in the
practice can be made particularly regarding validation, more objective criteria for
certain aspects of the ACE-V process, and data collection.”!% Efforts to improve
fingerprint analysis appear to be under way. In 2008, a symposium on validity
testing of fingerprint examinations was published.!®® In late 2008, the National
Institute of Standards and Technology formed the Expert Group on Human Fac-
tors in Latent Print Analysis tasked to identify the major sources of human error
in fingerprint examination and to develop strategies to minimize such errors.

C. Case Law Development

As noted earlier, the seminal American decision is the Illinois Supreme Court’s
1911 opinion in Jennings.'"” Fingerprint testimony was routinely admitted in later

163. Id. at 4.

164. 1d.

165. Id. at 10.

166. The lead article is Lyn Haber & Ralph Norman Haber, supra note 150. Other contribu-
tors are Christopher Champod, Fingerprint Examination: Towards More Transparency, 7 Law, Probability
& Risk 111 (2008); Simon A. Cole, Comment on “Scientific Validation of Fingerprint Evidence Under
Daubert,” 7 Law, Probability & Risk 119 (2008); Jennifer Mnookin, The Validity of Latent Fingerprint
Identification: Confessions of a Fingerprinting Moderate, 7 Law, Probability & Risk 127 (2008).

167. People v. Jennings, 96 N.E. 1077 (1ll. 1911); see Donald Campbell, Fingerprints: A Review,
[1985] Crim. L. Rev. 195, 196 (“Galton gave evidence to the effect that the chance of agreement
would be in the region of 1 in 64,000,000,000.”). As Professor Mnookin has noted, however, “finger-
prints were accepted as an evidentiary tool without a great deal of scrutiny or skepticism.” Mnookin,
supra note 17, at 17. She elaborated:

Even if no two people had identical sets of fingerprints, this did not establish that no two people could
have a single identical print, much less an identical part of a print. These are necessarily matters of prob-
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years. Some courts stated that fingerprint evidence was the strongest proof of a

person’s identity.1®

With the exception of one federal district court decision that was later

withdrawn,'® the post-Daubert federal cases have continued to accept finger-
print testimony about individuation at least as sufficiently reliable nonscientific
expertise.!”?

Two subsequent state court decisions also deserve mention. In one, a Maryland
trial judge excluded fingerprint evidence under the Frye test, which still controls in

that state.!”! In the other case, Commonwealth v. Patterson,'’> the Supreme Judicial

ability, but neither the court in Jennings nor subsequent judges ever required that fingerprint identifica-

tion be placed on a secure statistical foundation.

Id. at 19.

168. People v. Adamson, 165 P.2d 3, 12 (Cal. 1946), aff’d, 332 U.S. 46 (1947).

169. United States v. Llera Plaza, 179 E. Supp. 2d 492 (E.D. Pa.), vacated, mot. granted on recons.,
188 F. Supp. 2d 549 (E.D. Pa. 2002). The ruling was limited to excluding expert testimony that two
sets of prints “matched”—that is, a positive identification to the exclusion of all other persons:

Accordingly, this court will permit the government to present testimony by fingerprint examiners who,
suitabl[y] qualified as “expert” examiners by virtue of training and experience, may (1) describe how the
rolled and latent fingerprints at issue in this case were obtained, (2) identify and place before the jury the
fingerprints and such magnifications thereof as may be required to show minute details, and (3) point
out observed similarities (and differences) between any latent print and any rolled print the government
contends are attributable to the same person. What such expert witnesses will not be permitted to do
is to present “evaluation” testimony as to their “opinion” (Rule 702) that a particular latent print is in

fact the print of a particular person.

Id. at 516. On rehearing, however, the court reversed itself. A spate of legal articles followed. See, e.g.,
Simon A. Cole, Grandfathering Evidence: Fingerprint Admissibility Rulings from Jennings fo Llera Plaza and
Back Again, 41 Am. Crim. L. Rev. 1189 (2004); Robert Epstein, Fingerprints Meet Daubert: The Myth
of Fingerprint “Science” Is Revealed, 75 S. Cal. L. Rev. 605 (2002); Kristin Romandetti, Recognizing and
Responding to a Problem with the Admissibility of Fingerprint Evidence Under Daubert, 45 Jurimetrics J. 41
(2004).

170. See, e.g., United States v. Baines, 573 F.3d 979, 990 (10th Cir. 2009) (“[U]nquestionably the
technique has been subject to testing, albeit less rigorous than a scientific ideal, in the world of criminal
investigation, court proceedings, and other practical applications, such as identification of victims of
disasters. Thus, while we must agree with defendant that this record does not show that the technique
has been subject to testing that would meet all of the standards of science, it would be unrealistic in the
extreme for us to ignore the countervailing evidence. Fingerprint identification has been used extensively
by law enforcement agencies all over the world for almost a century.”); United States v. Abreu, 406
F.3d 1304, 1307 (11th Cir. 2005) (“We agree with the decisions of our sister circuits and hold that the
fingerprint evidence admitted in this case satisfied Daubert.”); United States v. Janis, 387 F.3d 682, 690
(8th Cir. 2004) (finding fingerprint evidence to be reliable); United States v. Mitchell, 365 E.3d 215,
234-52 (3d Cir. 2004); United States v. Crisp, 324 F.3d 261, 268-71 (4th Cir. 2003); United States v.
Collins, 340 F.3d 672, 682 (8th Cir. 2002) (“Fingerprint evidence and analysis is generally accepted.”);
United States v. Hernandez, 299 F.3d 984, 991 (8th Cir. 2002); United States v. Sullivan, 246 F. Supp.
2d 700, 704 (E.D. Ky. 2003); United States v. Martinez-Cintron, 136 F. Supp. 2d 17, 20 (D.P.R. 2001).

171. State v. Rose, No. K06-0545, 2007 WL 5877145 (Cir. Ct. Baltimore, Md., Oct. 19, 2007).
See NR C Forensic Science Report, supra note 3, at 43 & 105. However, in a parallel federal case, the
evidence was admitted. United States v. Rose, 672 F. Supp. 2d 723 (D. Md. 2009).

172. 840 N.E.2d 12 (Mass. 2005).
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Court of Massachusetts considered the reliability of applying the ACE-V meth-
odology to simultaneous impressions. Simultaneous impressions “are two or more
friction ridge impressions from the fingers and/or palm on one hand that are deter-
mined to have been deposited at the same time.”'”> The key is deciding whether
the impressions were left at the same time and therefore came from the same
person, rather than having been left by two different people at different times.!”*
Although the court found that the ACE-V method is generally accepted by the
relevant scientific community, the record did not demonstrate similar acceptance of
that methodology as applied to simultaneous impressions. The court consequently
remanded the case to the trial court.!”?

VII. Handwriting Evidence

The Lindbergh kidnapping trial showcased testimony by questioned document

examiners. Later, in the litigation over Howard Hughes’ alleged will, both sides

176

relied on handwriting comparison experts.'’® Thanks in part to such cases, ques-

tioned document examination expertise has enjoyed widespread use and judicial
acceptance.

A. The Technique

Questioned document examiners are called on to perform a variety of tasks such
as determining the sequence of strokes on a page and whether a particular ink
formulation existed on the purported date of a writing.!”” However, the most
common task performed is signature authentication—that is, deciding whether
to attribute the handwriting on a document to a particular person. Here, the
examiner compares known samples of the person’s writing to the questioned

173. FBI Review, supra note 158, at 7.

174. Patterson, 840 N.E.2d at 18 (“[T]he examiner apparently may take into account the distance
separating the latent impressions, the orientation of the impressions, the pressure used to make the
impression, and any other facts the examiner deems relevant. The record does not, however, indicate
that there is any approved standardized method for making the determination that two or more print
impressions have been made simultaneously.”).

175. The FBI review addressed this subject: “[I]f an item could only be held in a certain manner,
then the only way of explaining the evidence is that the multiple prints are from the single person. In
some cases, identifying simultaneous prints may infer, for example, the manner in which a knife was
held.” FBI Review, supra note 158, at 8. However, the review found that there was not agreement
on what constitutes a “simultaneous impression,” and therefore, more explicit guidelines were needed.

176. Irby Todd, Do Experts Frequently Disagree? 18 J. Forensic Sci. 455, 457-59 (1973).

177. Questioned document examinations cover a wide range of analyses: handwriting, hand
printing, typewriting, mechanical impressions, altered documents, obliterated writing, indented writ-
ing, and charred documents. See 2 Paul C. Giannelli & Edward J. Imwinkelried, Scientific Evidence
ch. 21 (4th ed. 2007).
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document. In performing this comparison, examiners consider (1) class and
(2) individual characteristics. Of class characteristics, two types are weighed:

178 and group. People exhibiting system characteristics would include,

system
for example, those who learned the Palmer method of cursive writing, taught
in many schools. Such people should manifest some of the characteristics of
that writing style. An example of people exhibiting group characteristics would
include persons of certain nationalities who tend to have some writing manner-
isms in common.!”® The writing of arthritic or blind persons also tends to exhibit
some common general characteristics.'8"

Individual characteristics take several forms: (1) the manner in which the author
begins or ends the word, (2) the height of the letters, (3) the slant of the letters,
(4) the shading of the letters, and (5) the distance between the words. An identi-
fication rarely rests on a single characteristic. More commonly, a combination of
characteristics is the basis for an identification. As in fingerprint analysis, there is no
universally accepted number of points of similarity required for an individuation
opinion. As with fingerprints, the examiner’s ultimate judgment is subjective.

There 1s one major difference, though, between the approaches taken by
fingerprint analysts and questioned document examiners. As previously stated, the
typical fingerprint analyst will give one of only three opinions: (1) the prints are
unsuitable for analysis, (2) the suspect is definitely excluded, or (3) the latent print is
definitely that of the suspect. In contrast, questioned document examiners recognize
a wider range of permissible opinions: (1) definite identification, (2) strong prob-
ability of identification, (3) probable identification, (4) indication of identification,
(5) no conclusion, (6) indication of nonauthorship, (7) probability of nonauthorship,
(8) strong probability of nonauthorship, and (9) elimination.!®! In short, in many
cases, a questioned document examiner explicitly acknowledges the uncertainty of

182 183

his or her opinion.'®* Whether such a nine-level scale is justified is another matter.

178. See James A. Kelly, Questioned Document Examination, in Scientific and Expert Evidence
695, 698 (2d ed. 1981).

179. See Nellie Chang et al., Investigation of Class Characteristics in English Handuwriting of the Three
Main Racial Groups: Chinese, Malay, and Indian in Singapore, 50 J. Forensic Sci. 177 (2005); Robert
J. Muchlberger, Class Characteristics of Hispanic Writing in the Southeastern United States, 34 ]. Forensic
Sci. 371 (1989); Sandra L. Ramsey, The Cherokee Syllabary, 39 J. Forensic Sci. 1039 (1994) (one of
the landmark questioned document cases, Hickory v. United States, 151 U.S. 303 (1894), involved
Cherokee writing); Marvin L. Simner et al., A Comparison of the Arabic Numerals One Through Nine,
Written by Adults from Native English-Speaking vs. Non-Native English-Speaking Countries, 15 J. Forensic
Doc. Examination (2003).

180. See Larry S. Miller, Forensic Examination of Arthritic Impaired Writings, 15 J. Police Sci. &
Admin. 51 (1987).

181. NRC Forensic Science Report, supra note 3, at 166.

182. See id. at 47.

183. See United States v. Starzecpyzel, 880 F. Supp. 1027, 1048 (S.D.N.Y. 1995) (“No show-
ing has been made, however, that FDEs can combine their first stage observations into such accurate

conclusions as would justify a nine level scale.”).
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B. The Empirical Record

The 2009 NRC report included a section discussing questioned document exami-
nation. The report acknowledged that some tasks performed by examiners are
similar in nature “to other forensic chemistry work.”!®* For example, some ink
and paper analyses use the same hardware and rely on criteria as objective as many
tests in forensic chemistry. In contrast, other analyses depend heavily on the exam-
iner’s subjective judgment and do not have as “firm [a] scientific foundation” as
the analysis of inks and paper.'® In particular, the report focused on the typical

task of deciding common authorship. With respect to that task, the report stated:

The scientific basis for handwriting comparisons needs to be strengthened.
Recent studies have increased our understanding of the individuality and con-
sistency of handwriting . . . and suggest that there may be a scientific basis for
handwriting comparison, at least in the absence of intentional obfuscation or
forgery. Although there has been only limited research to quantify the reliability
and replicability of the practices used by trained document examiners, the com-

mittee agrees that there may be some value in handwriting analysis.!®¢

Until recently, the empirical record for signature authentication was sparse.
Even today there are no population frequency studies establishing, for example,
the incidence of persons who conclude their “w” with a certain lift. As a 1989
article commented,

our literature search for empirical evaluation of handwriting identification turned
up one primitive and flawed validity study from nearly 50 years ago, one 1973
paper that raises the issue of consistency among examiners but presents only
uncontrolled impressionistic and anecdotal information not qualifying as data in
any rigorous sense, and a summary of one study in a 1978 government report.
Beyond this, nothing. '8’

This 1989 article then surveyed five proficiency tests administered by CTS in
1975, 1984, 1985, 1986, and 1987. The article set out the results from each of
the tests'®
categories of answers: “A rather generous reading of the data would be that in

and then aggregated the data by computing the means for the various

45% of the reports forensic document examiners reached the correct finding,
in 36% they erred partially or completely, and in 19% they were unable to draw
a conclusion.”!¥

The above studies were conducted prior to Daubert, which was decided in

1993. After the first post-Daubert admissibility challenge to handwriting evidence

184. NRC Forensic Science Report, supra note 3, at 164.

185. Id. at 167.

186. Id. at 166—67.

187. Risinger et al., supra note 9, at 747.

188. Id. at 744 (1975 test), at 745 (1984 and 1985 tests), at 746 (1986 test), and at 747 (1987 test).
189. Id. at 747.
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in 1995, a number of research projects investigated two questions: (1) are expe-
rienced document examiners better at signature authentication than laypersons and
(2) do experienced document examiners reach correct signature authentication
decisions at a rate substantially above chance?

1. Comparison of experts and laypersons

Two Australian studies support the claim that experienced examiners are more
competent at signature authentication tasks than laypersons. The first study was
reported in 1999."! In this study, document examiners chose the “inconclu-
sive” option far more frequently than did the laypersons. However, in the cases
in which a conclusion was reached, the overall error rate for lay subjects was
28%, compared with 2% for experts. More specifically, the lay error rate for false
authentication was 7% while it was 0% for the experts. The second Australian
study was released in 2002.'%% Excluding “inconclusive” findings, the error rate
for forensic document examiners was 5.8%; for laypersons, it was 23.5%.

In the United States, Dr. Moshe Kam, a computer scientist at Drexel Univer-
sity, has been the leading researcher in signature authentication. Dr. Kam and his
colleagues have published five articles reporting experiments comparing the sig-
nature authentication expertise of document examiners and laypersons. Although

the last study involved printing,'”?

the initial four were related to cursive writing.
In the first, excluding inconclusive findings, document examiners were correct
92.41% of the time and committed false elimination errors in 7.59% of their deci-
sions.!” Lay subjects were correct 72.84% of the time and made false elimination
errors in 27.16% of their decisions. In the second through fourth studies, the
researchers provided the laypersons with incentives, usually monetary, for correct
decisions. In the fourth study, forgeries were called genuine only 0.5% of the time
by experts but 6.5% of the time by laypersons.'?> Laypersons were 13 times more
likely to err in concluding that a simulated document was genuine.

Some critics of Dr. Kam’s resecarch have asserted that the tasks performed
in the tests do not approximate the signature authentication challenges faced by

190. See United States v. Starzecpyzel, 880 F. Supp. 1027 (S.D.N.Y. 1995).

191. Bryan Found et al., The Development of a Program for Characterizing Forensic Handwriting
Examiners” Expertise: Signature Examination Pilot Study, 12 J. Forensic Doc. Examination 69, 7276 (1999).

192. Jodi Sita et al., Forensic Handwriting Examiners’ Expertise for Signature Comparison, 47 ]J.
Forensic Sci. 1117 (2002).

193. Moshe Kam et al., Whiter Identification Using Hand-Printed and Non-Hand-Printed Questioned
Documents, 48 J. Forensic Sci. 1 (2003).

194. Moshe Kam et al., Proficiency of Professional Document Examiners in Whriter Identification, 39
J. Forensic Sci. 5 (1994).

195. Moshe Kam et al., Signature Authentication by Forensic Document Examiners, 46 J. Forensic
Sci. 884 (2001); Moshe Kam et al., The Effects of Monetary Incentives on Performance of Nonprofessionals
in Document Examiners Proficiency Tests, 43 J. Forensic Sci. 1000 (1998); Moshe Kam et al., Writer
Identification by Professional Document Examiners, 42 J. Forensic Sci. 778 (1997).
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examiners in real life.!”® In addition, critics have claimed that even the monetary
incentives for the laypersons do not come close to equaling the powerful incen-
tives that experts have to be careful in these tests.'”” Yet by now the empirical
research record includes a substantial number of studies. With the exception of a

1975 German study,'”® the studies uniformly conclude that professional examiners

are much more adept at signature authentication than laypersons.!”

2. Proficiency studies comparing experts’ performance to chance

Numerous proficiency studies have been conducted in the United States?” and
Australia.>”! Some of the American tests reported significant error rates. For
example, on a 2001 test, excluding inconclusive findings, the false authentication
rate was 22%, while the false elimination rate was 0%. Moreover, as previously
stated, on the five CTS proficiency tests mentioned in the 1989 article, 36% of
the participating examiners erred partially or completely.?’?> Further, critics have

claimed that some of the proficiency tests were far easier than the tasks encoun-

203

tered in actual practice,” and that consequently, the studies tend to overstate

examiners’ proficiency.

196. D. Michael Risinger, Cases Involving the Reliability of Handwriting Identification Expertise Since
the Decision in Daubert, 43 Tulsa L. Rev. 477, 490 (2007).

197. Id.

198. The German study included 25 experienced examiners, laypersons with no handwriting
background, and some university students who had taken courses in handwriting psychology and com-
parison. On the one hand, the professional examiners outperformed the regular laypersons. The experts
had a 14.7% error rate compared with the 34.4% rate for laypersons without any training. On the other
hand, the university students had a lower aggregate error rate than the professional questioned docu-
ment examiners. Wolfgang Conrad, Empirische Untersuchungen uber die Urteilsgute vershiedener Gruppen
von Laien und Sachvertstandigen bei der Unterscheidung authentischer und gefalschter Unterschriften [Empirical
Studies Regarding the Quality of Assessments of Various Groups of Lay Persons and Experts in Dif-
ferentiating Between Authentic and Forged Signatures], 156 Archiv fiir Kriminologie 169-83 (1975).

199. See Roger Park, Signature Identification in the Light of Science and Experience, 59 Hastings L.J.
1101, 1135-36 (2008).

200. E.g., Collaborative Testing Service (CTS), Questioned Document Examination, Report
No. 92-6 (1992); CTS, Questioned Document Examination, Report No. 9406 (1994), CTS,
Questioned Document Examination, Report No. 9606 (1996); CTS, Forensic Testing Program,
Handwriting Examination, Report No. 9714 (1997); CTS, Forensic Testing Program, Handwriting
Examination, Report No. 9814 (1998); CTS, Forensic Testing Program, Handwriting Examination,
Test No. 99-524 (1999); CTS, Forensic Testing Program, Handwriting Examination, Test No. 00-524
(2000); CTS, Forensic Testing Program, Handwriting Examination, Test No. 01-524 (2001); CTS,
Forensic Testing Program, Handwriting Examination, Test No. 02-524 (2003); available at http://
www.ctsforensics.com/reports/main.aspx.

201. Bryan Found & Doug Rogers, The Probative Character of Forensic Handwriting Examiners’
Identification and Elimination Opinions on Questioned Signatures, 178 Forensic Sci. Int’l 54 (2008).

202. Risinger et al., supra note 9, at 747—48.

203. Risinger, supra note 196, at 485.
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The CTS proficiency test results for the 1978-2005 period addressed the
comparison of known and questioned signatures and other writings to determine
authorship. In other exercises participants were asked to examine a variety of
mechanical impressions on paper and the use of photocopying and inks.

* Between 1978 and 1999,2* fewer than 5% of the mechanical impression
comparisons were in error, but 10% of the replies were inconclusive where
the examiner should have excluded the impressions as having a common
source. With regard to handwriting comparisons, the examiners did very
well on the straightforward comparisons, with almost 100% of the com-
parisons correct. However, in more challenging tests, such as those involv-
ing multiple authors, as high as 25% of the replies were inconclusive and
nearly 10% of the author associations were incorrect.

e In the 2000-2005 time period, the participants generally performed
very well (some approaching 99% correct responses) in determining the
genuineness of documents where text in a document had been manipu-
lated or where documents had been altered with various pens and inks.
The handwriting exercises were not as successful; in those exercises, com-
parisons of questioned and known writings were correct about 92% of the
time, inconclusive 7% of the time, and incorrect 1% of the time. Nearly
all incorrect responses occurred where participants reported handwriting
to be of common origin when it was not.

During these tests, some examiners characterized the tests as too easy, while others
described them as realistic and very challenging.

Thus, the results of the most recent proficiency studies are encouraging.
Moreover, the data in the five proficiency tests discussed in the 1989 article?® can
be subject to differing interpretation. The critics of questioned document exami-
nation sometimes suggest that the results of the 1985 test in particular prove that
signature authentication has “a high error rate.”?’® However,

[t]hese results can be characterized in different ways. [Another] way of viewing
the result would be to disaggregate the specific decisions made by the experts.

. [S]uppose that a teacher gives a multiple-choice test containing fifty ques-
tions. There are different ways that the results could be reported. One could
calculate the percentage of students who got any of the fifty questions wrong,
and report that as the error rate. A more customary approach would be to treat

204. John I. Thornton & Joseph L. Peterson, The General Assumptions and Rationale of Forensic
Identification, in 4 Modern Scientific Evidence: The Law and Science of Expert Testimony, supra note
104, § 29:40, at 54.

205. Risinger et al., supra note 9.

206. Park, supra note 199, at 1113.
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each question as a separate task, and report the error rate as the mean percentage

of questions answered incorrectly.?’”

If the specific decisions made by the examiners were disaggregated, cach examiner
had to make 66 decisions regarding whether certain pairs of signatures were writ-
ten by the same person.?”® Under this approach, the false authentication error rate
was 3.8%, and the false elimination error rate was 4.5%.2 In that light, even the
1985 study supports the contention that examiners perform signature authentica-
tion tasks at a validity rate considerably exceeding chance.

C. Case Law Development

Although the nineteenth-century cases were skeptical of handwriting expertise,>'”

in the twentieth century the testimony in leading cases, such as the Lindbergh
prosecution, helped the discipline gain judicial acceptance. There was little dispute
that handwriting comparison testimony was admissible at the time the Federal
Rules of Evidence were enacted in 1975. Rule 901 (b)(3) recognized that a docu-

ment could be authenticated by an expert, and the drafters explicitly mentioned

handwriting comparison “testimony of expert witnesses.”>!!

The first significant admissibility challenge under Daubert was mounted in
United States v. Starzecpyzel.?'? In that case, the district court concluded that
“forensic document examination, despite the existence of a certification program,
professional journals and other trappings of science, cannot, after Daubert, be
regarded as ‘scientific . . . knowledge.””?!3 Nonetheless, the court did not exclude
handwriting comparison testimony. Instead, the court admitted the individuation

testimony as nonscientific “technical” evidence.?'* Starzecpyzel prompted more

attacks that questioned the lack of empirical validation in the field.?"

207. Id. at 1114.

208. Id. at 1115.

209. Id. at 1116.

210. See Strother v. Lucas, 31 U.S. 763, 767 (1832); Phoenix Fire Ins. Co. v. Philip, 13 Wend.
81, 82-84 (N.Y. Sup. Ct. 1834).

211. Fed. R. Evid. 901(b)(3) advisory committee’s note.

212. 880 E. Supp. 1027 (S.D.N.Y. 1995).

213. Id. at 1038.

214. Kumho Tire later called this aspect of the Starzecpyzel opinion into question because Kumho
held that the reliability requirement applies to all types of expertise—‘scientific,” “technical,” or
“specialized.” Moreover, the Supreme Court indicated that the Daubert factors, including empirical
testing, may be applicable to technical expertise. Some aspects of handwriting can and have been tested.

215. See, e.g., United States v. Hidalgo, 229 F. Supp. 2d 961, 967 (D. Ariz. 2002) (“Because
the principle of uniqueness is without empirical support, we conclude that a document examiner
will not be permitted to testify that the maker of a known document is the maker of the questioned
document. Nor will a document examiner be able to testify as to identity in terms of probabilities.”).
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As of the date of this publication, there is a three-way split of authority.
The majority of courts permit examiners to express individuation opinions.?'® As
one court noted, “all six circuits that have addressed the admissibility of hand-
writing expert [testimony] . . . [have| determined that it can satisfy the reliability

threshold” for nonscientific expertise.?!” In contrast, several courts have excluded

218

expert testimony,”!® although one involved handprinting®'® and another Japanese

handprinting.??® Many district courts have endorsed a third view. These courts
limit the reach of the examiner’s opinion, permitting expert testimony about
similarities and dissimilarities between exemplars but not an ultimate conclusion
that the defendant was the author (“common authorship” opinion) of the ques-
tioned document.?*! The expert is allowed to testify about “the specific similarities
and idiosyncrasies between the known writings and the questioned writings, as
well as testimony regarding, for example, how frequently or infrequently in his
experience, [the expert| has seen a particular idiosyncrasy.”??* As the justification

for this limitation, these courts often state that the examiners’ claimed ability to

individuate lacks “empirical support.”??

216. See, e.g., United States v. Prime, 363 FE.3d 1028, 1033 (9th Cir. 2004); United States v.
Crisp, 324 E.3d 261, 265-71 (4th Cir. 2003); United States v. Jolivet, 224 F.3d 902, 906 (8th Cir.
2000) (affirming the introduction of expert testimony that it was likely that the accused wrote the
questioned documents); United States v. Velasquez, 64 F.3d 844, 848-52 (3d Cir. 1995); United States
v. Ruth, 42 MJ. 730, 732 (A. Ct. Crim. App. 1995), aff’d on other grounds, 46 M.J. 1 (C.A.A.F. 1997);
United States v. Morris, No. 06-87-DCR_, 2006 U.S. Dist. LEXIS 53983, *5 (E.D. Ky. July 20, 2006);
Orix Fin. Servs. v. Thunder Ridge Energy, Inc., No. 01Civ. 4788 (RJH) (HBP). 2005 U.S. Dist.
LEXIS 41889 (S.D.N.Y. Dec. 29, 2005).

217. Prime, 363 F.3d at 1034.

218. United States v. Lewis, 220 F. Supp. 2d 548 (S.D. W. Va. 2002).

219. United States v. Saclee, 162 F. Supp. 2d 1097 (D. Alaska 2001).

220. United States v. Fujii, 152 F. Supp. 2d 939, 940 (N.D. Ill. 2000) (holding expert testimony
concerning Japanese handprinting inadmissible: “Handwriting analysis does not stand up well under
the Daubert standards. Despite its long history of use and acceptance, validation studies supporting its
reliability are few, and the few that exist have been criticized for methodological flaws.”).

221. See, e.g., United States v. Oskowitz, 294 F. Supp. 2d 379, 384 (E.D.N.Y. 2003) (“Many
other district courts have similarly permitted a handwriting expert to analyze a writing sample for
the jury without permitting the expert to offer an opinion on the ultimate question of authorship.”);
United States v. Rutherford, 104 F. Supp. 2d 1190, 1194 (D. Neb. 2000) (“[T]he Court concludes that
FDE Rauscher’s testimony meets the requirements of Rule 702 to the extent that he limits his testi-
mony to identifying and explaining the similarities and dissimilarities between the known exemplars
and the questioned documents. FDE Rauscher is precluded from rendering any ultimate conclusions
on authorship of the questioned documents and is similarly precluded from testifying to the degree
of confidence or certainty on which his opinions are based.”); United States v. Hines, 55 F. Supp. 2d
62, 69 (D. Mass. 1999) (expert testimony concerning the general similarities and differences between
a defendant’s handwriting exemplar and a stick-up note was admissible while the specific conclusion
that the defendant was the author was not).

222. United States v. Van Wyk, 83 F. Supp. 2d 515, 524 (D.N.J. 2000).

223. United States v. Hidalgo, 229 E. Supp. 2d 961, 967 (D. Ariz. 2002).
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VIII. Firearms Identification Evidence

It is widely considered that the first written reference to firearms identification
(popularly known as “ballistics™) in the United States appeared in 1900.2%* In the
1920s, the technique gained considerable attention because of the work of Calvin
Goddard??® and played a controversial role in the Sacco and Vanzetti case during the
same decade.??® Goddard also analyzed the bullet evidence in the St. Valentine’s Day
Massacre in 1929, in which five gangsters and two acquaintances were gunned down
in Chicago.??” In 1923, the Illinois Supreme Court wrote that positive identification
of a bullet was not only impossible but “preposterous.”??® Seven years later, how-
ever, that court did an about-face and became one of the first courts in this country
to admit firearms identification evidence.?” The technique subsequently gained
widespread judicial acceptance and was not seriously challenged until recently.

A. The Technique

1. Firearms

Typically, three types of firearms—rifles, handguns, and shotguns—are encoun-
tered in criminal investigations.?" The barrels of modern rifles and handguns are
rifled; that is, parallel spiral grooves are cut into the inner surface (bore) of the
barrel. The surfaces between the grooves are called lands. The lands and grooves
twist in a direction: right twist or left twist. For ecach type of firearm produced,
the manufacturer specifies the number of lands and grooves, the direction of twist,
the angle of twist (pitch), the depth of the grooves, and the width of the lands
and grooves. As a bullet passes through the bore, the lands and grooves force the

224. See Albert Llewellyn Hall, The Missile and the Weapon, 39 Buff. Med. J. 727 (1900).

225. Calvin Goddard, often credited as the “father” of firearms identification, was responsible
for much of the early work on the subject. E.g., Calvin Goddard, Scientific Identification of Firearms and
Bullets, 17 J. Crim. L., Criminology & Police Sci. 254 (1926).

226. See Joughin & Morgan, supra note 8, at 15 (The firearms identification testimony was
“carelessly assembled, incompletely and confusedly presented, and . . . beyond the comprehension” of
the jury); Starrs, supra note 8, at 630 (Part I), 1050 (Part II).

227. See Calvin Goddard, The Valentine Day Massacre: A Study in Ammunition-Tracing, 1 Am.
J. Police Sci. 60, 76 (1930) (“Since two of the members of the execution squad had worn police
uniforms, and since it had been subsequently intimated by various persons that the wearers of the
uniforms might really have been policeman rather than disguised gangsters, it became a matter of no
little importance to ascertain, if possible, whether these rumors had any foundation in fact.”); Jim
Ritter, St. Valentine’s Hit Spurred Creation of Nation’s First Lab, Chicago Sun-Times, Feb. 9, 1997, at
40 (“Sixty-eight years ago this Friday, Al Capone’s hit men, dressed as cops, gunned down seven men
in the Clark Street headquarters of rival mobster Bugs Moran.”).

228. People v. Berkman, 139 N.E. 91, 94 (Ill. 1923).

229. People v. Fisher, 172 N.E. 743, 754 (1. 1930).

230. Other types of firearms, such as machine guns, tear gas guns, zip guns, and flare guns, may
also be examined.
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bullet to rotate, giving it stability in flight and thus increased accuracy. Shotguns
are smooth-bore fircarms; they do not have lands and grooves.

Rifles and handguns are classified according to their caliber. The caliber is
the diameter of the bore of the fircarm; the caliber is expressed in either hun-
dredths or thousandths of an inch (e.g., .22, .45, .357 caliber) or millimeters (e.g.,
7.62 mm).>*! The two major types of handguns are revolvers>*? and semiautomatic
pistols. A major difference between the two is that when a semiautomatic pistol
is fired, the cartridge case is automatically ejected and, if recovered at the crime
scene, could help link the case to the firearm from which it was fired. In contrast,
when a revolver is discharged the case is not ejected.

2. Ammunition

),233 case,?** propel-

Rifle and handgun cartridges consist of the projectile (bullet
lant (powder), and primer. The primer contains a small amount of an explosive
mixture, which detonates when struck by the firing pin. When the firing pin
detonates the primer, an explosion occurs that ignites the propellant. The most

common modern propellant is smokeless powder.

3. Class characteristics

Firearms identifications may be based on either bullet or cartridge case examina-
tions. Identifying features include class, subclass, and individual characteristics.

The class characteristics of a fircarm result from design factors and are deter-
mined prior to manufacture. They include the following caliber and rifling speci-
fications: (1) the land and groove diameters, (2) the direction of rifling (left or
right twist), (3) the number of lands and grooves, (4) the width of the lands and
grooves, and (5) the degree of the rifling twist.>>> Generally, a .38-caliber bullet
with six land and groove impressions and with a right twist could have been fired
only from a firearm with these same characteristics. Such a bullet could not have
been fired from a .32-caliber firearm, or from a .38-caliber firearm with a different
number of lands and grooves or a left twist. In sum, if the class characteristics do
not match, the firearm could not have fired the bullet and is excluded.

231. The caliber is measured from land to land in a rifled weapon. Typically, the designated
caliber is more an approximation than an accurate measurement. See 1 J. Howard Mathews, Firearms
Identification 17 (1962) (“‘nominal caliber’ would be a more proper term”).

232. Revolvers have a cylindrical magazine that rotates behind the barrel. The cylinder typically
holds five to nine cartridges, each within a separate chamber. When a revolver is fired, the cylinder
rotates and the next chamber is aligned with the barrel. A single-action revolver requires the manual
cocking of the hammer; in a double-action revolver the trigger cocks the hammer.

233. Bullets are generally composed of lead and small amounts of other elements (hardeners).
They may be completely covered (jacketed) with another metal or partially covered (semijacketed).

234. Cartridge cases are generally made of brass.

235. 1 Mathews, supra note 231, at 17.
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4. Subclass characteristics

Subclass characteristics are produced at the time of manufacture and are shared
by a discrete subset of weapons in a production run or “batch.” According to the
Association of Firearm and Tool Mark Examiners (AFTE),?*¢ subclass character-
istics are discernible surface features that are more restrictive than class charac-
teristics in that they are (1) “produced incidental to manufacture,” (2) “relate to
a smaller group source (a subset to which they belong),” and (3) can arise from

a source that changes over time.?>” The AFTE states that “[c]aution should be
»238

”

exercised in distinguishing subclass characteristics from class characteristics.

5. Individual characteristics

Bullet identification involves a comparison of the evidence bullet and a test bullet
fired from the firearm.?3° The two bullets are examined by means of a comparison
microscope, which permits a split-screen view of the two bullets and manipulation
in order to attempt to align the striations (marks) on the two bullets.

Barrels are machined during the manufacturing process, and imperfections
in the tools used in the machining process are imprinted on the bore.?*® The
subsequent use of the firearm adds further individual imperfections. For example,
mechanical action (erosion) caused by the friction of bullets passing through the
bore of the firearm produces accidental imperfections. Similarly, chemical action
(corrosion) caused by moisture (rust), as well as primer and propellant chemicals,
produce other imperfections.

When a bullet is fired, microscopic striations are imprinted on the bullet
surface as it passes through the bore of the firearm. These bullet markings are pro-
duced by the imperfections in the bore. Because these imperfections are randomly
produced, examiners assume that they are unique to each firearm.?*! Although the

assumption is plausible, there is no statistical basis for this assumption.?*?

236. AFTE is the leading professional organization in the field. There is also the Scientific Work-
ing Group for Firearms and Toolmarks (SWGGUN), which promulgates guidelines for examiners.

237. Theory of Identification, Association of Firearm and Toolmark Examiners, 30 AFTE J. 86, 88
(1998) [hereinafter AFTE Theory].

238. Id.

239. Test bullets are obtained by firing a firecarm into a recovery box or bullet trap, which is
usually filled with cotton, or into a recovery tank, which is filled with water.

240. “No two barrels are microscopically identical, as the surfaces of their bores all possess
individual and characteristic markings.” Gerald Burrard, The Identification of Firearms and Forensic
Ballistics 138 (1962).

241. 1 Mathews, supra note 231, at 3 (“Experience has shown that no two firearms, even those
of the same make and model and made consecutively by the same tools, will produce the same mark-
ings on a bullet or a cartridge.”).

242. Alfred A. Biasotti, The Principles of Evidence Evaluation as Applied to Firearms and Tool Mark
Identification, 9 J. Forensic Sci. 428, 432 (1964) (“[W]e lack the fundamental statistical data needed to
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Although an identification is based on objective data (the striations on the
bullet surface), the AFTE explains that the examiner’s individuation is essentially
a subjective judgment. The AFTE describes the traditional pattern recognition
methodology as “subjective in nature, founded on scientific principles and based
on the examiner’s training and experience.”?** There are no objective criteria
governing this determination: “Ultimately, unless other issues are involved, it
remains for the examiner to determine for himself the modicum of proof necessary
to arrive at a definitive opinion.”?**

The condition of a firearm or evidence bullet may preclude an identification.
For example, there may be insufficient marks on the bullet or, because of mutila-
tion, an insufficient amount of the bullet may have been recovered. Likewise, if
the bore of the firearm has changed significantly as a result of erosion or corrosion,
an identification may be impossible. (Unlike fingerprints, fircarms change over
time.) In these situations, the examiner may render a “no conclusion” determina-
tion. Such a conclusion, however, may have some evidentiary value even if the
examiner cannot form an individuation opinion; that is, the firearm could have
fired the bullet if the class characteristics match.

6. Consecutive matching striae

In an attempt to make firearms identification more objective, some commentators
advocate a technique known as consecutive matching striac (CMS). As the name

implies, this method is based on finding a specified number of consecutive match-

ing striae on two bullets. Other commentators have questioned this approach,?*

and it remains a minority position.?*¢

7. Cartridge identification

Cartridge case identification is based on the same theory of random markings as
bullet identification.?*’” As with barrels, defects produced in the manufacturing

develop verifiable criteria.”); see also Alfred A. Biasotti, A Statistical Study of the Individual Characteristics
of Fired Bullets, 4 J. Forensic Sci. 34 (1959).

243. AFTE Theory, supra note 237, at 86.

244. Laboratory Proficiency Test, supra note 81, at 207; see also Alfred A. Biasotti, The Principles
of Evidence Evaluation as Applied to Firearms and Tool Mark Identification, supra note 242, at 429 (“In
general, the texts on firearms identification take the position that each practitioner must develop his
own intuitive criteria of identity gained through practical experience.”).

245. See Stephen G. Bunch, Consecutive Matching Striation Criteria: A General Critique, 45 J.
Forensic Sci. 955, 955 (2000) (finding the traditional methodology superior: “[P|resent-day firearm
identification, in the final analysis is subjective.”).

246. Roger C. Nichols, Firearm and Toolmark Identification Criteria: A Review of the Literature, Part
1I, 48 J. Forensic Sci. 318, 326 (2003) (CMS “has not been promoted as an alternative [to traditional
pattern recognition], but as a numerical threshold.”).

247. Burrard, supra note 240, at 107. However, bullet and cartridge case identifications differ in
several respects. Because the bullet is traveling through the barrel at the time it is imprinted with the
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process leave distinctive characteristics on the breech face, firing pin, chamber,
extractor, and ¢jector. Subsequent use of the fircarm produces additional defects.
When the trigger is pulled, the firing pin strikes the primer of the cartridge, caus-
ing the primer to detonate. This detonation ignites the propellant (powder). In the
process of combustion, the powder is converted rapidly into gases. The pressure
produced by this process propels the bullet from the weapon and also forces the
base of the cartridge case backward against the breech face, imprinting breech
face marks on the base of the cartridge case. Similarly, the firing pin, ejector, and
extractor may leave characteristic marks on a cartridge case.>*8

Cartridge case identification involves a comparison of the cartridge case
recovered at the crime scene and a test cartridge case obtained from the firearm
after it has been fired. Shotgun shell casings may be identified in this way, as well.
As in bullet identification, the comparison microscope is used in the examination.
According to AFTE, “interpretation of toolmark individualization and identifi-
cation is still considered to be subjective in nature, based on one’s training and

experience.”?*

8. Automated identification systems

“These ballistic imaging systems use the powerful searching capabilities of the

computer to match the images of recovered crime scene evidence against digitized

29250

images stored in a computer database. The current system is the Integrated

Ballistics Information System (IBIS).?*! Automated systems “give| | firearms exam-
iners the ability to screen virtually unlimited numbers of bullets and cartridge
casings for possible matches.”?? These systems identify a number of candidate
matches. They do not replace the examiner, who still must make the final com-
parison: ““High Confidence’ candidates (likely hits) are referred to a firearms
examiner for examination on a comparison microscope.”?? The examiner need

bore imperfections, these marks are “sliding” imprints, called striated marks. In contrast, the cartridge
case receives “‘static” imprints, called impressed marks. Id. at 145.

248. Ejector and extractor marks by themselves may indicate only that the cartridge case had
been loaded in, not fired from, a particular firearm.

249. Eliot Springer, Toolmark Examinations—A Review of Its Development in the Literature, 40 J.
Forensic Sci. 964, 96667 (1995).

250. Benchmark Evaluation Studies of the Bulletproof and Drugfire Ballistic Imaging Systems, 22 Crime
Lab. Digest 51 (1995); see also Jan De Kinder & Monica Bonfanti, Automated Comparisons of Bullet
Striations Based on 3D Topography, 101 Forensic Sci. Int’l 85, 86 (1999) (“[A]n automatic system will
cut the time demanding and tedious manual searches for one specific item in large open case files.”).

251. See Jan De Kinder et al., Reference Ballistic Imaging Database Performance, 140 Forensic Sci.
Int’l 207 (2004); Ruprecht Nennstiel & Joachim Rahm, An Experience Report Regarding the Performance
of the IBIS™ Correlator, 51 J. Forensic Sci. 24 (2006).

252. Richard E. Tontarski & Robert M. Thompson, Automated Firearms Evidence Comparison: A
Forensic Tool for Firearms Identification—An Update, 43 J. Forensic Sci. 641, 641 (1998).

253. Id.
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not accept the highest ranked candidate identified by the system. For that matter,
the examiner may reject all the candidates.

9. Toolmarks

Toolmark identifications rest on essentially the same theory as firearms identifica-
tions.>>* Tools have both (1) class characteristics and (2) individual characteristics;
the latter are accidental imperfections produced by the machining process and sub-
sequent use. When the tool is used, these characteristics are sometimes imparted
onto the surface of another object struck by the tool. Toolmarks may be impres-
sions (compression marks), striations (friction or scrape marks), or a combination
of both.?>® Fracture matches constitute another type of examination.

The marks may be left on a variety of different materials, such as wood or
metal. In some cases, only class characteristics can be matched. For example, it
may be possible to identify a mark (impression) left on a piece of wood as having
been produced by a hammer, punch, or screwdriver. A comparison of the mark
and the evidence tool may establish the size of the tool (another class character-
istic). Unusual features of the tool, such as a chip, may permit a positive identi-
fication. Striations caused by scraping with a tool can also produce distinguishing
marks in much the same way that striations are imprinted on a bullet when a
firearm 1s discharged. This type of examination has the same limitations as firearms
identification: “[The characteristics of a tool will change with use.”?>

Firearms identification could be considered a subspecialty of toolmark iden-
tification; the firearm (tool) imprints its individual characteristics on the bullet.
However, the markings on a bullet or cartridge case are imprinted in roughly the
same way every time a firearm is fired. In contrast, toolmark analysis can be more
complicated because a tool can be employed in a variety of different ways, cach
producing a different mark: “[I|n toolmark work the angle at which the tool was
used must be duplicated in the test standard, pressures must be dealt with, and the
degree of hardness of metals and other materials must be taken into account.”?>

The comparison microscope is also used in this examination. As with fire-
arms identification testimony, toolmark identification testimony is based on the
subjective judgment of the examiner, who determines whether sufficient marks of

254. See Biasotti, The Principles of Evidence Evaluation as Applied to Firearms and Tool Mark Iden-
tification, supra note 242; see also Springer, supra note 249, at 964 (“The identification is based . . . on
a series of scratches, depressions, and other marks which the tool leaves on the object it comes into
contact with. The combination of these various marks ha[s] been termed toolmarks and the claim is
that every instrument can impart a mark individual to itself.”).

255. David Q. Burd & Roger S. Greene, Tool Mark Examination Techniques, 2 J. Forensic Sci.
297, 298 (1957).

256. Emmett M. Flynn, Toolmark Identification, 2 J. Forensic Sci. 95, 102 (1957).

257. Id. at 105.
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similarity are present to permit an identification.?*® There are no objective criteria

governing the determination of whether there is a match.?

B. The Empirical Record

In its 2009 report, NRC summarized the state of the research as follows:

Because not enough is known about the variabilities among individual tools and
guns, we are not able to specify how many points of similarity are necessary for
a given level of confidence in the result. Sufficient studies have not been done
to understand the reliability and repeatability of the methods. The committee
agrees that class characteristics are helpful in narrowing the pool of tools that may
have left a distinctive mark. Individual patterns from manufacture or from wear
might, in some cases, be distinctive enough to suggest one particular source, but
additional studies should be performed to make the process of individualization
more precise and repeatable.>*

The 1978 Crime Laboratory Proficiency Testing Program reported mixed
results on firearms identification tests. In one test, 5.3% of the participating labora-
tories misidentified firearms evidence, and in another test 13.6% erred. These tests
involved bullet and cartridge case comparisons. The Project Advisory Committee
considered these errors “particularly grave in nature” and concluded that they
probably resulted from carelessness, inexperience, or inadequate supervision.?®! A
third test required the examination of two bullets and two cartridge cases to identify
the “most probable weapon” from which each was fired. The error rate was 28.2%.

In later tests,

[e]xaminers generally did very well in making the comparisons. For all fifteen
tests combined, examiners made a total of 2106 [bullet and cartridge case| com-
parisons and provided responses which agreed with the manufacturer responses
88% of the time, disagreed in only 1.4% of responses, and reported inconclusive

results in 10% of cases.262

258. See Springer, supra note 249, at 966—67 (“According to the Association of Firearms and
Toolmarks Examiners’ Criteria for Identification Committee, interpretation of toolmark individualization
and identification is still considered to be subjective in nature, based on one’s training and experience.”).

259. As one commentator has noted: “[I]t is not possible at present to categorically state the
number and percentage of the [striation] lines which must correspond.” Burd & Greene, supra note
255, at 310.

260. Id.

261. Laboratory Proficiency Test, supra note 81, at 207-08.

262. Peterson & Markham, supra note 82, at 1018. The authors also stated:

The performance of laboratories in the fircarms tests was comparable to that of the carlier LEAA study,
although the rate of successful identifications actually was slightly over—=88% vs. 91%. Laboratories cut
the rate of errant identifications by half (3% to 1.4%) but the rate of inconclusive responses doubled,
from 5% to 10%.

Id. at 1019.
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Proficiency testing on toolmark examinations has also been reported.?®?

For the period 1978-1999, firearms examiners performed well on their CTS
proficiency tests, with only 2% to 3% of their comparisons incorrect, but with 10%
to 13% of their responses inconclusive.?** The scenarios that accompanied the test
materials asked examiners to compare test-fired bullets and/or cartridge cases with
evidence projectiles found at a crime scene. Between 2000 and 2005, participants,
again, performed very well, averaging less than 1% incorrect responses, but with
inconclusive results about 10% of the time. Most of the inconclusive results in
these tests occurred where bullets and/or cartridge cases were actually fired from
different weapons. Examiners frequently stated they were unable to reach the
proper conclusion because they did not have the actual weapon with which they
could perform their own test fires of ammunition.

In CTS toolmark proficiency comparisons, laboratories were asked to com-
pare marks made with such tools as screwdrivers, bolt cutters, hammers, and hand-
stamps. In some cases, tools were supplied to participants, but in most cases they
were given only test marks. Over the entire 1978-2005 period, fewer than 5%
of responses were in error, but individual test results varied substantially. In some
cases, 30% to 40% of replies were inconclusive, because laboratories were unsure
if the blade of the tool in question might have been altered between the time(s)
different markings had been made. During the final 6-year period reviewed
(2000-2005), laboratories averaged a 1% incorrect comparison rate for toolmarks.
Inconclusive responses remained high (30% and greater) and, together with fire-
arms testing, constitute the evidence category where evidence comparisons have
the highest rates of inconclusive responses.

Questions have arisen concerning the significance of these tests. First, such
testing is not required of all firearms examiners, only those working in labora-
tories voluntarily seeking accreditation by the ASCLD. In short, “the sample is
self-selecting and may not be representative of the complete universe of fircarms
examiners. 2% Second, the examinations are not blind—that is, examiners know
when they are being tested. Thus, the examiner may be more meticulous and
careful than in ordinary case work. Third, the results of an evaluation can vary,
depending on whether an “inconclusive” answer is counted. Fourth, the rigor
of the examinations has been questioned. According to one witness, in a 2005
test involving cartridge case comparisons, none of the 255 test-takers nationwide
answered incorrectly. The court observed: “One could read these results to mean
that the technique is foolproof, but the results might instead indicate that the test

was somewhat elementary.”?%0

263. Id. at 1025 (“Owerall, laboratories performed not as well on the toolmark tests as they did
on the fircarms tests.”).

264. Thornton & Peterson, supra note 204, § 29:47, at 66.

265. United States v. Monteiro, 407 F. Supp. 2d 351, 367 (D. Mass. 2006).

266. Id.
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In 2008, NAS published a report on computer imaging of bullets.?*” Although
fircarms identification was not the primary focus of the investigation, a section
of the report commented on this subject.>® After surveying the literature on
the uniqueness, reproducibility, and permanence of individual characteristics, the
committee noted that “[m]ost of these studies are limited in scale and have been
conducted by firearms examiners (and examiners in training) in state and local
law enforcement laboratories as adjuncts to their regular casework.”?*” The report
concluded: “The validity of the fundamental assumptions of uniqueness and repro-

ducibility of firearms-related toolmarks has not yet been fully demonstrated.”>”"
This statement, however, was qualified:
There is one baseline level of credibility . . . that must be demonstrated lest any

discussion of ballistic imaging be rendered moot—namely, that there is at least
some “‘signal” that may be detected. In other words, the creation of toolmarks
must not be so random and volatile that there is no reason to believe that any
similar and matchable marks exist on two exhibits fired from the same gun. The
existing research, and the field’s general acceptance in legal proceedings for sev-
eral decades, is more than adequate testimony to that baseline level. Beyond that
level, we neither endorse nor oppose the fundamental assumptions. Our review
in this chapter is not—and is not meant to be—a full weighing of evidence for
or against the assumptions, but it is ample enough to suggest that they are not
fully settled, mechanically or empirically.

Another point follows directly: Additional general research on the uniqueness and
reproducibility of firearms-related toolmarks would have to be done if the basic premises of

firearms identification are to be put on a more solid scientific footing.?”!

The 2008 report cautioned:

Conclusions drawn in firearms identification should not be made to imply the presence of
a firm statistical basis when none has been demonstrated. Specifically, . . . examiners
tend to cast their assessments in bold absolutes, commonly asserting that a match
can be made “to the exclusion of all other firearms in the world.” Such com-
ments cloak an inherently subjective assessment of a match with an extreme
probability statement that has no firm grounding and unrealistically implies an

2
error rate of ZCI‘O.‘72

267. National Research Council, Ballistic Imaging (2008), available at http://www.nap.edu/
catalog.php?record_id=12162.

268. The committee was asked to assess the feasibility, accuracy, reliability, and technical
capability of developing and using a national ballistic database as an aid to criminal investigations.
It concluded: (1) “A national reference ballistic image database of all new and imported guns is not
advisable at this time.” (2) “NIBIN can and should be made more effective through operational and
technological improvements.” Id. at 5.

269. Id. at 70.

270. Id. at 81.

271. Id. at 81-82.

272. Id. at 82.
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The issue of the adequacy of the empirical basis of firecarms identification

273 and research is ongoing. A recent study reported

expertise remains in dispute,
testing concerning 10 consecutively rifled Ruger pistol barrels. In 463 tests during
the study, no false positives were reported; 8 inconclusive results were reported.?’*
“But the capsule summaries [in this study] suggest a heavy reliance on the subjec-
tive findings of examiners rather than on the rigorous quantification and analysis

of sources of variability.””?”>

C. Case Law Development

Firearms identification developed in the ecarly part of the last century, and by
276 Subsequent cases
278 and

1930, courts were admitting evidence based on this technique.

277

followed these precedents, admitting evidence of bullet,”’’ cartridge case,

shot shell?”” identifications. A number of courts have also permitted an expert to

273. Compare Roger G. Nichols, Defending the Scientific Foundations of the Firearms and Tool
Mark Identification Discipline: Responding to Recent Challenges, 52 J. Forensic Sci. 586 (2007), with Adina
Schwartz, Commentary on “Nichols, R.G., Defending the scientific foundations of the firearms and tool mark
identification discipline: Responding to recent challenges, J. Forensic Sci. 52(3):586-94 (2007),” 52 J. Forensic
Sci. 1414 (2007) (responding to Nichols). Moreover, AFTE disputed the Academy’s conclusions. See
The Response of the Association of Firearm and Tool Mark Examiners to the National Academy of Sciences 2008
Report Assessing the Feasibility, Accuracy, and Capability of a National Ballistic Database August 20, 2008, 40
AFTE J. 234 (2008) (concluding that underlying assumptions of uniqueness and reproducibility have
been demonstrated, and the implication that there is no statistical basis is unwarranted); see also Adina
Schwartz, A Systemic Challenge to the Reliability and Admissibility of Firearms and Toolmark Identification,
6 Colum. Sci. & Tech. L. Rev. 2 (2005).

274. James E. Hamby et al., The Identification of Bullets Fired from 10 Consecutively Rifled 9mm
A Research Project Involving 468 Participants from 19 Countries, 41 AFTE J. 99

Ruger Pistol Barrels
(Spring 2009).

275. NRC Forensic Science Report, supra note 3, at 155.

276. E.g., People v. Fisher, 172 N.E. 743 (Ill. 1930); Evans v. Commonwealth, 19 S.W.2d 1091
(Ky. 1929); Burchett v. State, 172 N.E. 555 (Ohio Ct. App. 1930).

277. E.g., United States v. Wolff, 5 M.J. 923, 926 (N.C.M.R. 1978); State v. Mack, 653 N.E.2d
329, 337 (Ohio 1995) (The examiner “compared the test shot with the morgue bullet recovered from
the victim, . . . and the spent shell casings recovered from the crime scene, concluding that all had
been discharged from appellant’s gun.”).

278. E.g., Bentley v. Scully, 41 F.3d 818, 825 (2d Cir. 1994) (“[A] ballistic expert found that the
spent nine millimeter bullet casing recovered from the scene of the shooting was fired from the pistol
found on the rooftop.”); State v. Samonte, 928 P.2d 1, 6 (Haw. 1996) (“Upon examining the striation
patterns on the casings, [the examiner] concluded that the casing she had fired matched six casings that
police had recovered from the house.”).

279. E.g., Williams v. State, 384 So. 2d 1205, 1210-11 (Ala. Crim. App. 1980); Burge v. State,
282 So. 2d 223, 229 (Miss. 1973); Commonwealth v. Whitacre, 878 A.2d 96, 101 (Pa. Super. Ct.
2005) (“no abuse of discretion in the trial court’s decision to permit admission of the evidence regard-
ing comparison of the two shell casings with the shotgun owned by Appellant™).
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280

testify that a bullet could have been fired from a particular firearm;=*" that is, the class

characteristics of the bullet and the firearm are consistent.?8!

The early post-Daubert challenges to the admissibility of firecarms identifica-
tion evidence failed.?®> This changed in 2005 in United States v. Green,?3> where
the court ruled that the expert could describe only the ways in which the cas-

ings were similar but not that the casings came from a specific weapon “to the

exclusion of every other firearm in the world.”?®* In United States v. Monteiro®

the expert had not made any sketches or taken photographs and thus adequate
documentation was lacking: “Until the basis for the identification is described in
such a way that the procedure performed by [the examiner] is reproducible and
verifiable, it is inadmissible under Rule 702.728¢

In 2007 in United States v. Diaz,*%" the court found that the record did not
support the conclusion that identifications could be made to the exclusion of all
other firearms in the world. Thus, “the examiners who testify in this case may
only testify that a match has been made to a ‘reasonable degree of certainty in the
ballistics field.””?%8 In 2008, United States v. Glynn®®® ruled that the expert could

280. E.g., People v. Horning, 102 P.3d 228, 236 (Cal. 2004) (expert “opined that both bullets
and the casing could have been fired from the same gun . . . ; because of their condition he could not
say for sure”); Luttrell v. Commonwealth, 952 S.W.2d 216, 218 (Ky. 1997) (expert “testified only that
the bullets which killed the victim could have been fired from Luttrell’s gun”); State v. Reynolds, 297
S.E.2d 532, 539—-40 (N.C. 1982); Commonwealth v. Moore, 340 A.2d 447, 451 (Pa. 1975).

281. This type of evidence has some probative value and satisfies the minimal evidentiary test
for logical relevancy. See Fed. R. Evid. 401. As one court commented, the expert’s “testimony,
which established that the bullet which killed [the victim] could have been fired from the same cali-
ber and make of gun found in the possession of [the defendant], significantly advanced the inquiry.”
Commonwealth v. Hoss, 283 A.2d 58, 68 (Pa. 1971).

282. See United States v. Hicks, 389 F.3d 514, 526 (5th Cir. 2004) (ruling that “the match-
ing of spent shell casings to the weapon that fired them has been a recognized method of ballistics
testing in this circuit for decades”); United States v. Foster, 300 F. Supp. 2d 375, 377 n.1 (D. Md.
2004) (“Ballistics evidence has been accepted in criminal cases for many years. . . . In the years since
Daubert, numerous cases have confirmed the reliability of ballistics identification.”); United States
v. Santiago, 199 E. Supp. 2d 101, 111 (S.D.N.Y. 2002) (“The Court has not found a single case in
this Circuit that would suggest that the entire field of ballistics identification is unreliable.”); State v.
Anderson, 624 S.E.2d 393, 397-98 (N.C. Ct. App. 2006) (no abuse of discretion in admitting bullet
identification evidence); Whitacre, 878 A.2d at 101 (“no abuse of discretion in the trial court’s decision
to permit admission of the evidence regarding comparison of the two shell casings with the shotgun
owned by Appellant”).

283. 405 F. Supp. 2d 104 (D. Mass. 2005).

284. Id. at 107. The court had followed the same approach in a handwriting case. See United
States v. Hines, 55 F. Supp. 2d 62, 67 (D. Mass. 1999) (expert testimony concerning the general simi-
larities and differences between a defendant’s handwriting exemplar and a stick-up note was admissible
but not the specific conclusion that the defendant was the author).

285. 407 F. Supp. 2d 351 (D. Mass. 2006).

286. Id. at 374.

287. No. CR 05-00167 WHA, 2007 WL 485967 (N.D. Cal. Feb. 12, 2007).

288. Id. at *1.

289. 578 E. Supp. 2d 567 (S.D.N.Y. 2008).
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not use the term “reasonable scientific certainty” in testifying. Rather, the expert
would be permitted to testify only that it was “more likely than not” that recov-
ered bullets and cartridge cases came from a particular weapon.

Yet other courts continued to uphold admission.””” By way of example, in
United States v. Williams,*' the Second Circuit upheld the admissibility of firearms
identification evidence—bullets and cartridge casings. The opinion, however,

contained some cautionary language: “We do not wish this opinion to be taken

as saying that any proffered ballistic expert should be routinely admitted.”?"?

Several cases limited testimony after the 2009 NAS Report was published.?”® In

the past, courts often have admitted toolmark identification evidence,?®* includ-

290. See United States v. Natson, 469 F. Supp. 2d 1253, 1261 (M.D. Ga. 2007) (“According
to his testimony, these toolmarks were sufficiently similar to allow him to identify Defendant’s gun
as the gun that fired the cartridge found at the crime scene. He opined that he held this opinion to
a 100% degree of certainty. . . . The Court also finds [the examiner’s| opinions reliable and based
upon a scientifically valid methodology. Evidence was presented at the hearing that the toolmark
testing methodology he employed has been tested, has been subjected to peer review, has an
ascertainable error rate, and is generally accepted in the scientific community.”); Commonwealth
v. Meeks, Nos. 2002-10961, 2003-10575, 2006 WL 2819423, at * 50 (Mass. Super. Ct. Sept. 28,
2006) (“The theory and process of firearms identification are generally accepted and reliable, and
the process has been reliably applied in these cases. Accordingly, the firearms identification evi-
dence, including opinions as to matches, may be presented to the juries for their consideration, but
only if that evidence includes a detailed statement of the reasons for those opinions together with
appropriate documentation.”).

291. 506 F.3d 151, 161-62 (2d Cir. 2007) (“Daubert did make plain that Rule 702 embodies a
more liberal standard of admissibility for expert opinions than did Frye. . . . But this shift to a more
permissive approach to expert testimony did not abrogate the district court’s gatekeeping function.
Nor did it ‘grandfather’ or protect from Daubert scrutiny evidence that had previously been admitted
under Frye.”) (citations omitted).

292. Id. at 161.

293. See United States v. Willock, 696 F. Supp. 2d 536, 546, 549 (D. Md. 2010) (holding,
based on a comprehensive magistrate’s report, that “Sgt. Ensor shall not opine that it is a ‘practical
impossibility” for a firearm to have fired the cartridges other than the common ‘unknown firearm’
to which Sgt. Ensor attributes the cartridges.” Thus, “Sgt. Ensor shall state his opinions and conclu-
sions without any characterization as to the degree of certainty with which he holds them.”); United
States v. Taylor, 663 F. Supp. 2d 1170, 1180 (D.N.M. 2009) (“[BJecause of the limitations on the
reliability of firearms identification evidence discussed above, Mr. Nichols will not be permitted to
testify that his methodology allows him to reach this conclusion as a matter of scientific certainty.
Mr. Nichols also will not be allowed to testify that he can conclude that there is a match to the
exclusion, either practical or absolute, of all other guns. He may only testify that, in his opinion,
the bullet came from the suspect rifle to within a reasonable degree of certainty in the firearms
examination field.”).

294. In 1975, the Ninth Circuit noted that toolmark identification “rests upon a scientific basis
and is a reliable and generally accepted procedure.” United States v. Bowers, 534 F.2d 186, 193 (9th
Cir. 1976).
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295 298 299

ing screwdrivers,??> crowbars,?”® punches,>?” knives,>*® as well as other objects.

An expert’s opinion is admissible even if the expert cannot testify to a positive

identification.®

[X. Bite Mark Evidence

Bite mark analysis has been used for more than 50 years to establish a connection
between a defendant and a crime.®"! The specialty developed within the field of
forensic dentistry as an adjunct of dental identification, rather than originating in

295. E.g., State v. Dillon, 161 N.W.2d 738, 741 (Iowa 1968) (screwdriver and nail bar fit marks
on door frame); State v. Wessling, 150 N.W.2d 301 (Iowa 1967) (screwdriver); State v. Hazelwood,
498 P.2d 607, 612 (Kan. 1972) (screwdriver and imprint on window molding); State v. Wade, 465
S.W.2d 498, 499-500 (Mo. 1971) (screwdriver and pry marks on door jamb); State v. Brown, 291
S.W.2d 615, 618-19 (Mo. 1956) (crowbar and screwdriver marks on window sash and door); State v.
Eickmeier, 191 N.W.2d 815, 816 (Neb. 1971) (screwdriver and marks on door).

296. E.g., Brown, 291 S.W.2d at 618-19 (Mo. 1956) (crowbar and screwdriver marks on
window sash and door); State v. Raines, 224 S.E.2d 232, 234 (N.C. Ct. App. 1976).

297. E.g., State v. Montgomery, 261 P.2d 1009, 1011-12 (Kan. 1953) (punch marks on safe).

298. E.g., State v. Baldwin, 12 P. 318, 324-25 (Kan. 1886) (experienced carpenters could testify
that wood panel could have been cut by accused’s knife); Graves v. State, 563 P.2d 646, 650 (Okla. Crim.
App. 1977) (blade and knife handle matched); State v. Clark, 287 P. 18, 20 (Wash. 1930) (knife and cuts
on tree branches); State v. Bernson, 700 P.2d 758, 764 (Wash. Ct. App. 1985) (knife tip comparison).

299. E.g., United States v. Taylor, 334 F. Supp. 1050, 105657 (E.D. Pa. 1971) (impressions on
stolen vehicle and impressions made by dies found in defendant’s possession), aff’d, 469 F.2d 284 (3d
Cir. 1972); State v. McClelland, 162 N.W.2d 457, 462 (Iowa 1968) (pry bar and marks on “jimmied”
door); Adcock v. State, 444 P.2d 242, 243—44 (Okla. Crim. App. 1968) (tool matched pry marks on
door molding); State v. Olsen, 317 P.2d 938, 940 (Or. 1957) (hammer marks on the spindle of a safe).

300. For example, in United States v. Murphy, 996 F.2d 94 (5th Cir. 1993), an FBI expert gave
limited testimony “that the tools such as the screwdriver associated with Murphy ‘could” have made
the marks on the ignitions but that he could not positively attribute the marks to the tools identified
with Murphy.” Id. at 99; see also State v. Genrich, 928 P.2d 799, 802 (Colo. App. 1996) (upholding
expert testimony that three different sets of pliers recovered from the accused’s house were used to
cut wire and fasten a cap found in the debris from pipe bombs: “The expert’s premise, that no two
tools make exactly the same mark, is not challenged by any evidence in this record. Hence, the lack
of a database and points of comparison does not render the opinion inadmissible.”).

Although most courts have been receptive to toolmark evidence, a notable exception was Ramirez
v. State, 810 So. 2d 836, 849-51(Fla. 2001). In Ramirez, the Florida Supreme Court rejected the testi-
mony of five experts who claimed general acceptance for a process of matching a knife with a cartilage
wound in a murder victim—a type of “toolmark” comparison. Although the court applied Frye, it
emphasized the lack of testing, the paucity of “meaningful peer review,” the absence of a quantified
error rate, and the lack of developed objective standards. In Sexton v. State, 93 S.W.3d 96 (Tex. Crim.
App. 2002), an expert testified that cartridge cases from unfired bullets found in the appellant’s apartment
had distinct marks that matched fired cartridge cases found at the scene of the offense. The court ruled
the testimony inadmissible: “This record qualifies Crumley as a firearms identification expert, but does
not support his capacity to identify cartridge cases on the basis of magazine marks only.” Id. at 101.

301. See E.H. Dinkel, The Use of Bite Mark Evidence as an Investigative Aid, 19 J. Forensic Sci.
535 (1973).
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crime laboratories. Courts have admitted bite mark comparison evidence in homi-
cide, rape, and child abuse cases. In virtually all the cases, the evidence was first
offered by the prosecution. The typical bite mark case has involved the identifica-
tion of the defendant by matching his dentition with a mark left on the victim. In
several cases, however, the victim’s teeth have been compared with marks on the

302 and another braces.3%?

defendant’s body. One bite mark case involved dentures
A few cases have entailed bite impressions on foodstuff found at a crime scene:
apple, 2% 3 7

Bite marks occur primarily in sex-related crimes, child abuse cases, and offenses

piece of cheese,**® and sandwich.3%° Still other cases involved dog bites.*’

involving physical altercations, such as homicide. A survey of 101 cases reported
these findings: “More than one bitemark was present in 48% of all the bite cases
studied. Bitemarks were found on adults in 81.3% of the cases and on children under
18 years-of-age in 16.7% of cases. Bitemarks were associated with the following

types of crimes: murder, including attempted murder (53.9%), rape (20.8%), sexual
assault (9.7%), child abuse (9.7%), burglary (3.3%), and kidnapping (12.6%).”308

A. The Technique

Bite mark identification is an offshoot of the dental identification of deceased
persons, which is often used in mass disasters. Dental identification is based on the
assumption that every person’s dentition is unique. The human adult dentition
consists of 32 teeth, each with 5 anatomic surfaces. Thus, there are 160 dental
surfaces that can contain identifying characteristics. Restorations, with varying
shapes, sizes, and restorative materials, may offer numerous additional points of
individuality. Moreover, the number of teeth, prostheses, decay, malposition,

302. See Rogers v. State, 344 S.E.2d 644, 647 (Ga. 1986) (“Bite marks on one of Rogers” arms
were consistent with the dentures worn by the elderly victim.”).

303. See People v. Shaw, 664 N.E.2d 97, 101, 103 (Ill. App. Ct. 1996) (In a murder and aggra-
vated sexual assault prosecution, the forensic odontologist opined that the mark on the defendant
was caused by the orthodontic braces on the victim’s teeth; “Dr. Kenney admitted that he was not a
certified toolmark examiner”; no abuse of discretion to admit evidence).

304. See State v. Ortiz, 502 A.2d 400, 401 (Conn. 1985).

305. See Doyle v. State, 263 S.W.2d 779, 779 (Tex. Crim. App. 1954); Seivewright v. State, 7
P.3d 24, 26 (Wyo. 2000) (“On the basis of his comparison of the impressions from the cheese with
Seivewright’s dentition, Dr. Huber concluded that Seivewright was the person who bit the cheese.”).

306. See Banks v. State, 725 So. 2d 711, 714-16 (Miss. 1997) (finding a due process violation
when prosecution expert threw away sandwich after finding the accused’s teeth consistent with the
sandwich bite).

307. See Davasher v. State, 823 S.W.2d 863, 870 (Ark. 1992) (expert testified that victim’s
dog could be eliminated as the source of mark found on defendant); State v. Powell, 446 S.E.2d 26,
27-28 (N.C. 1994) (“A forensic odontologist testified that dental impressions taken from Bruno and
‘Woody [accused’s dogs| were compatible with some of the lacerations in the wounds pictured in scale
photographs of Prevette’s body.”).

308. Iain A. Pretty & David J. Sweet, Anatomical Location of Bitemarks and Associated Findings in
101 Cases from the United States, 45 J. Forensic Sci. 812, 812 (2000).
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malrotation, peculiar shapes, root canal therapy, bone patterns, bite relationship,
and oral pathology may also provide identifying characteristics.>” The courts have
accepted dental identification as a means of establishing the identity of a homicide

310 with some cases dating back to the nineteenth century.*'! According to

victim,
one court, “it cannot be seriously disputed that a dental structure may constitute
a means of identifying a deceased person . . . where there is some dental record

of that person with which the structure may be compared.”3!?

1. Theory of uniqueness

Identification of a suspect by matching his or her dentition with a bite mark
found on the victim of a crime rests on the theory that each person’s dentition
is unique. However, there are significant differences between the use of forensic
dental techniques to identify a decedent and the use of bite mark analysis to iden-
tify a perpetrator.®’3 In 1969, when bite mark comparisons were first studied, one
authority raised the following problems:

[Bite]marks can never be taken to reproduce accurately the dental features of
the originator. This is due partially to the fact that bite marks generally include
only a limited number of teeth. Furthermore, the material (whether food stuft or
human skin) in which the mark has been left is usually found to be a very unsatis-
factory impression material with shrinkage and distortion characteristics that are
unknown. Finally, these marks represent only the remaining and fixed picture
of an action, the mechanism of which may vary from case to case. For instance,
there is as yet no precise knowledge of the possible differences between biting
off a morsel of food and using one’s teeth for purposes of attack or defense.®'

309. The identification is made by comparing the decedent’s teeth with antemortem dental
records, such as charts and, more importantly, radiographs.

310. E.g., Wooley v. People, 367 P.2d 903, 905 (Colo. 1961) (dentist compared his patient’s
record with dentition of a corpse); Martin v. State, 636 N.E.2d 1268, 1272 (Ind. Ct. App. 1994)
(dentist qualified to compare X rays of one of his patients with skeletal remains of murder victim and
make a positive identification); Fields v. State, 322 P.2d 431, 446 (Okla. Crim. App. 1958) (murder
case in which victim was burned beyond recognition).

311. See Commonwealth v. Webster, 59 Mass. (5 Cush.) 295, 299-300 (1850) (remains of the
incinerated victim, including charred teeth and parts of a denture, were identified by the victim’s
dentist); Lindsay v. People, 63 N.Y. 143, 145-46 (1875).

312. People v. Mattox, 237 N.E.2d 845, 846 (Ill. App. Ct. 1968).

313. See Iain A. Pretty & David J. Sweet, The Scientific Basis for Human Bitemark Analyses—A
Critical Review, 41 Sci. & Just. 85, 88 (2001) (“A distinction must be drawn from the ability of a
forensic dentist to identify an individual from their dentition by using radiographs and dental records
and the science of bitemark analysis.”).

314. S. Keiser-Nielson, Forensic Odontology, 1 U. Tol. L. Rev. 633, 636 (1969); see also NRC
Forensic Science Report, supra note 3, at 174 (“[B]ite marks on the skin will change over time and can
be distorted by the elasticity of the skin, the unevenness of the surface bite, and swelling and healing.
These features may severely limit the validity of forensic odontology. Also, some practical difficulties,
such as distortions in photographs and changes over time in the dentition of suspects, may limit the
accuracy of the results.”).
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Dental identifications of decedents do not pose any of these problems; the expert
can often compare all 32 teeth with X rays depicting all those teeth. However,
in the typical bite mark case, all 32 teeth cannot be compared; often only 4 to 8
are biting teeth that can be compared. Similarly, all five anatomic surfaces are not
engaged in biting; only the edges of the front teeth come into play. In sum, bite
mark identification depends not only on the uniqueness of each person’s dentition
but also on “whether there is a [sufficient] representation of that uniqueness in the

mark found on the skin or other inanimate object.”3!®

2. Methods of comparison

Several methods of bite mark analysis have been reported. All involve three steps:
(1) registration of both the bite mark and the suspect’s dentition, (2) comparison
of the dentition and bite mark, and (3) evaluation of the points of similarity or
dissimilarity. The reproductions of the bite mark and the suspect’s dentition are
analyzed through a variety of methods.?!® The comparison may be either direct or
indirect. A model of the suspect’s teeth is used in direct comparisons; the model
is compared to life-size photographs of the bite mark. Transparent overlays made
from the model are used in indirect comparisons.

Although the expert’s conclusions are based on objective data, the ultimate

317

opinion regarding individuation is essentially a subjective one.”’’” There is no

accepted minimum number of points of identity required for a positive iden-
tification.?'® The experts who have appeared in published bite mark cases have
testified to a wide range of points of similarity, from a low of eight points to a

315. Raymond D. Rawson et al., Statistical Evidence for the Individuality of the Human Dentition,
29 J. Forensic Sci. 252 (1984).

316. See David J. Sweet, Human Bitemarks: Examination, Recovery, and Analysis, in Manual of
Forensic Odontology 162 (American Society of Forensic Odontology, 3d ed. 1997) [hereinafter
ASFO Manual] (“The analytical protocol for bitemark comparison is made up of two broad cat-
egories. Firstly, the measurement of specific traits and features called a metric analysis, and secondly,
the physical matching or comparison of the configuration and pattern of the injury called a pattern
association.”); see also David J. Sweet & C. Michael Bowers, Accuracy of Bite Mark Overlays: A Com-
parison of Five Common Methods to Produce Exemplars from a Suspect’s Dentition, 43 J. Forensic Sci. 362,
362 (1998) (“A review of the forensic odontology literature reveals multiple techniques for overlay
production. There is an absence of reliability testing or comparison of these methods to known or
reference standards.”).

317. See Roland F. Kouble & Geoffrey T. Craig, A Comparison Between Direct and Indirect
Methods Available for Human Bite Mark Analysis, 49 J. Forensic Sci. 111, 111 (2004) (“It is important
to remember that computer-generated overlays still retain an element of subjectivity, as the selection
of the biting edge profiles is reliant on the operator placing the ‘magic wand’ onto the areas to be
highlighted within the digitized image.”).

318. See Keiser-Nielson, supra note 314, at 637-38; see also Stubbs v. State, 845 So. 2d 656, 669
(Miss. 2003) (“There is little consensus in the scientific community on the number of points which

must match before any positive identification can be announced.”).
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high of 52 points.>!” Moreover, disagreements among experts in court appear
commonplace: “Although bite mark evidence has demonstrated a high degree of
acceptance, it continues to be hotly contested in ‘battles of the experts.” Review
of trial transcripts reveals that distortion and the interpretation of distortion is

7320 Because of the subjectivity, some odontologists have

a factor in most cases.
argued that “bitemark evidence should only be used to exclude a suspect. This
[argument] is supported by research which shows that the exclusion of non-biters
within a population of suspects is extremely accurate; far more so than the positive

identification of biters.”32!

3. ABFO Guidelines

In an attempt to develop an objective method, in 1984 the American Board of
Forensic Odontology (ABFO) promulgated guidelines for bite mark analysis,
including a uniform scoring system.*’?> According to the drafting committee,
“[t]he scoring system . . . has demonstrated a method of evaluation that produced
a high degree of reliability among observers.”3?* Moreover, the committee char-
acterized “[t]he scoring guide . . . [as] the beginning of a truly scientific approach
to bite mark analysis.””>** In a subsequent letter, however, the drafting committee
wrote:

While the Board’s published guidelines suggest use of the scoring system, the
authors’” present recommendation is that all odontologists await the results of
further research before relying on precise point counts in evidentiary proceed-
ings. . . . [Tlhe authors believe that further research is needed regarding the
quantification of bite mark evidence before precise point counts can be relied
upon in court proceedings.>>

319. E.g., State v. Garrison, 585 P.2d 563, 566 (Ariz. 1978) (10 points); People v. Slone, 143
Cal. Rptr. 61, 67 (Cal. Ct. App. 1978) (10 points); People v. Milone, 356 N.E.2d 1350, 1356 (Il
App. Ct. 1976) (29 points); State v. Sager, 600 S.W.2d 541, 564 (Mo. Ct. App. 1980) (52 points);
State v. Green, 290 S.E.2d 625, 630 (N.C. 1982) (14 points); State v. Temple, 273 S.E.2d 273, 279
(N.C. 1981) (8 points); Kennedy v. State, 640 P.2d 971, 976 (Okla. Crim. App. 1982) (40 points);
State v. Jones, 259 S.E.2d 120, 125 (S.C. 1979) (37 points).

320. Raymond D. Rawson et al., Analysis of Photographic Distortion in Bite Marks: A Report of
the Bite Mark Guidelines Committee, 31 J. Forensic Sci. 1261, 1261-62 (1986). The committee noted:
“[P]hotographic distortion can be very difficult to understand and interpret when viewing prints of
bite marks that have been photographed from unknown angles.” Id. at 1267.

321. Iain A. Pretty, A Web-Based Survey of Odontologist’s Opinions Concerning Bitemark Analyses,
48 J. Forensic Sci. 1117, 1120 (2003) [hereinafter Web-Based Survey].

322. ABFO, Guidelines for Bite Mark Analysis, 112 J. Am. Dental Ass’n 383 (1986).

323. Raymond D. Rawson et al., Reliability of the Scoring System of the American Board of Forensic
Odontology for Human Bite Marks, 31 J. Forensic Sci. 1235, 1259 (1986).

324. Id.

325. Letter, Discussion of “Reliability of the Scoring System of the American Board of Forensic Odontology
for Human Bite Marks,” 33 J. Forensic Sci. 20 (1988).
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B. The Empirical Record
The 2009 NRC report concluded:

More rescarch is needed to confirm the fundamental basis for the science of bite
mark comparison. Although forensic odontologists understand the anatomy of
teeth and the mechanics of biting and can retrieve sufficient information from
bite marks on skin to assist in criminal investigations and provide testimony at
criminal trials, the scientific basis is insufficient to conclude that bite mark com-

parisons can result in a conclusive match.?2°

Moreover, “[t]here is no science on the reproducibility of the different methods
of analysis that lead to conclusions about the probability of a match.”*?7 Another
passage provides: “Despite the inherent weaknesses involved in bite mark com-
parison, it is reasonable to assume that the process can sometimes reliably exclude
suspects.”328

Although bitemark identifications are accepted by forensic dentists, only a

329

tew empirical studies have been conducted”™ and only a small number of forensic

dentists have addressed the empirical issue. In the words of one expert,

The research suggests that bitemark evidence, at least that which is used to iden-
tify biters, is a potentially valid and reliable methodology. It is generally accepted
within the scientific [dental] community, although the basis of this acceptance
within the peer-reviewed literature is thin. Only three studies have examined
the ability of odontologists to utilise bitemarks for the identification of biters,
and only two studies have been performed in what could be considered a con-
temporary framework of attitudes and techniques.®*’

326. NRC Forensic Science Report, supra note 3, at 175. See also id. at 176. (“Although the
majority of forensic odontologists are satisfied that bite marks can demonstrate sufficient detail for
positive identification, no scientific studies support this assessment, and no large population studies
have been conducted.”),

327. Id. at 174.

328. Id. at 176.

329. See C. Michael Bowers, Forensic Dental Evidence: An Investigator’s Handbook 189 (2004)
(“As a number of legal commentators have observed, bite mark analysis has never passed through
the rigorous scientific examination that is common to most sciences. The literature does not go far
in disputing that claim.”); lain A. Pretty, Unresolved Issues in Bitemark Analysis, in Bitemark Evidence
547, 547 (Robert B.J. Dorion ed., 2005) (“As a general rule, case reports add little to the scientific
knowledge base, and therefore, if these, along with noncritical reviews, are discarded, very little new
empirical evidence has been developed in the past five years.”); id. at 561 (“[T]he final question in
the recent survey asked, ‘Should an appropriately trained individual positively identify a suspect from
a bitemark on skin’—70% of the respondents stated yes. However, it is the judicial system that must
assess validity, reliability, and a sound scientific base for expert forensic testimony. A great deal of
further research is required if odontology hopes to continue to be a generally accepted science.”).

330. Iain A. Pretty, Reliability of Bitemark Evidence, in Bitemark Evidence at 543 (Robert B.J.
Dorion ed., 2005).
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Commentators have highlighted the following areas of controversy: “a) accuracy

of the bitemark itself, b) uniqueness of the human dentition, and c¢) analytical

techniques.”33!

One part of a 1975 study involved identification of bites made on pigskin:
“Incorrect identification of the bites made on pigskin ranged from 24% incorrect

identifications under ideal laboratory conditions to as high as 91% incorrect iden-

tifications when the bites were photographed 24 hours after the bites made.”3*> A

1999 ABFO Workshop, “where ABFO diplomats attempted to match four bite-
marks to seven dental models, resulted in 63.5% false positives.”*3* A 2001 study
of bites on pigskin “found false positive identifications of 11.9-22.0% for various
groups of forensic odontologists (15.9% false positives for ABFO diplomats), with

some ABFO diplomats faring far worse.”?** Other commentators take a more

favorable view of these studies.?

1. DNA exonerations

In several cases, subsequent DNA testing has demonstrated the error in a prior bite
mark identification. In State v. Krone,>*® two experienced experts concluded that
the defendant had made the bite mark found on a murder victim. The defendant,
however, was later exonerated through DNA testing.>*” In Otero v. Warnick,>* a
forensic dentist testified that the “plaintiff was the only person in the world who

331. Pretty & Sweet, supra note 313, at 87. Commentators had questioned the lack of research
in the field as long ago as 1985. Two commentators wrote:

There is effectively no valid documented scientific data to support the hypothesis that bite marks are
demonstrably unique. Additionally, there is no documented scientific data to support the hypothesis
that a latent bite mark, like a latent fingerprint, is a true and accurate reflection of this uniqueness. To
the contrary, what little scientific evidence that does exist clearly supports the conclusion that crime-
related bite marks are grossly distorted, inaccurate, and therefore unreliable as a method of identification.

Allen P. Wilkinson & Ronald M. Gerughty, Bite Mark Evidence: Its Admissibility Is Hard to Swallow, 12
W. St. U. L. Rev. 519, 560 (1985).

332. C. Michael Bowers, Problem-Based Analysis of Bitemark Misidentifications: The Role of DNA,
159S Forensic Sci. Int’l S104, S106 (2006) (citing D.K. Whittaker, Some Laboratory Studies on the
Accuracy of Bite Mark Comparison, 25 Int’l Dent. J. 166 (1975)) [hereinafter Problem-Based Analysis).

333. Bowers, Problem-Based Analysis, supra note 332, at S106. But see Kristopher L. Arheart &
Tain A. Pretty, Results of the 4th ABFO Bitemark Workshop 1999, 124 Forensic Sci. Int’l 104 (2001).

334. Bowers, Problem-Based Analysis, supra note 332, at S106 (citing lain A. Pretty & David J.
Sweet, Digital Bitemark Overlays—An Analysis of Effectiveness, 46 J. Forensic Sci. 1385, 1390 (2001)
(“While the overall effectiveness of overlays has been established, the variation in individual perfor-
mance of odontologists is of concern.”)).

335. See Pretty, Reliability of Bitemark Evidence, in Bitemark Evidence, supra note 330, at 538—42.

336. 897 P.2d 621, 622, 623 (Ariz. 1995) (“The bite marks were crucial to the State’s case
because there was very little other evidence to suggest Krone’s guilt.”; “Another State dental expert,
Dr. John Piakis, also said that Krone made the bite marks. . . . Dr. Rawson himself said that Krone
made the bite marks. . . .”).

337. See Mark Hansen, The Uncertain Science of Evidence, A.B.A. J. 49 (2005) (discussing Krone).

338. 614 N.W.2d 177 (Mich. Ct. App. 2000).
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could have inflicted the bite marks on [the murder victim’s] body. On January
30, 1995, the Detroit Police Crime Laboratory released a supplemental report that
concluded that plaintift was excluded as a possible source of DNA obtained from
vaginal and rectal swabs taken from [the victim’s] body.”** In Burke v. Town of
Walpole,>** the expert concluded that “Burke’s teeth matched the bite mark on
the victim’s left breast to a ‘reasonable degree of scientific certainty.” That same
morning . . . DNA analysis showed that Burke was excluded as the source of
male DNA found in the bite mark on the victim’s left breast.”*! In the future,

the availability of nuclear DNA testing may reduce the need to rely on bite mark

identifications.3*?

C. Case Law Development

People v. Marx (1975)*% emerged as the leading bite mark case. After Marx,
bite mark evidence became widely accepted.>** By 1992, it had been introduced

or noted in 193 reported cases and accepted as admissible in 35 states.>*> Some

3

courts described bite mark comparison as a “science,”**® and several cases took

judicial notice of its validity.>*’

339. Id. at 178.

340. 405 F.3d 66, 73 (1st Cir. 2005).

341. See also Bowers, Problem-Based Analysis, supra note 332, at S104 (citing several cases involv-
ing bitemarks and DNA exonerations: Gates, Bourne, Morris, Krone, Otero, Young, and Brewer); Mark
Hansen, Out of the Blue, A.B.A. 50, 51 (1996) (DNA analysis of skin taken from fingernail scrapings
of the victim conclusively excluded Bourne).

342. See Pretty, Web-Based Survey, supra note 321, at 1119 (“The use of DNA in the assessment
of bitemarks has been established for some time, although previous studies have suggested that the
uptake of this technique has been slow. It is encouraging to note that nearly half of the respondents
in this case have employed biological evidence in a bitemark case.”).

343. 126 Cal. Rptr. 350 (Cal. Ct. App. 1975). The court in Marx avoided applying the Frye
test, which requires acceptance of a novel technique by the scientific community as a prerequisite to
admissibility. According to the court, the Frye test “finds its rational basis in the degree to which the
trier of fact must accept, on faith, scientific hypotheses not capable of proof or disproof in court and
not even generally accepted outside the courtroom.” Id. at 355-56.

344. Two Australian cases, however, excluded bite mark evidence. See Lewis v. The Queen
(1987) 29 A. Crim. R. 267 (odontological evidence was improperly relied on, in that this method
has not been scientifically accepted); R v. Carroll (1985) 19 A. Crim. R. 410 (“[T]he evidence given
by the three odontologist is such that it would be unsafe or dangerous to allow a verdict based upon
it to stand.”).

345. Steven Weigler, Bite Mark Evidence: Forensic Odontology and the Law, 2 Health Matrix:
J.L.-Med. 303 (1992).

346. See People v. Marsh, 441 N.W.2d 33, 35 (Mich. Ct. App. 1989) (“the science of bite mark
analysis has been extensively reviewed in other jurisdictions”); State v. Sager, 600 S.W.2d 541, 569
(Mo. Ct. App. 1980) (“an exact science”).

347. See State v. Richards, 804 P.2d 109, 112 (Ariz. Ct. App. 1990) (“[Blite mark evidence is
admissible without a preliminary determination of reliability. . . .”); People v. Middleton, 429 N.E.2d
100, 101 (N.Y. 1981) (“The reliability of bite mark evidence as a means of identification is sufficiently
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1. Specificity of opinion

In some cases, experts testified only that a bite mark was “consistent with” the
defendant’s teeth.>*® In other cases, they went further and opined that it is “highly
probable” or “very highly probable” that the defendant made the mark.3* In still
other cases, experts made positive identifications (to the exclusion of all other
persons).?>" It is not unusual to find experts disagreeing in individual cases—often
over the threshold question of whether a wound was even a bite mark.?>!

established in the scientific community to make such evidence admissible in a criminal case, without
separately establishing scientific reliability in each case. . . .”); State v. Armstrong, 369 S.E.2d 870, 877
(W. Va. 1988) (judicially noticing the reliability of bite mark evidence).

348. E.g., Rogers v. State, 344 S.E.2d 644, 647 (Ga. 1986) (“Bite marks on one of Rogers’ arms
were consistent with the dentures worn by the elderly victim.”); People v. Williams, 470 N.E.2d 1140,
1150 (Ill. App. Ct. 1984) (“could have”); State v. Hodgson, 512 N.W.2d 95, 98 (Minn. 1994) (en
banc) (Board-certified forensic odontologist testified that “there were several similarities between the
bite mark and the pattern of [the victim’s| teeth, as revealed by known molds of his mouth.”); State
v. Routh, 568 P.2d 704, 705 (Or. Ct. App. 1977) (“similarity”); Williams v. State, 838 S.W.2d 952,
954 (Tex. Ct. App. 1992) (“One expert, a forensic odontologist, testified that Williams’s dentition
was consistent with the injury (bite mark) on the deceased.”); State v. Warness, 893 P.2d 665, 669
(Wash. Ct. App. 1995) (“[T]he expert testified that his opinion was not conclusive, but the evidence
was consistent with the alleged victim’s assertion that she had bitten Warness. . . . Its probative value
was therefore limited, but its relevance was not extinguished.”).

349. E.g., People v. Slone, 143 Cal. Rptr. 61, 67 (Cal. Ct. App. 1978); People v. Johnson, 289
N.E.2d 722, 726 (Ill. App. Ct. 1972).

350. E.g., Morgan v. State, 639 So. 2d 6, 9 (Fla. 1994) (“[T]he testimony of a dental expert at
trial positively matched the bite marks on the victim with Morgan’s teeth.”); Duboise v. State, 520 So.
2d 260, 262 (Fla. 1988) (Expert “testified at trial that within a reasonable degree of dental certainty
Duboise had bitten the victim.”); Brewer v. State, 725 So. 2d 106, 116 (Miss. 1998) (“Dr. West opined
that Brewer’s teeth inflicted the five bite mark patterns found on the body of Christine Jackson.”);
State v. Schaefer, 855 S.W.2d 504, 506 (Mo. Ct. App. 1993) (“[A] forensic dentist testified that the bite
marks on Schaefer’s shoulder matched victim’s dental impression, and concluded that victim caused
the marks.”); State v. Lyons, 924 P.2d 802, 804 (Or. 1996) (forensic odontologist “had no doubt
that the wax models were made from the same person whose teeth marks appeared on the victim’s
body”); State v. Cazes, 875 S.W.2d 253, 258 (Tenn. 1994) (A forensic odontologist “concluded to a
reasonable degree of dental certainty that Cazes’ teeth had made the bite marks on the victim’s body
at or about the time of her death.”).

351. E.g., Ege v. Yukins, 380 F. Supp. 2d 852, 878 (E.D. Mich. 2005) (“[T]he defense attempted
to rebut Dr. Warnick’s testimony with the testimony of other experts who opined that the mark on the
victim’s cheek was the result of livor mortis and was not a bite mark at all.”); Czapleski v. Woodward,
No. C-90-0847 MHP, 1991 U.S. Dist. LEXIS 12567, at *3—4 (N.D. Cal. Aug. 30, 1991) (dentist’s
initial report concluded that “bite” marks found on child were consistent with dental impressions of
mother; several experts later established that the marks on child’s body were postmortem abrasion
marks and not bite marks); Kinney v. State, 868 S.W.2d 463, 464—65 (Ark. 1994) (disagreement that
marks were human bite marks); People v. Noguera, 842 P.2d 1160, 1165 n.1 (Cal. 1992) (“At trial,
extensive testimony by forensic ondontologists [sic] was presented by both sides, pro and con, as to
whether the wounds were human bite marks and, if so, when they were inflicted.”); State v. Duncan,
802 So. 2d 533, 553 (La. 2001) (“Both defense experts testified that these marks on the victim’s body
were not bite marks.”); Stubbs v. State, 845 So. 2d 656, 668 (Miss. 2003) (“Dr. Galvez denied the
impressions found on Williams were the results of bite marks.”).
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2. Post-Daubert cases

Although some commentators questioned the underlying basis for the technique
after Daubert,*>> courts have continued to admit the evidence.?>?

X. Microscopic Hair Evidence

The first reported use of forensic hair analysis occurred more than 150 years
ago in 1861 in Germany.*>* The first published American opinion was an 1882
Wisconsin decision, Knoll v. State.® Based on a microscopic comparison, the
expert testified that the hair samples shared a common source. Hair and the
closely related fiber analysis played a prominent role in two of the most famous
twentieth-century American prosecutions: Ted Bundy in Florida and Wayne
Williams, the alleged Atlanta child killer.>>® Although hair comparison evidence
has been judicially accepted for decades, it is another forensic identification disci-
pline that is being reappraised today.

A. The Technique

Generally, after assessing whether a sample is a hair and not a fiber, an analyst may
be able to determine: (1) whether the hair is of human or animal origin, (2) the
part of the body that the hair came from, (3) whether the hair has been dyed,
(4) whether the hair was pulled or fell out as a result of natural causes or disease,*>’
and (5) whether the hair was cut or crushed.?>®

352. See Pretty & Sweet, supra note 313, at 86 (“Despite the continued acceptance of bitemark
evidence in European, Oceanic and North American Courts the fundamental scientific basis for bite-
mark analysis has never been established.”).

353. See State v. Timmendequas, 737 A.2d 55, 114 (N.J. 1999) (“Judicial opinion from other
jurisdictions establish that bite-mark analysis has gained general acceptance and therefore is reliable.
Opver thirty states considering such evidence have found it admissible and no state has rejected bite-
mark evidence as unreliable.”) (citations omitted); Stubbs, 845 So. 2d at 670; Howard v. State, 853
So. 2d 781, 795-96 (Miss. 2003); Seivewright v. State, 7 P.3d 24, 30 (Wyo. 2000) (“Given the wide
acceptance of bite mark identification testimony and Seivewright’s failure to present evidence challeng-
ing the methodology, we find no abuse of discretion in the district court’s refusal to hold an evidentiary
hearing to analyze Dr. Huber’s testimony.”).

354. E. James Crocker, Trace Evidence, in Forensic Evidence in Canada 259, 265 (1991) (the
analyst was Rudolf Virchow, a Berliner).

355. 12 N.W. 369 (Wis. 1882).

356. Edward J. Imwinkelried, Forensic Hair Analysis: The Case Against the Underemployment of
Scientific Evidence, 39 Wash. & Lee L. Rev. 41, 43 (1982).

357. See Delaware v. Fensterer, 474 U.S. 15. 16—17 (1985) (FBI analyst testified hair found at a
murder scene had been forcibly removed.).

358. See 2 Giannelli & Imwinkelried, supra note 177, § 24-2.
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The most common subject for hair testimony involves an attempt to indi-
viduate the hair sample, at least to some degree. If the unknown is head hair,
the expert might gather approximately 50 hair strands from five different areas
of the scalp (the top, front, back, and both sides) from the known source.??
Before the microscopic analysis, the expert examines the hair macroscopically to
identify obvious features visible to the naked eye such as the color of the hair
and its form, that is, whether it is straight, wavy, or curved.’® The expert next
mounts the unknown hair and the known samples on microscope slides for a more
detailed examination of characteristics such as scale patterns, size, color, pigment
distribution, maximum diameter, shaft length, and scale count. Some of these
comparative judgments are subjective in nature: “Human hair characteristics (e.g.,
scale patterns, pigmentation, size) vary within a single individual. . . . Although
the examination procedure involves objective methods of analysis, the subjective
weights associated with the characteristics rest with the examiner.”3¢!

Often the examiner determines only whether the hair samples from the crime
scene and the accused are “microscopically indistinguishable.” Although this find-
ing is consistent with the hypothesis that the samples had the same source, its pro-
bative value would, of course, vary if only a hundred people had microscopically
indistinguishable hair as opposed to several million. As discussed below, experts
have often gone beyond this “consistent with” testimony.

B. The Empirical Record

The 2009 NRC report contained an assessment of hair analysis. The report began
the assessment by observing that there are neither “scientifically accepted [popula-
tion] frequency” statistics for various hair characteristics nor “uniform standards on
the number of features on which hairs must agree before an examiner may declare

291362

a ‘match. The report concluded,

[T]estimony linking microscopic hair analysis with particular defendants is highly
unreliable. In cases where there seems to be a morphological match (based on
microscopic examination), it must be confirmed using mtDNA analysis; micro-
scopic studies are of limited probative value. The committee found no scientific
support for the use of hair comparisons for individualization in the absence of
nuclear DNA. Microscopy and mtDNA analysis can be used in tandem and add
to one another’s value for classifying a common source, but no studies have been
performed specifically to quantify the reliability of their joint use.>*

359. NRC Forensic Science Report, supra note 3, at 157.
360. Id.

361. Miller, supra note 67, at 157-58.

362. NRC Forensic Science Report, supra note 3, at 160.
363. Id. at 8.
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There is a general consensus that hair examination can yield reliable informa-
tion about class characteristics of hair strands.>** Indeed, experts can identify major

as well as secondary characteristics. Major characteristics include such features as

r.363

color, shaft form, and hair diamete Secondary characteristics are such features

as pigment size and shaft diameter.>*® These characteristics can help narrow the
class of possible sources for the unknown hair sample.

There have been several major efforts to provide an empirical basis for indi-
viduation opinions in hair analysis. In the 1940s, Gamble and Kirk investigated
whether hair samples from different persons could be distinguished on the basis
of scale counts.>” However, they used a small database of only thirty-nine hair

samples, and a subsequent attempt to replicate the original experiment yielded

contradictory results.?%®

In the 1960s, neutron activation analysis was used in an effort to individuate
hair samples. The research focused on determining the occurrence of various trace
element concentrations in human hair.>®® Again, subsequent research tended to

show that there are significant hair-to-hair variations in trace element concentra-

tion among the hairs of a single person.’”"

In the 1970s, two Canadian researchers, Gaudette and Keeping, attempted to
develop a “ballpark” estimate of the probability of a false match in hair analysis. They
published articles describing three studies: (1) a 1974 study involving scalp hair,*’! (2) a

364. Id. at 157.

365. Id. at 5-23.

366. Id.

367. Their initial research indicated that: (1) the scale count of even a single hair strand is nearly
always representative of all scalp hairs; and (2) while the average or mean scale count is constant for
the individual, the count differs significantly from person to person. Lucy L. Gamble & Paul L. Kirk,
Human Hair Studies II. Scale Counts, 31 J. Crim. L. & Criminology 627, 629 (1941); Paul L. Kirk &
Lucy L. Gamble, Further Investigation of the Scale Count of Human Hair, 33 J. Crim. L. & Criminology
276, 280 (1942).

368. Joseph Beeman, The Scale Count of Human Hair, 32 J. Crim. L. & Criminology 572, 574
(1942).

369. Rita Cornelis, Is It Possible to Identify Individuals by Neutron Activation Analysis of Hair? 12
Med. Sci. & L. 188 (1972); Lima et al., Activation Analysis Applied to Forensic Investigation: Some Obser-
vations on the Problem of Human Hair Individualization, 1 Radio Chem. Methods of Analysis 119 (Int’l
Atomic Energy Agency 1965); A.K. Perkins, Individualization of Human Head Hair, in Proceedings of
the First Int’l Conf. on Forensic Activation Analysis 221 (V. Guin ed., 1967).

370. Rita Cornelis, Truth Has Many Facets: The Neutron Activation Analysis Story, 20 J. Forensic
Sci. 93, 95 (1980) (“I am convinced that irrefutable hair identification from its trace element composi-
tion still belongs to the realm of wishful thinking. . . . The state of the art can be said to be that nearly
all interest for trace elements present in hair, as a practical identification tool, has faded.”); Dennis S.
Karjala, Evidentiary Uses of Neutron Activation Analysis, 59 Cal. L. Rev. 977, 1039 (1971).

371. B.D. Gaudette & E.S. Keeping, An Attempt at Determining Probabilities in Human Scalp Hair
Comparison, 19 J. Forensic Sci. 599 (1974).
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1976 study using pubic hair,”? and (3) a 1978 followup.>”® In the two primary studies
(1974 and 1976), hair samples were analyzed to determine whether hairs from different
persons were microscopically indistinguishable. The analysts used 23 difterent charac-
teristics such as color, pigment distribution, maximum diameter, shaft length, and scale
count.’”* Based on those data, they estimated the probability of a false match in scalp
hair to be 1 in 4500 and the probability of a false match in pubic hair to be 1 in 800.

In the view of one commentator, Gaudette and Keeping’s probability esti-
mates “are easily challenged.””> One limitation was the relatively small database in
the study.>’® Moreover, the studies involved samples from different individuals and
sought the probability that the samples from different persons would nonetheless
appear microscopically indistinguishable. In a criminal trial, the question is quite
different: Assuming the samples appear microscopically indistinguishable, what is
the probability that they came from the same person?3’’

Early in the twenty-first century, the Verma research team revisited the indi-
vidualization issue and attempted to develop an objective, automated method for
identifying matches.>’® The authors claimed that their “system accurately judged
whether two populations of hairs came from the same person or from different
persons 83% of the time.” However, a close inspection of the authors’ tabular
data indicates that (1) relying on this method, researchers characterized “9 of
73 difterent pairs as ‘same’ for a false positive rate of 9/73 = 12%”; and (2) the

372. B.D. Gaudette, Probabilities and Human Pubic Hair Comparisons, 21 J. Forensic Sci. 514,
514 (1976).

373. B.D. Gaudette, Some Further Thoughts on Probabilities in Human Hair Comparisons, 23 J.
Forensic Sci. 758 (1978); see also Ray A. Wickenhaiser & David G. Hepworth, Further Evaluation of
Probabilities in Human Scalp Hair Comparisons, 35 J. Forensic Sci. 1323 (1990).

374. They prescribed that with respect to each characteristic, the analysts had to classify into
one of a number of specified subcategories. For example, the length characteristic was subdivided into
five groups, depending on the strand’s length in inches. They computed both the total number of
comparisons made by the analysts and recorded the number of instances in which the analysts reported
finding samples indistinguishable under the specified criteria.

375. D. Kaye, Science in Evidence 28 (1997); see also NR C Forensic Science Report, supra note
3, at 158 ([TThe “assignment of probabilities [by Gaudette and Keeping]| has since been shown to be
unreliable.”); P.D. Barnett & R.R. Ogle, Probabilities and Human Hair Comparisons, 27 J. Forensic Sci.
272, 273-74 (1982); Dalva Moellenberg, Splitting Hairs in Criminal Trials: Admissibility of Hair Compari-
son Probability Estimates, 1984 Ariz. St. L.J. 521. See generally Nicholas Petrarco et al., The Morphology
and Evidential Significance of Human Hair Roots, 33 J. Forensic Sci. 68, 68 (1988) (“Although many
instrumental techniques to the individualization of human hair have been tried in recent years, these
have not proved to be useful or reliable.”).

376. For example, the pubic hair study involved a total of 60 individuals. In addition, the experi-
ments involved primarily Caucasians. While the scalp hair study included 92 Caucasians, there were
only 6 Asians and 2 African Americans in the study.

377. A Tawshunsky, Admissibility of Mathematical Evidence in Criminal Trials, 21 Am. Crim. L.
Rev. 55, 57-66 (1983).

378. M.S. Verma et al., Hair-MAP: A Prototype Automated System for Forensic Hair Comparison and
Analysis, 129 Forensic Sci. Int’l 168 (2002).
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researchers characterized “4 sets of hairs from the same person as ‘different’ for a
false negative rate of 4/9 = 44%.7%7

The above studies do not provide the only data relevant to the validity of hair
analysis. There are also comparative studies of microscopic analysis and mtDNA,
proficiency tests, and DNA exoneration cases involving microscopic analysis.

1. Mitochondrial DNA?80

An FBI study compared microscopic (“consistent with” testimony) and mtDNA
analysis of hair: “Of the 80 hairs that were microscopically associated, nine com-

parisons were excluded by mtDNA analysis.”3%!

2. Proficiency testing

Early proficiency tests indicated a high rate of laboratory error in microscopic
comparisons of hair samples. In the 1970s the LEAA conducted its Laboratory
Proficiency Testing Program.’®? The crime laboratories’ performance on hair
analysis was the weakest. Fifty-four percent misanalyzed hair sample C and 67%
submitted unacceptable responses on hair sample D.%® Followup studies between
1980 and 1991 yielded similar results.*®* Summarizing the results of this series of
tests, two commentators concluded: “Animal and human (body area) hair identi-
fications are clearly the most troublesome of all categories tested.”3%>

In another series of hair tests, the examiners were asked to “include” or
“exclude” in comparing known and unknown samples: “Laboratories reported
inclusions and exclusions which agreed with the manufacturer in approximately
74% of their comparisons. About 18% of the responses were inconclusive, and 8%

in disagreement with the manufacturers’ information.”3%

379. NRC Forensic Science Report, supra note 3, at 159.

380. For a detailed discussion of mitochondrial DNA, see David H. Kaye & George Sensabaugh,
Reference Guide on DNA Identification Evidence, Section V.A, in this manual

381. Max M. Houck & Bruce Budowle, Correlation of Microscopic and Mitochondrial DNA Hair
Comparisons, 47 J. Forensic Sci. 964, 966 (2002).

382. Laboratory Proficiency Test, supra note 81.

383. Id. at 251. By way of comparison, 20% of the laboratories failed a paint analysis (test #5);
30% failed glass analysis (test #9).

384. Peterson & Markham, supra note 82, at 1007 (“In sum, laboratories were no more suc-
cessful in identifying the correct species of origin of animal hair . . . than they were in the earlier
LEAA study.”).

385. Id.

386. Id. at 1023; see also id. at 1022 (“Examiners warned that they needed to employ particular
caution in interpreting the hair results given the virtual impossibility of achieving complete sample
homogeneity.”).
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3. DNA exonerations

The publication of the Department of Justice study of the first 28 DNA exonera-

tions spotlighted the significant role that hair analysis played in several of these

387

miscarriages of justice.”®” For example, in the trial of Edward Honcker, an expert

testified that the crime scene hair sample “was unlikely to match anyone” else?%8—

a clear overstatement. Moreover, an exoneration in Canada triggered a judicial
inquiry, which recommended that “[t]rial judges should undertake a more critical
analysis of the admissibility of hair comparison evidence as circumstantial evidence
of guilt.”¥¥ One study of 200 DNA exoneration cases reported that hair testimony
had been presented at 43 of the original trials.>*® A subsequent examination of 137
trial transcripts in exoneration cases concluded: “Sixty-five of the trials examined
involved microscopic hair comparison analysis. Of those, 25—or 38%—had invalid
hair comparison testimony. Most (18) of these cases involved invalid individualizing
claims.”*! The other cases contained flawed probability testimony.

C. Case Law Development

Prior to Daubert, an overwhelming majority of courts accepted expert testimony

that hair samples are microscopically indistinguishable.>*> Experts often conceded

that microscopic analysis did not permit a positive identification of the source.’”

387. Edward Connors et al., Convicted by Juries, Exonerated by Science: Case Studies in the
Use of DNA Evidence to Establish Innocence After Trial (1996). See id. at 73 (discussing David
Vasquez case); id. at 64—65 (discussing Steven Linscott case).

388. Barry Scheck et al., Actual Innocence: Five Days to Execution and Other Dispatches from
the Wrongly Convicted 146 (2000).

389. Hon. Fred Kaufman, The Commission on Proceedings Involving Guy Paul Morin (Ontario
Ministry of the Attorney General 1998) (Recommendation 2). Morin was erroneously convicted
based, in part, on hair evidence.

390. Brandon L. Garrett, Judging Innocence, 108 Colum. L. Rev. 55, 81 (2008).

391. Garrett & Neufeld, supra note 33, at 47.

392. See, e.g., United States v. Hickey, 596 F.2d 1082, 1089 (1st Cir. 1979); United States v.
Brady, 595 F.2d 359, 362—63 (6th Cir. 1979); United States v. Cyphers, 553 F.2d 1064, 1071-73 (7th
Cir. 1977); Jent v. State, 408 So. 2d 1024, 1028-29 (Fla.1981), Commonwealth v. Tarver, 345 N.E.2d
671, 676=77 (Mass. 1975); State v. White, 621 S.W.2d 287, 292-93 (Mo. 1981); State v. Smith, 637
S.W.2d 232, 236 (Mo. Ct. App. 1982); People v. Allweiss, 396 N.E.2d 735 (N.Y. 1979); State v.
Green, 290 S.E.2d 625, 629-30 (N.C. 1982); State v. Watley, 788 P.2d 375, 381 (N.M. 1989).

393. Moore v. Gibson, 195 F.3d 1152, 1167 (10th Cir. 1999); Butler v. State, 108 S.W.3d 18,
21 (Mo. Ct. App. 2003); see also Thompson v. State, 539 A.2d 1052, 1057 (Del. 1988) (“it is now
universally recognized that although fingerprint comparisons can result in the positive identification
of an individual, hair comparisons are not this precise”). But see People v. Kosters, 467 N.W.2d 311,
313 (Mich. 1991) (Cavanaugh, C.J., dissenting) (the “minuscule probative value” of such opinions is
“clearly . . . outweighed by the unfair prejudicial effect”); State v. Wheeler, 1981 WL 139588, at *4
(Wis. Ct. App. Feb. 8, 1981) (in an unpublished opinion, the appellate court held that the trial judge
did not err in finding that the expert’s opinion that the accused “could have been the source” of the
hair lacked probative value, because it “only include[d] defendant in a broad class of possible assailants”).
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Nonetheless, the courts varied in how far they permitted the expert to go. In some

395

cases, analysts testified only that the samples matched®** or were similar’®®> and

thus consistent with the hypothesis that the samples had the same source.?*® Other
courts permitted experts to directly opine that the accused was the source of the
crime scene sample.*”” However, a 1990 decision held it error to admit testimony
that “it would be improbable that these hairs would have originated from another

individual.”**® In the court’s view, this testimony amounted “effectively, [to] a

positive identification of defendant. . . .”3%

On the basis of Gaudette and Keeping research, several courts admitted

opinions in statistical terms (e.g., 1 in 4500 chance of a false match).*"" In

contrast, other courts, including a federal court of appeals, reached a contrary

conclusion.*!

The most significant post-Daubert challenge to microscopic hair analysis came
in Williamson v. Reynolds,*? a habeas case decided in 1995. There, an expert tes-
tified that, after considering approximately 25 characteristics, he concluded that
the hair samples were “consistent microscopically.” He then elaborated: “In other
words, hairs are not an absolute identification, but they either came from this indi-
vidual or there is—could be another individual somewhere in the world that would
have the same characteristics to their hair.”#%® The district court was “unsuccess-
ful in its attempts to locate any indication that expert hair comparison testimony

394. Garland v. Maggio, 717 E.2d 199, 207 n.9 (5th Cir. 1983).

395. United States v. Brady, 595 F.2d 359, 362—63 (6th Cir. 1979).

396. People v. Allen, 115 Cal. Rptr. 839, 842 (Cal. Ct. App. 1974).

397. In the 1986 Mississippi prosecution of Randy Bevill for murder, the expert testified that
“there was a transfer of hair from the Defendant to the body of” the victim. Clive A. Stafford Smith &
Patrick D. Goodman, Forensic Hair Comparison Analysis: Nineteenth Century Science or Twentieth Century
Snake Oil? 27 Colum. Hum. Rts. L. Rev. 227, 273 (1996).

398. State v. Faircloth, 394 S.E.2d 198, 202-03 (N.C. Ct. App. 1990).

399. Id. at 202.

400. United States v. Jefferson, 17 M.J. 728, 731 (N.M.C.M.R. 1983); People v. DiGiacomo,
388 N.E.2d 1281, 1283 (Ill. App. Ct. 1979); see also United States ex rel. DiGiacomo v. Franzen, 680
F.2d 515, 516 (7th Cir. 1982) (During its deliberations, the jury submitted the following question to
the judge: “Has it been established by sampling of hair specimens that the defendant was positively
proven to have been in the automobile?”).

401. United States v. Massey, 594 F.2d 676, 679-80 (8th Cir. 1979) (the expert testified that he
“had microscopically examined 2,000 cases and in only one or two cases was he ever unable to make
identification”; the expert cited a study for the proposition that there was a 1 in 4500 chance of a
random match; the expert added that “there was only ‘one chance in a 1,000’ that hair comparisons
could be in error”); State v. Carlson, 267 N.W.2d 170, 176 (Minn. 1978).

402. 904 F. Supp. 1529, 1554 (E.D. Okla. 1995), rev’d on this issue sub nom. Williamson v. Ward,
110 E.3d 1508, 1523 (10th Cir. 1997). The district court noted that the “expert did not explain which
of the ‘approximately’ 25 characteristics were consistent, any standards for determining whether the
samples were consistent, how many persons could be expected to share this same combination of
characteristics, or how he arrived at his conclusions.” Id. at 1554.

403. Id. (emphasis added).
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meets any of the requirements of Daubert.”*** Finally, the prosecutor in closing
argument declared, “There’s a match.”#% Even the state court had misinterpreted
the evidence, writing that the “hair evidence placed [petitioner] at the decedent’s
apartment.”*° Although the Tenth Circuit did not fault the district judge’s read-
ing of the empirical record relating to hair analysis and ultimately upheld habeas
relief, that court reversed the district judge on this issue. The Tenth Circuit ruled
that the district had committed legal error because the due process (fundamental

fairness), not the more stringent Daubert (reliability), standard controls evidentiary
407

8

issues in habeas corpus proceedings.”’’ Before retrial, the defendant was exoner-

ated by exculpatory DNA evidence.*
Post-Daubert, many cases have continued to admit testimony about micro-

scopic hair analysis.** In 1999, one state court judicially noticed the reliability

410

of hair evidence,”"" implicitly finding this evidence to be not only admissible

but also based on a technique of indisputable validity.*!’ In contrast, a Missouri
court reasoned that, without the benefit of population frequency data, an expert
overreached in opining to “a reasonable degree of certainty that the unidentified
hairs were in fact from” the defendant.*'> The NRC report commented that

there appears to be growing judicial support for the view that “testimony linking

microscopic hair analysis with particular defendants is highly unreliable.”*13

404. Id. at 1558. The court also observed: “Although the hair expert may have followed proce-
dures accepted in the community of hair experts, the human hair comparison results in this case were,
nonetheless, scientifically unreliable.” Id.

405. Id. at 1557.

406. Id. (quoting Williamson v. State, 812 P.2d 384, 387 (Okla. Crim. 1991)).

407. Williamson v. Ward, 110 E.3d 1508, 1523 (10th Cir. 1997).

408. Scheck et al., supra note 388, at 146 (hair evidence was shown to be “patently unreliable.”);
see also John Grisham, The Innocent Man (2006) (examining the Williamson case).

409. E.g., State v. Fukusaku, 946 P.2d 32, 44 (Haw. 1997) (“Because the scientific principles
and procedures underlying hair and fiber evidence are well-established and of proven reliability, the
evidence in the present case can be treated as ‘technical knowledge.” Thus, an independent reliability
determination was unnecessary.”); McGrew v. State, 682 N.E.2d 1289, 1292 (Ind. 1997) (concluding
that hair comparison is “more a ‘matter of observation by persons with specialized knowledge’ than
‘a matter of scientific principles’™); see also NRC Forensic Science Report, supra note 3, at 161 n.88
(citing State v. West, 877 A.2d 787 (Conn. 2005), and Bookins v. State, 922 A.2d 389 (Del. Super.
Ct. 2007)).

410. See Johnson v. Commonwealth, 12 S.W.3d 258, 262 (Ky. 1999).

411. See Fed. R. Evid. 201(b); Daubert, 509 U.S. at 593 n.11 (“[T]heories that are so firmly
established as to have attained the status of scientific law, such as the laws of thermodynamics, properly
are subject to judicial notice under Federal Rule [of] Evidence 201.”).

412. Butler v. State, 108 S.W.3d 18, 21-22 (Mo. Ct. App. 2003).

413. NRC Forensic Science Report, supra note 3, at 161.
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XI. Recurrent Problems

The discussions of specific techniques in this chapter, as well as the 2009 NRC
report, reveal several recurrent problems in the presentation of testimony about
forensic expertise.

A. Clarity of Testimony

As noted earlier, the report voiced concern about the use of terms such as “match,”
“consistent with,” “identical,” “similar in all respects tested,” and “cannot be

excluded as the source of.” These terms can have “a profound effect on how the trier

of fact in a criminal or civil matter perceives and evaluates scientific evidence.”*!*

The comparative bullet lead cases are illustrative of this point.*!> The tech-
nique was used when conventional firearms identification was not possible because
the recovered bullet was so deformed that the striations were destroyed. In the
bullet lead cases, the phrasing of the experts’ opinions varied widely. In some,
experts testified only to the limited opinion that two exhibits were “analytically
indistinguishable.”*1® In other cases, examiners concluded that samples could have
come from the same “source” or “batch.”*!7 In still others, they stated that the
samples came from the same source.*'® In several cases, the experts went even
further and identified a particular “box” of ammunition (usually 50 loaded car-
tridges, sometimes 20) as the source of the bullet recovered at the crime scene.
For example, experts opined that two specimens:

e Could have come from the same box.*!?

¢ Could have come from the same box or a box manufactured on the same

day.420

414. Id. at 21.

415. The technique compared trace chemicals found in bullets at crime scenes with ammunition
found in the possession of a suspect. It was used when firearms (“ballistics””) identification could not be
employed. FBI experts used various analytical techniques (first, neutron activation analysis, and then
inductively coupled plasma-atomic emission spectrometry) to determine the concentrations of seven
elements—arsenic, antimony, tin, copper, bismuth, silver, and cadmium—in the bullet lead alloy of
both the crime-scene and suspect’s bullets. Statistical tests were then used to compare the elements in
cach bullet and determine whether the fragments and suspect’s bullets were “analytically indistinguish-
able” for each of the elemental concentration means.

416. See Wilkerson v. State, 776 A.2d 685, 689 (Md. Ct. Spec. App. 2001).

417. See State v. Krummacher, 523 P.2d 1009, 1012-13 (Or. 1974) (en banc).

418. See United States v. Davis, 103 FE.3d 660, 673—74 (8th Cir. 1996); People v. Lane, 628
N.E.2d 682, 689-90 (Ill. App. Ct. 1993).

419. See State v. Jones, 425 N.E.2d 128, 131 (Ind. 1981); State v. Strain, 885 P.2d 810, 817
(Utah Ct. App. 1994).

420. See State v. Grube, 883 P.2d 1069, 1078 (Idaho 1994); People v. Johnson, 499 N.E.2d
1355, 1366 (IIl. 1986); Earhart v. State, 823 $.W.2d 607, 614 (Tex. Crim. App. 1991) (en banc) (“He
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+  Were consistent with their having come from the same box of ammunition.*!

+ Probably came from the same box.*??

¢ Must have come from the same box or from another box that would have
been made by the same company on the same day.*??

Moreover, these inconsistent statements were not supported by empiri-
cal research. According to a 2004 NRC report, the number of bullets that can
be produced from an “analytically indistinguishable” melt “can range from the
equivalent of as few as 12,000 to as many as 35 million 40 grain, .22 caliber long-
rifle bullets.”*** Consequently, according to the 2004 NRC report, the “available
data do not support any statement that a crime bullet came from a particular box

of ammunition. [R]eferences to ‘boxes’ of ammunition in any form should be

excluded as misleading under Federal Rule of Evidence 403.74%

B. Limitations on Testimony

Some courts have limited the scope of the testimony, permitting expert testimony

about the similarities and dissimilarities between exemplars but not the specific

conclusion that the defendant was the author (“common authorship™ opinion).*2

Although the courts have used this approach most frequently in questioned docu-

later modified that statement to acknowledge that analytically indistinguishable bullets which do not
come from the same box most likely would have been manufactured at the same place on or about
the same day; that is, in the same batch.”), vacated, 509 U.S. 917 (1993).

421. See State v. Reynolds, 297 S.E.2d 532, 534 (N.C. 1982).

422. See Bryan v. State, 935 P.2d 338, 360 (Okla. Crim. App. 1997).

423. See Davis, 103 F.3d at 666—67 (“An expert testified that such a finding is rare and that the
bullets must have come from the same box or from another box that would have been made by the
same company on the same day.”); Commonwealth v. Daye, 587 N.E.2d 194, 207 (Mass. 1992); State
v. King, 546 S.E.2d 575, 584 (N.C. 2001) (Kathleen Lundy “opined that, based on her lead analysis,
the bullets she examined either came from the same box of cartridges or came from different boxes
of the same caliber, manufactured at the same time.”).

424. National Research Council, Forensic Analysis: Weighing Bullet Lead Evidence 6 (2004),
[hereinafter NRC Bullet Lead Evidence], available at http://www.nap.edu/catalog.php?record_id=10924.

425. Id.

426. See United States v. Oskowitz, 294 F. Supp. 2d 379, 384 (E.D.N.Y. 2003) (“Many other
district courts have similarly permitted a handwriting expert to analyze a writing sample for the jury
without permitting the expert to offer an opinion on the ultimate question of authorship.”); United
States v. Rutherford, 104 F. Supp. 2d 1190, 1194 (D. Neb. 2000) (“[T]he Court concludes that FDE
Rauscher’s testimony meets the requirements of Rule 702 to the extent that he limits his testimony
to identifying and explaining the similarities and dissimilarities between the known exemplars and
the questioned documents. FDE Rauscher is precluded from rendering any ultimate conclusions on
authorship of the questioned documents and is similarly precluded from testifying to the degree of
confidence or certainty on which his opinions are based.”); United States v. Hines, 55 F. Supp. 2d 62,
69 (D. Mass. 1999) (expert testimony concerning the general similarities and differences between a
defendant’s handwriting exemplar and a stick-up note was admissible but not the specific conclusion
that the defendant was the author).
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ment cases, they have sometimes applied the same approach to other types of
forensic expertise such as firearms examination as well.*?

The NRC report criticized “exaggerated”*?® testimony such as claims of per-
fect accuracy,*?? infallibility,**” or a zero error rate.*3! Several courts have barred
excessive expert claims for lack of empirical support. For example, in United States
v. Mitchell,*? the court commented: “Testimony at the Daubert hearing indicated
that some latent fingerprint examiners insist that there is no error rate associated
with their activities. . . . This would be out-of-place under Rule 702.7%33 Simi-
larly, in a fircarms identification case, one court noted that

during the testimony at the hearing, the examiners testified to the effect that they
could be 100 percent sure of a match. Because an examiner’s bottom line opinion
as to an identification is largely a subjective one, there is no reliable statistical or
scientific methodology which will currently permit the expert to testify that it is a

‘match’ to an absolute certainty, or to an arbitrary degree of statistical certainty.***

Other courts have excluded the use of terms such as “science” or “scientific,”
because of the risk that jurors may bestow the aura of the infallibility of science on
the testimony.*¥

In particular, some courts are troubled by the use of the expression “reason-
able scientific certainty” by some forensic experts. The term “reasonable scientific
certainty” is problematic. Although it is used frequently in cases, its legal meaning
is ambiguous.*® Sometimes it is used in lieu of a confidence statement (i.e., “high
degree of certainty”), in which case the expert could altogether avoid the term
and directly testify how confident he or she is in the opinion.

In other cases, courts have interpreted reasonable scientific certainty to mean
that the expert must testify that a sample probably came from the defendant and not

427. United States v. Green, 405 F. Supp. 2d 104, 124 (D. Mass. 2005).

428. NRC Forensic Science Report, supra note 3, at 4.

429. Id. at 47.

430. Id. at 104.

431. Id. at 142-43.

432. 365 E.3d 215 (3d Cir. 2004).

433. Id. at 246.

434. United States v. Monteiro, 407 F. Supp. 2d 351, 372 (D. Mass. 2006).

435. United States v. Starzecpyzel, 880 F. Supp. 1027, 1038 (S.D.N.Y. 1995).

436. James E. Hullverson, Reasonable Degree of Medical Certainty: A Tort et a Travers, 31 St. Louis
U. LJ. 577, 582 (1987) (“|T]here is nevertheless an undercurrent that the expert in federal court
express some basis for both the confidence with which his conclusion is formed, and the probability
that his conclusion is accurate.”); Edward J. Imwinkelried & Robert G. Scofield, The Recognition of
an Accused’s Constitutional Right to Introduce Expert Testimony Attacking the Weight of Prosecution Science
Evidence: The Antidote for the Supreme Court’s Mistaken Assumption in California v. Trombetta, 33 Ariz.
L. Rev. 59, 69 (1991) (“Many courts continue to exclude opinions which fall short of expressing a
probability or certainty. . . . These opinions have been excluded in jurisdictions which have adopted
the Federal Rules of Evidence.”).
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that it possibly came from the defendant.*” However, experts frequently testify that
two samples “could have come from the same source.” Such testimony meets the
relevancy standard of Federal Rule 401, and there is no requirement in Article VII
of the Federal Rules that an expert’s opinion be expressed in terms of “prob-
abilities.” Thus, in United States v. Cyphers**® the expert testified that hair samples
found on items used in a robbery “could have come” from the defendants.**® The
defendants argued that the testimony was inadmissible because the expert did not
express his opinion in terms of reasonable scientific certainty. The court wrote:
“There is no such requirement.”*4

In Burke v. Town of Walpole,**' a bite mark identification case, the court of
appeals had to interpret the term as used in an arrest warrant:

[W]e must assume that the magistrate who issued the arrest warrant assigned no
more than the commonly accepted meaning among lawyers and judges to the
term “reasonable degree of scientific certainty”—*“a standard requiring a showing
that the injury was more likely than not caused by a particular stimulus, based on
the general consensus of recognized [scientific] thought.” Black’s Law Dictionary
1294 (8th ed. 2004) (defining “reasonable medical probability,” or “reasonable
medical certainty,” as used in tort actions). That standard, of course, is fully
consistent with the probable cause standard.**?

The case involved the guidelines adopted by ABFO that recognized several levels
of certainty (“reasonable medical certainty,” “high degree of certainty,” and

“virtual certainty”). The guidelines described “reasonable medical certainty” as

“convey|ing] the connotation of virtual certainty or beyond reasonable doubt.”**?

This is not the way that some courts use the term.

437. State v. Holt, 246 N.E.2d 365, 368 (Ohio 1969). The expert testified, based on neutron
activation analysis, that two hair samples were “similar and . . . likely to be from the same source”
(emphasis in original).

438. 553 F.2d 1064 (7th Cir. 1977).

439. Id. at 1072; see also United States v. Davis, 44 M.J. 13, 16 (C.A.A.F. 1996) (“Evidence was
also admitted that appellant owned sneakers which ‘could have’ made these prints.”).

440. Cyphers, 553 F.2d at 1072; see also United States v. Oaxaca, 569 F.2d 518, 526 (9th Cir.
1978) (expert’s opinion regarding hair comparison admissible even though expert was less than certain);
United States v. Spencer, 439 F.2d 1047, 1049 (2d Cir. 1971) (expert’s opinion regarding handwriting
comparison admissible even though expert did not make a positive identification); United States v.
Longfellow, 406 F.2d 415, 416 (4th Cir. 1969) (expert’s opinion regarding paint comparison admis-
sible, even though expert did not make a positive identification); State v. Boyer, 406 So. 2d 143, 148
(La. 1981) (reasonable scientific certainty not required where expert testifies concerning the presence
of gunshot residue based on neutron activation analysis).

441. 405 F.3d 66 (1st Cir. 2005).

442, Id. at 91.

443. Id. at 91 n.30 (emphasis omitted).
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Moreover, the term may be problematic for a different reason—misleading
the jury. One court ruled that the term “reasonable scientific certainty” could not

be used because of the subjective nature of the opinion.**

C. Restriction of Final Argument

In a number of cases, in summation counsel has overstated the content of the
expert testimony. In People v. Linscott,**> for example, “the prosecutor argued
that hairs found in the victim’s apartment and on the victim’s body were in fact
446 R eversing, the Illinois Supreme Court wrote: “With these
statements, the prosecutor improperly argued that the hairs removed from the
victim’s apartment were conclusively identified as coming from defendant’s head
and pubic region. There simply was no testimony at trial to support these state-
ments. In fact, [the prosecution experts] and the defense hair expert . . . testified
that no such identification was possible.”**” DNA testing exculpated Linscott.**3
Trial judges can police the attorneys’ descriptions of the testimony during closing
argument as well as the content of expert testimony presented.

defendant’s hairs.

XII. Procedural Issues

The Daubert standard operates in a procedural setting, not a vacuum. In Daubert,
the Supreme Court noted that “[v]igorous cross-examination, presentation of con-
trary evidence, and careful instruction on the burden of proof are the traditional
and appropriate means of attacking shaky but admissible evidence.”** Adversarial
testing presupposes advance notice of the content of the expert’s testimony and
access to comparable expertise to evaluate that testimony. This section discusses
some of the procedural mechanisms that trial judges may use to assure that jurors
properly evaluate any expert testimony by forensic identification experts.

444. United States v. Glynn, 578 F. Supp. 2d 567, 568-75 (S.D.N.Y. 2008) (fircarms identifica-
tion case).

445. 566 N.E.2d 1355 (Ill. 1991).

446. Id. at 1358.

447. Id. at 1359.

448. See Connors et al., supra note 387, at 65 (“The State’s expert on the hair examination
testified that only 1 in 4,500 persons would have consistent hairs when tested for 40 different charac-
teristics. He only tested between 8 and 12 characteristics, however, and could not remember which
ones. The appellate court ruled on July 29, 1987, that his testimony, coupled with the prosecution’s
use of it at closing arguments, constituted denial of a fair trial.”) (citation omitted).

449. 509 U.S. at 596 (citing Rock v. Arkansas, 483 U.S. 44, 61 (1987)).
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A. Pretrial Discovery

Judges can monitor discovery in scientific evidence cases to ensure that disclosure

is sufficiently comprehensive.** Federal Rule 16 requires discovery of laboratory

451

reports®! and a summary of the expert’s opinion.*>> The efficacy of these provi-

sions depends on the content of the reports and the summary. The Journal of Forensic
Sciences, the official publication of the American Academy of Forensic Sciences,
published a symposium on the ethical responsibilities of forensic scientists in 1989.
One symposium article described a number of unacceptable laboratory reporting
practices, including (1) “preparation of reports containing minimal information in
order not to give the ‘other side’ ammunition for cross-examination,” (2) “report-
ing of findings without an interpretation on the assumption that if an interpretation

5

is required it can be provided from the witness box,” and (3) “[o]mitting some

significant point from a report to trap an unsuspecting cross-examiner.”+>3

NRC has recommended extensive discovery in DNA cases: “All data and
laboratory records generated by analysis of DNA samples should be made freely
available to all parties. Such access is essential for evaluating the analysis.”*** The
NRC report on bullet lead contained similar comments about the need for a
thorough report in bullet lead cases:

The conclusions in laboratory reports should be expanded to include the limita-
tions of compositional analysis of bullet lead evidence. In particular, a further

450. See Fed. R. Crim. P. 16 (1975) advisory committee’s note (“[I]t is difficult to test expert
testimony at trial without advance notice and preparation.”), reprinted in 62 FR.D. 271, 312 (1974),
Paul C. Giannelli, Criminal Discovery, Scientific Evidence, and DNA, 44 Vand. L. Rev. 791 (1991). “Early
disclosure can have the following benefits: [1] Avoiding surprise and unnecessary delay. [2] Identify-
ing the need for defense expert services. [3] Facilitating exoneration of the innocent and encouraging
plea negotiations if DNA evidence confirms guilt.” National Institute of Justice, President’s DNA
Initiative: Principles of Forensic DNA for Officers of the Court (2005), available at http://www.dna.
gov/training/otc.

451. Fed. R. Crim. P. 16(a)(1)(F).

452, 1d. 16(2)(1)(G).

453. Douglas M. Lucas, The Ethical Responsibilities of the Forensic Scientist: Exploring the Limits, 34
J. Forensic Sci. 719, 724 (1989). Lucas was the Director of The Centre of Forensic Sciences, Ministry
of the Solicitor General, Toronto, Ontario.

454. National Research Council, DNA Technology in Forensic Science 146 (1992) (“The
prosecutor has a strong responsibility to reveal fully to defense counsel and experts retained by the
defendant all material that might be necessary in evaluating the evidence.”); see also id. at 105 (“Case
records—such as notes, worksheets, autoradiographs, and population databanks—and other data or
records that support examiners’ conclusions are prepared, retained by the laboratory, and made avail-
able for inspection on court order after review of the reasonableness of a request.”); National Research
Council, The Evaluation of Forensic DNA Evidence 167-69 (1996) (“Certainly, there are no strictly
scientific justifications for withholding information in the discovery process, and in Chapter 3 we
discussed the importance of full, written documentation of all aspects of DNA laboratory operations.
Such documentation would facilitate technical review of laboratory work, both within the laboratory
and by outside experts. . . . Our recommendations that all aspects of DINA testing be fully documented
is most valuable when this documentation is discoverable in advance of trial.”).
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explanatory comment should accompany the laboratory conclusions to portray
the limitations of the evidence. Moreover, a section of the laboratory report
translating the technical conclusions into language that a jury could understand
would greatly facilitate the proper use of this evidence in the criminal justice
system. Finally, measurement data (means and standard deviations) for all of the

crime scene bullets and those deemed to match should be included.*>

As noted earlier, the recent NRC report made similar comments:

Some reports contain only identifying and agency information, a brief descrip-
tion of the evidence being submitted, a briet description of the types of analysis
requested, and a short statement of the results (e.g., “the greenish, brown plant
material in item #1 was identified as marijuana”), and they include no mention

of methods or any discussion of measurement uncertainties.*>

Melendez-Diaz v. Massachusetts*> illustrates the problem. The laboratory
report in that case “contained only the bare-bones statement that ‘[t]he substance
was found to contain: Cocaine.” At the time of trial, petitioner did not know
what tests the analysts performed, whether those tests were routine, and whether
interpreting their results required the exercise of judgment or the use of skills that

the analysts may not have possessed.”*>®

1. Testifying beyond the report

Experts should generally not be allowed to testify beyond the scope of the report

without issuing a supplemental report. Troedel v. Wainwright,*>

a capital murder
case, illustrates the problem. In that case, a report of a gunshot residue test based
on neutron activation analysis stated the opinion that swabs “from the hands of
Troedel and Hawkins contained antimony and barium in amounts typically found
on the hands of a person who has discharged a fircarm or has had his hands in close
proximity to a discharging firearm.”#* An expert testified consistently with this
report at Hawkins’ trial but embellished his testimony at Troedel’s trial by adding
the more inculpatory opinion that “Troedel had fired the murder weapon.”*°! In
contrast, at a deposition during federal habeas proceedings, the same expert testi-
fied that “he could not, from the results of his tests, determine or say to a scientific
certainty who had fired the murder weapon” and the “amount of barium and
antimony on the hands of Troedel and Hawkins were basically insignificant.”#¢?

The district court found the trial testimony, “at the very least,” misleading and

455. See NRC Bullet Lead Evidence, supra note 424, at 110-11.

456. NRC Forensic Science Report, supra note 3, at 21.

457. 129 S. Ct. 2527 (2009).

458. Id. at 2537.

459. 667 E. Supp. 1456 (S.D. Fla. 1986), aff’d, 828 F.2d 670 (11th Cir. 1987).
460. Id. at 1458.

461. Id.

462. 1Id. at 1459.
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granted relief.**> The expert claimed that the prosecutor had “pushed” him to
embellish his testimony, a claim the prosecutor substantiated.***

B. Defense Experts

In appropriate cases, trial judges can provide the opposition with access to expert
resources. Defense experts are often important in cases involving forensic iden-
tification expertise. Counsel will frequently need expert guidance to determine
whether a research study is methodologically sound and, if so, whether the data
adequately support the specific opinion proffered, and the role, if any, that subjec-
tive judgment played in forming the opinion.

The NAS 1992 DNA report stressed that experts are necessary for an ade-
quate defense in many cases: “Defense counsel must have access to adequate
expert assistance, even when the admissibility of the results of analytical techniques
is not in question because there is still a need to review the quality of the labora-
tory work and the interpretation of results.”*%> According to the President’s DNA
Initiative, “[e]ven if DNA evidence is admitted, there still may be disagreement
about its interpretation—what do the DNA results mean in a particular case?”4%¢

The need for defense experts is not limited to cases involving DNA evidence.
In Ake v. Oklahoma,**” the Supreme Court recognized a due process right to a
defense expert under certain circumstances.*® In federal trials, the Criminal Justice
Act of 1964 provides for expert assistance for indigent defendants.

463. “[T]he Court concludes that the opinion Troedel had fired the weapon was known by the
prosecution not to be based on the results of the neutron activation analysis tests, or on any scientific
certainty or even probability. Thus, the subject testimony was not only misleading, but also was used
by the State knowing it to be misleading.” Id. at 1459-60.

464. Id. at 1459 (“[A]s Mr. Riley candidly admitted in his deposition, he was ‘pushed’ further
in his analysis at Troedel’s trial than at Hawkins’ trial. . . . [At the] evidentiary hearing held before
this Court, one of the prosecutors testified that, at Troedels trial, after Mr. Riley had rendered his
opinion which was contained in his written report, the prosecutor pushed to ‘see if more could have
been gotten out of this witness.””).

465. NRC I, supra note 24, at 149 (“Because of the potential power of DNA evidence, authori-
ties must make funds available to pay for expert witnesses. . . .”).

466. President’s DNA Initiative, supra note 450.

467. 470 U.S. 68 (1985); see Paul C. Giannelli, Ake v. Oklahoma: The Right to Expert Assistance
in a Post-Daubert, Post-DNA World, 89 Cornell L. Rev. 1305 (2004).

468. Ake, 470 U.S. at 74.

469. 18 U.S.C. § 3006(A).
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I. Introduction

Deoxyribonucleic acid, or DNA, is a molecule that encodes the genetic informa-
tion in all living organisms. Its chemical structure was clucidated in 1954. More
than 30 years later, samples of human DNA began to be used in the criminal
justice system, primarily in cases of rape or murder. The evidence has been the
subject of extensive scrutiny by lawyers, judges, and the scientific community. It
is now admissible in all jurisdictions, but there are many types of forensic DNA
analysis, and still more are being developed. Questions of admissibility arise as
advancing methods of analysis and novel applications of established methods are
introduced.!

This reference guide addresses technical issues that are important when con-
sidering the admissibility of and weight to be accorded analyses of DNA, and it
identifies legal issues whose resolution requires scientific information. The goal is
to present the essential background information and to provide a framework for
resolving the possible disagreements among scientists or technicians who testify
about the results and import of forensic DNA comparisons.

A. Summary of Contents

Section I provides a short history of DNA evidence and outlines the types of
scientific expertise that go into the analysis of DNA samples.

Section II provides an overview of the scientific principles behind DNA typ-
ing. It describes the structure of DNA and how this molecule differs from person
to person. These are basic facts of molecular biology. The section also defines
the more important scientific terms and explains at a general level how DNA
differences are detected. These are matters of analytical chemistry and laboratory
procedure. Finally, the section indicates how it is shown that these differences
permit individuals to be identified. This is accomplished with the methods of
probability and statistics.

Section III considers issues of sample quantity and quality as well as laboratory
performance. It outlines the types of information that a laboratory should produce
to establish that it can analyze DNA reliably and that it has adhered to established
laboratory protocols.

Section IV examines issues in the interpretation of laboratory results. To assist
the courts in understanding the extent to which the results incriminate the defen-
dant, it enumerates the hypotheses that need to be considered before concluding
that the defendant is the source of the crime scene samples, and it explores the

1. For a discussion of other forensic identification techniques, see Paul C. Giannelli et al., Ref-
erence Guide on Forensic Identification Expertise, in this manual. See also David H. Kaye et al., The
New Wigmore, A Treatise on Evidence: Expert Evidence (2d ed. 2011).
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issues that arise in judging the strength of the evidence. It focuses on questions of
statistics, probability, and population genetics.?

Section V describes special issues in human DNA testing for identification.
These include the detection and interpretation of mixtures, Y-STR testing,
mitochondrial DNA testing, and the evidentiary implications of DNA database
searches of various kinds.

Finally, Section VI discusses the forensic analysis of nonhuman DNA. It iden-
tifies questions that can be useful in judging whether a new method or application
of DNA science has the scientific merit and power claimed by the proponent of
the evidence.

A glossary defines selected terms and acronyms encountered in genetics,
molecular biology, and forensic DNA work.

B. A Brief History of DNA Evidence

“DNA evidence” refers to the results of chemical or physical tests that directly
reveal differences in the structure of the DNA molecules found in organisms as
diverse as bacteria, plants, and animals.> The technology for establishing the iden-
tity of individuals became available to law enforcement agencies in the mid to
late 1980s.* The judicial reception of DNA evidence can be divided into at least
five phases.’ The first phase was one of rapid acceptance. Initial praise for RFLP
(restriction fragment length polymorphism) testing in homicide, rape, paternity,
and other cases was effusive. Indeed, one judge proclaimed “DNA fingerprinting”
to be “the single greatest advance in the ‘search for truth’ . . . since the advent of
cross-examination.”® In this first wave of cases, expert testimony for the prosecu-
tion rarely was countered, and courts readily admitted DNA evidence.

In a second wave of cases, however, defendants pointed to problems at two
levels—controlling the experimental conditions of the analysis and interpreting the
results. Some scientists questioned certain features of the procedures for extracting
and analyzing DNA employed in forensic laboratories, and it became apparent

2. For a broader discussion of statistics, see David H. Kaye & David A. Freedman, Reference
Guide on Statistics, in this manual.

3. Differences in DNA also can be revealed by differences in the proteins that are made accord-
ing to the “instructions” in a DNA molecule. Blood group factors, serum enzymes and proteins,
and tissue types all reveal information about the DINA that codes for these chemical structures. Such
immunogenetic testing predates the “direct” DNA testing that is the subject of this chapter. On the
nature and admissibility of the “indirect” DNA testing, see, for example, David H. Kaye, The Double
Helix and the Law of Evidence 5-19 (2010); 1 McCormick on Evidence § 205(B) (Kenneth Broun
ed., 6th ed. 2000).

4. The first reported appellate opinion is Andrews v. State, 533 So. 2d 841 (Fla. Dist. Ct. App.
1988).

5. The description that follows is adapted from 1 McCormick on Evidence, supra note 3, § 205(B).

6. People v. Wesley, 533 N.Y.S.2d 643, 644 (Alb. County. Ct. 1988).
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that declaring matches or nonmatches in the DNA variations being compared
was not always trivial. Despite these concerns, most cases continued to find the
DNA analyses to be generally accepted, and a number of states provided for
admissibility of DNA tests by legislation. Concerted attacks by defense experts of
impressive credentials, however, produced a few cases rejecting specific proffers
on the ground that the testing was not sufficiently rigorous.”

A different attack on DNA profiling begun in cases during this period proved
far more successful and led to a third wave of cases in which many courts held
that estimates of the probability of a coincidentally matching DNA profile were
inadmissible. These estimates relied on a simple population genetics model for the
frequencies of DNA profiles, and some prominent scientists claimed that the appli-
cability of the mathematical model had not been adequately verified. A heated
debate on this point spilled over from courthouses to scientific journals and con-
vinced the supreme courts of several states that general acceptance was lacking. A
1992 report of the National Academy of Sciences proposed a more “conservative”

8 and this seemed to undermine the claim

computational method as a compromise,
of scientific acceptance of the less conservative procedure that was in general use.

In response to the population genetics criticism and the 1992 report came an
outpouring of critiques of the report and new studies of the distribution of the DNA
variations in many populations. Relying on the burgeoning literature, a second
National Academy panel concluded in 1996 that the usual method of estimating fre-
quencies in broad racial groups generally was sound, and it proposed improvements
and additional procedures for estimating frequencies in subgroups within the major
population groups.” In the corresponding fourth phase of judicial scrutiny of DNA
evidence, the courts almost invariably returned to the earlier view that the statistics
associated with DNA profiling are generally accepted and scientifically valid.

In the fifth phase of the judicial evaluation of DNA evidence, results obtained
with the newer “PCR-based methods” entered the courtroom. Once again,
courts considered whether the methods rested on a solid scientific foundation and
were generally accepted in the scientific community. The opinions are practically
unanimous in holding that the PCR-based procedures satisty these standards.
Before long, forensic scientists settled on the use of one type of DNA variation
(known as short tandem repeats, or STRs) to include or exclude individuals as
the source of crime scene DNA.

7. Moreover, a minority of courts, perhaps concerned that DNA evidence might be conclusive
in the minds of jurors, added a “third prong” to the general-acceptance standard of Frye v. United
States, 293 F. 1013 (D.C. Cir. 1923). This augmented Frye test requires not only proof of the general
acceptance of the ability of science to produce the type of results offered in court, but also of the
proper application of an approved method on the particular occasion. For criticism of this approach,
see David H. Kaye et al., supra note 1, § 6.3.3(a)(2).

8. National Research Council, DNA Technology in Forensic Science (1992) [hereinafter NRC IJ.

9. National Research Council, The Evaluation of Forensic DNA Evidence (1996) [hereinafter
NRC 11].
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Throughout these phases, DNA tests also exonerated an increasing number
of men who had been convicted of capital and other crimes, posing a challenge
to traditional postconviction remedies and raising difficult questions of postcon-
viction access to DNA samples.!” The value of DNA evidence in solving older
crimes also prompted extensions of some statutes of limitations."!

In sum, in little more than a decade, forensic DNA typing made the transition
from a novel set of methods for identification to a relatively mature and well-
studied forensic technology. However, one should not lump all forms of DNA
identification together. New techniques and applications continue to emerge,
ranging from the use of new genetic systems and new analytical procedures to the
typing of DNA from plants and animals. Before admitting such evidence, courts
normally inquire into the biological principles and knowledge that would justify
inferences from these new technologies or applications. As a result, this guide
describes not only the predominant STR technology, but also newer analytical
techniques that can be used for forensic DNA identification.

C. Relevant Expertise

Human DNA identification can involve testimony about laboratory findings,
about the statistical interpretation of those findings, and about the underlying
principles of molecular biology. Consequently, expertise in several fields might be
required to establish the admissibility of the evidence or to explain it adequately to
the jury. The expert who is qualified to testify about laboratory techniques might
not be qualified to testify about molecular biology, to make estimates of popula-
tion frequencies, or to establish that an estimation procedure is valid.!?

10. See, e.g., Osborne v. District Attorney’s Office for Third Judicial District, 129 S. Ct. 2308 (2009)
(narrowly rejecting a convicted offender’s claim of a due process right to DNA testing at his expense,
enforceable under 42 U.S.C. § 1983, to establish that he is probably innocent of the crime for which
he was convicted after a fair trial, when (1) the convicted offender did not seek extensive DNA testing
before trial even though it was available, (2) he had other opportunities to prove his innocence after a
final conviction based on substantial evidence against him, (3) he had no new evidence of innocence (only
the hope that more extensive DNA testing than that done before the trial would exonerate him), and
(4) even a finding that he was not source of the DNA would not conclusively demonstrate his innocence);
Skinner v. Switzer, 131 S. Ct. 1289 (2011); Brandon L. Garrett, Judging Innocence, 108 Colum. L. Rev.
55 (2008); Brandon L. Garrett, Claiming Innocence, 92 Minn. L. Rev. 1629 (2008).

11. See, e.g., Veronica Valdivieso, DNA Warrants: A Panacea _for Old, Cold Rape Cases? 90 Geo.
L.J. 1009 (2002).

12. Nonetheless, if previous cases establish that the testing and estimation procedures are legally
acceptable, and if the computations are essentially mechanical, then highly specialized statistical exper-
tise might not be essential. Reasonable estimates of DNA characteristics in major population groups can
be obtained from standard references, and many quantitatively literate experts could use the appropriate
formulae to compute the relevant profile frequencies or probabilities. NRC 11, supra note 9, at 170.
Limitations in the knowledge of a technician who applies a generally accepted statistical procedure
can be explored on cross-examination. See Kaye et al., supra note 1, § 2.2. Accord Roberson v. State,
16 S.W.3d 156, 168 (Tex. Crim. App. 2000).
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Trial judges ordinarily are accorded great discretion in evaluating the qualifi-
cations of a proposed expert witness, and the decisions depend on the background
of each witness. Courts have noted the lack of familiarity of academic experts—
who have done respected work in other fields—with the scientific literature on
forensic DNA typing and on the extent to which their research or teaching lies in
other areas.!® Although such concerns may affect the persuasiveness of particular
testimony, they rarely result in exclusion on the grounds that the witness simply
is not qualified as an expert.

The scientific and legal literature on the objections to DNA evidence is
extensive. By studying the scientific publications, or perhaps by appointing a spe-
cial master or expert adviser to assimilate this material, a court can ascertain where
a party’s expert falls within the spectrum of scientific opinion. Furthermore, an
expert appointed by the court under Federal Rule of Evidence 706 could testify
about the scientific literature generally or even about the strengths or weaknesses
of the particular arguments advanced by the parties.

Given the great diversity of forensic questions to which DNA testing might
be applied, it is not feasible to list the specific scientific expertise appropriate to all
applications. Assessing the value of DNA analyses of a novel application involv-
ing unfamiliar species can be especially challenging. If the technology is novel,
expertise in molecular genetics or biotechnology might be necessary. If testing
has been conducted on a particular organism or category of organisms, expertise
in that area of biology may be called for. If a random-match probability has been
presented, one might seek expertise in statistics as well as the population biology
or population genetics that goes with the organism tested. Given the penetration
of molecular technology into all areas of biological inquiry, it is likely that indi-
viduals can be found who know both the technology and the population biology
of the organism in question. Finally, when samples come from crime scenes, the
expertise and experience of forensic scientists can be crucial. Just as highly focused
specialists may be unaware of aspects of an application outside their field of exper-
tise, so too scientists who have not previously dealt with forensic samples can be
unaware of case-specific factors that can confound the interpretation of test results.

II. Variation in Human DINA and Its
Detection

DNA is a complex molecule that contains the “genetic code” of organisms as
diverse as bacteria and humans. Although the DNA molecules in human cells are

13. E.g., State v. Copeland, 922 P.2d 1304, 1318 n.5 (Wash. 1996) (noting that defendant’s
statistical expert “was also unfamiliar with publications in the area,” including studies by “a leading
expert in the field” whom he thought was “a ‘guy in a lab somewhere’”).
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largely identical from one individual to another, there are detectable variations—
except for identical twins, every two human beings have some differences in the
detailed structure of their DNA. This section describes the basic features of DNA
and some ways in which it can be analyzed to detect these differences.

A. What Are DNA, Chromosomes, and Genes?

The DNA molecule is made of subunits that include four chemical structures
known as nucleotide bases. The names of these bases (adenine, thymine, guanine,
and cytosine) usually are abbreviated as A, T, G, and C. The physical structure of
DNA is often described as a double helix because the molecule has two spiraling
strands connected to each other by weak bonds between the nucleotide bases.
As shown in Figure 1, A pairs only with T and G only with C. Thus, the order
of the single bases on either strand reveals the order of the pairs from one end of
the molecule to the other, and the DNA molecule could be said to be like a long
sequence of As, Ts, Gs, and Cs.

Figure 1. Sketch of a small part of a double-stranded DNA molecule. Nucleotide
bases are held together by weak bonds. A pairs with T; C pairs with G.

Most human DNA is tightly packed into structures known as chromo-
somes, which come in different sizes and are located in the nuclei of cells. The
chromosomes are numbered (in descending order of size) 1 through 22, with the
remaining chromosome being an X or a much smaller Y. If the bases are like
letters, then each chromosome is like a book written in this four-letter alphabet,
and the nucleus is like a bookshelf in the interior of the cell. All the cells in one
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individual contain identical copies of the same collection of books. The sequence
of the As, Ts, Gs, and Cs that constitutes the “text” of these books is referred to
as the individual’s nuclear genome.

All told, the genome comprises more than three billion “letters” (As, Ts, Gs,
and Cs). If these letters were printed in books, the resulting pile would be as high
as the Washington Monument. About 99.9% of the genome is identical between
any two individuals. This similarity is not really surprising—it accounts for the
common features that make humans an identifiable species (and for features that
we share with many other species as well). The remaining 0.1% is particular to an
individual. This variation makes each person (other than identical twins) geneti-
cally unique. This small percentage may not sound like a lot, but it adds up to
some three million sites for variation among individuals.

The process that gives rise to this variation among people starts with the pro-
duction of special sex cells—sperm cells in males and egg cells in females. All the
nucleated cells in the body other than sperm and egg cells contain two versions of
each of the 23 chromosomes—two copies of chromosome 1, two copies of chromo-
some 2, and so on, for a total of 46 chromosomes. The X and Y chromosomes are
the sex-determining chromosomes. Cells in females contain two X chromosomes,
and cells in males contain one X and one Y chromosome. An egg cell, however,
contains only 23 chromosomes—one chromosome 1, one chromosome 2, . . ., and
one X chromosome—ecach selected at random from the woman’s full complement
of 23 chromosome pairs. Thus, each egg carries half the genetic information present
in the mother’s 23 chromosome pairs, and because the assortment of the chromo-
somes is random, each egg carries a different complement of genetic information.
The same situation exists with sperm cells. Each sperm cell contains a single copy
of each of the 23 chromosomes selected at random from a man’s 23 pairs, and each
sperm differs in the assortment of the 23 chromosomes it carries. Fertilization of an
egg by a sperm therefore restores the full number of 46 chromosomes, with the 46
chromosomes in the fertilized egg being a new combination of those in the mother
and father. The process resembles taking two decks of cards (a male and a female
deck) and shuffling a random half from the male deck into a random half from the
female deck, to produce a new deck.

During pregnancy, the fertilized cell divides to form two cells, each of which
has an identical copy of the 46 chromosomes. The two then divide to form four,
the four form eight, and so on. As gestation proceeds, various cells specialize
(“difterentiate”) to form different tissues and organs. Although cell differentiation
yields many difterent kinds of cells, the process of cell division results in each prog-
eny cell having the same genomic complement as the cell that divided. Thus, each
of the approximately 100 trillion cells in the adult human body has the same DNA
text as was present in the original 23 pairs of chromosomes from the fertilized egg,
one member of each pair having come from the mother and one from the father.

A second mechanism operating during the chromosome reduction process in
sperm and egg cells further shuffles the genetic information inherited from mother
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and father. In the first stage of the reduction process, each chromosome of a
chromosome pair aligns with its partner. The maternally inherited chromosome 1
aligns with the paternally inherited chromosome 1, and so on through the 22 pairs;
X chromosomes align with each other as well, but X and Y chromosomes do not.
While the chromosome pairs are aligned, they exchange pieces to create new com-
binations. The recombined chromosomes are passed on in the sperm and eggs. As a
consequence, the chromosomes we inherit from our parents are not exact copies of
their chromosomes, but rather are mosaics of these parental chromosomes.

The swapping of material between chromosome pairs (as they align in the
emerging sex cells) and the random selection (of half of each parent’s 46 chromo-
somes) in making sex cells is called recombination. Recombination is the principal
source of diversity in individual human genomes.

The diverse variations occur both within the genes and in the regions of
DNA sequences between the genes. A gene can be defined as a segment of DNA,
usually from 1000 to 10,000 base pairs long, that “codes” for a protein. The cell
produces specific proteins that correspond to the order of the base pairs (the
“letters”) in the coding part of the gene.'* Human genes also contain noncoding
sequences that regulate the cell type in which a protein will be synthesized and
how much protein will be produced.'® Many genes contain interspersed non-
coding, nonregulatory sequences that no longer participate in protein synthesis.
These sequences, which have no apparent function, constitute about 23% of the
base pairs within human genes.'® In terms of the metaphor of DNA as text, the
gene is like an important paragraph in the book, often with some gibberish in it.

Proteins perform all sorts of functions in the body and thus produce observ-
able characteristics. For example, a tiny part of the sequence that directs the pro-
duction of the human group-specific complement protein (a protein that binds to
vitamin D and transports it to certain tissues) is

GCAAAATTGCCTGATGCCACACCCAAGGAACTGGCA.

14. The sequence in which the building blocks (amino acids) of a protein are arranged corre-
sponds to the sequence of base pairs within a gene. (A sequence of three base pairs specifies a particular
1 of the 20 possible amino acids in the protein. The mapping of a set of three nucleotide bases to a par-
ticular amino acid is the genetic code. The cell makes the protein through intermediate steps involving
coding RINA transcripts.) About 1.5% of the human genome codes for the amino acid sequences.

15. These noncoding but functional sequences include promoters, enhancers, and repressors.

16. This gene-related DNA consists of introns (which interrupt the coding sequences, called
exons, in genes and which are edited out of the RNA transcript for the protein), pseudogenes (evo-
lutionary remnants of once-functional genes), and gene fragments. The idea of a gene as a block of
DNA (some of which is coding, some of which is regulatory, and some of which is functionless) is
an oversimplification, but it is useful enough here. See, e.g., Mark B. Gerstein et al., What Is a Gene,
Post-ENCODE? History and Updated Definition, 17 Genome Res. 669 (2007).
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This gene always 1s located at the same position, or locus, on chromosome 4.
As we have seen, most individuals have two copies of each gene at a given locus—
one from the father and one from the mother.

A locus where almost all humans have the same DNA sequence is called
monomorphic (“of one form”). A locus where the DNA sequence varies among
significant numbers of individuals (more than 1% or so of the population pos-
sesses the variant) is called polymorphic (“of many forms”), and the alternative
forms are called alleles. For example, the GC protein gene sequence has three
common alleles that result from substitutions in a base at a given point. Where an
A appears in one allele, there is a C in another. The third allele has the A, but at
another point a G is swapped for a T. These changes are called single nucleotide
polymorphisms (SNPs, pronounced “snips”).

If a gene is like a paragraph in a book, a SNP is a change in a letter some-
where within that paragraph (a substitution, a deletion, or an insertion), and the
two versions of the gene that result from this slight change are the alleles. An
individual who inherits the same allele from both parents is called a homozygote.
An individual with distinct alleles is a heterozygote.

DNA sequences used for forensic analysis usually are not genes. They lie in
the vast regions between genes (about 75% of the genome is extragenic) or
in the apparently nonfunctional regions within genes. These extra- and intragenic
regions of DNA have been found to contain considerable sequence variation,
which makes them particularly useful in distinguishing individuals. Although

9 ¢

the terms “locus,” “allele,” “homozygous,” and “heterozygous” were developed
to describe genes, the nomenclature has been carried over to describe all DNA
variation—coding and noncoding alike. Both types are inherited from mother and

father in the same fashion.

B. What Are DNA Polymorphisms and How Are They
Detected?

By determining which alleles are present at strategically chosen loci, the forensic
scientist ascertains the genetic profile, or genotype, of an individual (at those loci).
Although the differences among the alleles arise from alterations in the order of
the ATGC letters, genotyping does not necessarily require “reading” the full DNA
sequence. Here we outline the major types of polymorphisms that are (or could
be) used in identity testing and the methods for detecting them.

1. Sequencing

Researchers are investigating radically new and efficient technologies to sequence
entire genomes, one base pair at a time, but the direct sequencing methods now in
existence are technically demanding, expensive, and time-consuming for whole-
genome sequencing. Therefore, most genetic typing focuses on identifying only
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those variations that define the alleles and does not attempt to “read out” each
and every base pair as it appears. The exception is mitochondrial DNA, described
in Section V. As next-generation sequencing technologies are perfected, however
(see infra Section I1.F), this situation could change.

2. Sequence-specific probes and SNP chips

Simple sequence variation, such as that for the GC locus, is conveniently detected
using sequence-specific oligonucleotide (SSO) probes. A probe is a short, single
strand of DNA. With GC typing, for example, probes for the three common
alleles are attached to designated locations on a membrane. Copies of the variable
sequence region of the GC gene in the crime scene sample are made with the
polymerase chain reaction (PCR), which i1s discussed in the next section. These
copies (in the form of single strands) are poured onto the membrane. Whichever
allele is present in a single-stranded DNA fragment will cause the fragment to stick
to the corresponding, immobilized probe strands. To permit the fragments of this
type to be seen, a chemical “label” that catalyzes a color change at the spot where
the DNA binds to its probe can be attached when the copies are made. A colored
spot showing that the allele is present thus should appear on the membrane at the
location of the probe that corresponds to this particular allele. If only one allele
is present in the crime scene DNA (because of homozygosity), there will be no
change at the spots where the other probes are located. If two alleles are present
(heterozygosity), the corresponding two spots will change color.

This approach can be miniaturized and automated by embedding probes
for many loci on a silicon chip. Commercially available “SNP chips” for disease
research incorporate enough different probes to detect on the order of a million
different known SNPs throughout the human genome. These chips have become
a basic tool in searches for genetic changes associated with human diseases. They
are described further in Section IL.E.

3. VNTRs and RFLP testing

Another category of DNA variations comes from the insertion of a variable num-
ber of tandem repeats (VNTR) at a locus. These were the first polymorphisms to
find widespread use in identity testing and hence were the subject of most of the
court opinions on the admissibility of DNA in the late 1980s and carly 1990s. The
core unit of a VNTR is a particular short DNA sequence that is repeated many
times end-to-end. The first VNTRs to be used in genetic and forensic testing
had core repeat sequences of 15-35 base pairs. In this testing, bacterial enzymes
(known as “restriction enzymes”) were used to cut the DNA molecule both
before and after the VNTR sequence. A small number of repeats in the VNTR
region gives rise to a small “restriction fragment,” and a large number of repeats
yields a large fragment. A substantial quantity of DNA from a crime scene sample
is required to give a detectable number of VNTR fragments with this procedure.
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The detection is accomplished by applying a probe that binds when it encoun-
ters the repeated core sequence. A radioactive or fluorescent molecule attached to
the probe provides a way to mark the VNTR fragment. The probe ignores DNA
fragments that do not include the VNTR core sequence. (There are many of these
unwanted fragments, because the restriction enzymes chop up the DNA through-
out the genome—mnot just at the VNTR loci.) The restriction fragments are sorted
by a process known as electrophoresis, which separates DNA fragments based on

size. Many early court opinions refer to this process as RFLP testing.!”

4. STRs

Although RFLP-VNTR profiling is highly discriminating,'® it has several draw-
backs. Not only does it require a substantial sample size, but it also is time-
consuming and does not measure the fragment lengths to the nearest number
of repeats. The measurement error inherent in the form of electrophoresis used
(known as “gel electrophoresis”) is not a fundamental obstacle, but it complicates
the determination of which profiles match and how often other profiles in the
population would be declared to match.!” Consequently, forensic scientists have
moved from VNTRSs to another form of repetitive DNA known as short tandem
repeats (STRs) or microsatellites. STRs have very short core repeats, two to seven
base pairs in length, and they typically extend for only some 50 to 350 base pairs.?”
Like the larger VNTRs, which extend for thousands of base pairs, STR sequences
do not code for proteins, and the ones used in identity testing convey little or no
information about an individual’s propensity for disease.?! Because STR alleles

17. It would be clearer to call it RFLP-VNTR testing, because the fragments being measured
contain the VNTRs rather than some simpler polymorphisms that were used in genetic research
and disease testing. A more detailed exposition of the steps in RFELP-VNTR profiling (including gel
electrophoresis, Southern blotting, and autoradiography) can be found in the previous edition of this
guide and in many judicial opinions circa 1990.

18. Alleles at VNTR loci generally are too long to be measured precisely by electrophoretic
methods—alleles differing in size by only a few repeat units may not be distinguished. Although this
makes for complications in deciding whether two length measurements that are close together result
from the same allele, these loci are quite powerful for the genetic differentiation of individuals, because
they tend to have many alleles that occur relatively rarely in the population. At a locus with only 20
such alleles (and most loci typically have many more), there are 210 possible genotypes. With five such
loci, the number of possible genotypes is 210°, which is more than 400 billion.

19. For a case reversing a conviction as a result of an expert’s confusion on this score, see People
v. Venegas, 954 P.2d 525 (Cal. 1998). More suitable procedures for match windows and probabilities
are described in NRC II, supra note 9.

20. The numbers, and the distinction between “minisatellites” (VNTRs) and microsatellites
(STRs), are not precise, but the mechanisms that give rise to the shorter tandem repeats differ from
those that produce the longer ones. See Benjamin Lewin, Genes IX 124-25 (9th ed. 2008).

21. See David H. Kaye, Please, Let’s Bury the Junk: The CODIS Loci and the Revelation of Private
Information, 102 Nw. U. L. Rev. Colloquy 70 (2007), available at http://www.law.northwestern.edu/
lawreview/ colloquy/2007/25/.
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are much smaller than VNTR alleles, however, they can be amplified with PCR
designed to copy only the locus of interest. This obviates the need for restric-
tion enzymes, and it allows laboratories to analyze STR loci much more quickly.
Because the amplified fragments are shorter, electrophoretic detection permits the
exact number of base pairs in an STR to be determined, allowing alleles to be
defined as discrete entities. Figure 2 illustrates the nature of allelic variation at an
STR locus found on chromosome 16.

Figure 2. Three alleles of the D16S539 STR. The core sequence is GATA. The
first allele listed has 9 tandem repeats, the second has 10, and the third
has 11. The locus has other alleles (different numbers of repeats), shown
in Figure 4.

Nine-repeat allele:
GATAGATAGATAGATAGATAGATAGATAGATAGATA
Ten-repeat allele:
GATAGATAGATAGATAGATAGATAGATAGATAGATAGATA
Eleven-repeat allele:

GATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATA

Although there are fewer alleles per locus for STRs than for VNTRs, there
are many STRs, and they can be analyzed simultaneously. Such “multiplex” sys-
tems now permit the simultaneous analysis of 16 loci. A subset of 13 is standard
in the United States (see infra Section I1.D), and these are capable of distinguishing

among almost everyone in the population.??

5. Summary

DNA contains the genetic information of an organism. In humans, most of the
DNA is found in the cell nucleus, where it is organized into separate chromo-
somes. Each chromosome is like a book, and each cell has the same library
(genome) of books of various sizes and shapes. There are two copies of each book
of a particular size and shape, one that came from the father, the other from the
mother. Thus, there are two copies of the book entitled “Chromosome One,”

>

two copies of “Chromosome Two,” and so on. Genes are the most meaningful
paragraphs in the books. Other parts of the text appear to have no coherent mes-
sage. Two individuals sometimes have different versions (alleles) of the same para-
graph. Some alleles result from the substitution of one letter for another. These are

SNPs. Others come about from the insertion or deletion of single letters, and still

22. Usually, there are between 7 and 15 STR alleles per locus. Thirteen loci that have 10 STR.
alleles each can give rise to 55'%, or 42 billion trillion, possible genotypes.
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others represent a kind of stuttering repetition of a string of extra letters. These
are the VNTRs and STRs.2* The locations within a chromosome where these
interpersonal variations occur are called loci.

C. How Is DNA Extracted and Amplified?

DNA usually can be found in biological materials such as blood, bone, saliva, hair,
semen, and urine. A combination of routine chemical and physical methods per-
mits DNA to be extracted from cell nuclei and isolated from the other chemicals
in a sample. PCR then is used to make exponentially large numbers of copies of
targeted regions of the extracted DNA. PCR might be applied to the double-
stranded DNA segments extracted and purified from a forensic sample as follows:
First, the purified DNA is separated into two strands by heating it to near the boiling
point of water. This “denaturing” takes about a minute. Second, the single strands
are cooled, and “primers” attach themselves to the points at which the copying
will start and stop. (Primers are small, manmade pieces of DNA, usually between
15 and 30 nucleotides long, of known sequences. If a locus of interest starts near
the sequence ATCGAATCGGTAGCCATATG on one strand, a suitable primer
would have the complementary sequence TAGCTTAGCCATCGGTATAC.)
“Annecaling” these primers takes about 45 seconds. Finally, the soup containing
the annealed DNA strands, the enzyme DNA polymerase, and lots of the four
nucleotide building blocks (A, C, G, and T) is warmed to a comfortable working
temperature for the polymerase to insert the complementary base pairs one at a
time, building a matching second strand bound to the original “template” and
thus replicating part of the DNA strand that was separated from its partner in the
first step. The same replication occurs with the separated partner as the template.
This “extension” step for both templates takes about 2 minutes. The result is two
identical double-stranded DNA segments, one made from each strand of the origi-
nal DNA. The three-step cycle is repeated, usually 20 to 35 times in automated
machines known as thermocyclers. Ideally, the first cycle results in two double-
stranded DNA segments. The second cycle produces four, the third eight, and
so on, until the number of copies of the original DNA is enormous. In practice,
there is some inefficiency in the doubling process, but the yield from a 30-cycle
amplification is generally about 1 million to 10 million copies of the targeted
sequence.?* In this way, PCR magnifies short sequences of interest in a small
number of DNA fragments into millions of exact copies. Machines that automate
the PCR process are commercially available.

For PCR amplification to work properly and yield copies of only the desired
sequence, however, care must be taken to achieve the appropriate chemical con-

23. In addition to the 23 pairs of books in the cell nucleus, other scraps of text reside in each
of the mitochondria, the power plants of the cell. See infra Section V.
24. NRC II, supra note 9, at 69-70.
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ditions and to avoid excessive contamination of the sample. A laboratory should
be able to demonstrate that it can amplify targeted sequences faithfully with the
equipment and reagents that it uses and that it has taken suitable precautions to
avoid or detect contamination from foreign DNA. With small samples, it is pos-
sible that some alleles will be amplified and others missed (preferential amplifica-
tion, discussed infra Section III.A.1), and mutations in the region of a primer can
prevent the amplification of the allele downstream of the primer (null alleles).?®

D. How Is STR Profiling Done with Capillary Electrophoresis?

In the most commonly used analytical method for detecting STRs, the STR frag-
ments in the sample are amplified using primers with fluorescent tags. Each new
STR fragment made in a PCR cycle bears a fluorescent dye. When struck by a
source light, each dye glows with a particular color. The fragments are separated
according to their length by electrophoresis in automated “genetic analyzer”
machinery—a byproduct of the technology developed for the Human Genome
Project that first sequenced most of the entire genome. In these machines, a long,
narrow tube (a “capillary”) is filled with an entangled polymer or comparable siev-
ing medium, and an electric field is applied to pull DNA fragments placed at one
end of the tube through the medium. Shorter fragments slip through the medium
more quickly than larger, bulkier ones. A laser beam is sent through a small glass
window in the tube. The laser light excites the dye, causing it to fluoresce at a
characteristic wavelength as the tagged fragments pass under the light. The inten-
sity of the light emitted by the dye is recorded by a kind of electronic camera and
transformed into a graph (an electropherogram), which shows a peak as an STR
flashes by. A shorter allele will pass by the window and fluoresce first; a longer
fragment will come by later, giving rise to another peak on the graph. Figure 3
provides a sketch of how the alleles with five and eight repeats of the GATA
sequence at the D16S539 STR locus might appear in an electropherogram.
Medical and human geneticists were interested in STRs as markers in family
studies to locate the genes that are associated with inherited diseases, and papers
on their potential for identity testing appeared in the early 1990s. Developmental
research to pick suitable loci moved into high gear in England, Europe, and
Canada. Britain’s Forensic Science Service applied a four-locus testing system in
1994. Then it introduced the “second generation multiplex” (SGM)—for simul-
taneously typing six loci in 1996. These soon would be used to build England’s
National DNA Database. The database system allows a computer to check the
STR types of millions of known or suspected criminals against thousands of crime

25. A null allele will not lead to a false exclusion if the two DNA samples from the same indi-
vidual are amplified with the same primer system, but it could lead to an exclusion at one locus when
searching a database of STR profiles if the database profile was determined with a different PCR kit
than the one used to analyze the crime scene DNA.
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Figure 3. Sketch of an electropherogram for two D16S539 alleles. One allele has
five repeats of the sequence GATA; the other has eight. Each GATA
repeat is depicted as a small rectangle. Although only one copy of each
allele (with a fluorescent molecule, or “tag” attached) is shown here,
PCR generates a great many copies from the DNA sample with these
alleles at the D16S539 locus. These copies are drawn through the capil-
lary tube, and the tags glow as the STR fragments move through the
laser beam. An electronic camera measures the colored light from the
tags. Finally, a computer processes the signal from the camera to produce
the electropherogram. Source: David H. Kaye, The Double Helix and
the Law of Evidence 189, fig. 9.1 (2010).
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scene samples. A six-locus STR profile can be represented as a string of 12 digits;
each digit indicates the number of repeat units in the alleles at each locus. These
discrete, numerical DNA profiles are far casier to compare mechanically than the
complex patterns of fingerprints. In the United States, the FBI settled on 13 “core
loci” to use in the U.S. national DNA database system. These are often called
the “CODIS core loci,” and an additional 7 STR loci are under consideration.?®

Modern genetic analyzers produce electropherograms for many loci at once.
This “multiplexing” is accomplished by using dyes that fluoresce at distinct colors

26. Douglas R. Hares, Expanding the CODIS Core Loci in the United States, Forensic Sci. Int’l:
Genetics (forthcoming 2011). CODIS stands for “convicted offender DNA index system.”
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to label the alleles from different groups of loci. A separate set of fragments of
known sizes that comigrate through the capillary function as a kind of ruler (an
“internal-lane size standard”) to determine the lengths of the allelic fragments.
Software processes the raw data to generate an electropherogram of the separate
allele peaks of each color. By comparing the positions of the allele peaks to the
size standard, the program determines the number of repeats in each allele. The
plotted heights of the peaks (measured in relative fluorescent units, or RFUs) are
proportional to the amount of the PCR product.

Figure 4 is an electropherogram of all 203 major alleles at 15 STR loci that
can be typed in a single “multiplex” PCR reaction. (In addition, it shows the
two alleles of the gene used to determine the sex of the contributor of a DNA

Figure 4. Alleles of 15 STR loci and the amelogenin sex-typing test from the
AmpFISTR Identifiler kit. The bottom panel is a “sizing standard”—a
set of peaks from DNA sequences of known lengths (in base pairs). The
numbers in the vertical axis in each panel are relative fluorescence units
(RFUs) that indicate the amount of light emitted after the laser beam
strikes the fluorescent tag on an STR fragment.
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Note: Applied Biosystems makes the kit that produced these allelic ladders.

Source: John M. Butler, Forensic DNA Typing: Biology, Technology, and Genetics of STR Markers
128 (2d ed. 2005), Copyright Elsevier 2005, with the permission of Elsevier Academic Press. John
Butler supplied the illustration.
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sample.?”) An electropherogram from an individual’s DNA would have only one
or two peaks at each of these 15 STR loci (depending on whether the person is
homozygous or heterozygous). These “allelic ladders” aid in deciding which allele
a peak from an unknown sample represents.

Figure 5 1s an electropherogram from the vaginal epithelial cells of the body
of a girl who had been sexually assaulted and killed in People v. Pizarro.?® It was
produced for the retrial in 2008 of the defendant who was linked to the victim
by VNTR typing at his first trial in 1990.

Figure 5. Electropherogram for nine STR loci of the victim’s DNA in People v.
Pizzaro. (The amelogenin locus and a sizing standard at the bottom also
are included.) Some STR loci have small peaks, indicating that there
was not much PCR product for those loci, likely because of DNA
degradation. All of the STR loci have two peaks, as would be expected
when the source is heterozygous at those loci.

Source: Steven Myers and Jeanette Wallin, California Department of Justice, provided the image.

27. The amelogenin gene, which is found on the X and the Y chromosomes, codes for a protein
that is a major component of tooth enamel matrix. The copy on the X chromosome is 112 bp long.
The copy on the Y chromosome has a string of six base pairs deleted, making it slightly shorter (106 bp).
A female (XX) will have one peak at 112 bp. A male (XY) will have two peaks (at 106 and 112 bp).

28. 12 Cal. Rptr. 2d 436 (Ct. App. 1992), after remand, 3 Cal. Rptr. 3d 21 (Ct. App. 2003),
review denied (Oct 15, 2003).

147

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Manual on Scientific Evidence

E. What Can Be Done to Validate a Genetic System for
Identification?

Regardless of the kind of genetic system used for typing—STRs, SNPs, or still
other polymorphisms—some general principles and questions can be applied
to each system that is offered for courtroom use. First, the nature of the poly-
morphism should be well characterized. Is it a simple sequence polymorphism or
a fragment length polymorphism? This information should be in the published
literature or in archival genome databanks.

Second, the published scientific literature can be consulted to verify claims that
a particular method of analysis can produce accurate profiles under various condi-
tions. Although such validation studies have been conducted for all the systems
ordinarily used in forensic work, determining the point at which the empirical
validation of a particular system is sufficiently convincing to pass scientific muster
may well require expert assistance.

Finally, the population genetics of the system should be characterized. As
new systems are discovered, researchers typically analyze convenient collections of
DNA samples from various human populations and publish studies of the relative
frequencies of each allele in these population samples. These studies measure the
extent of genetic variability at the polymorphic locus in the various populations,
and thus of the potential probative power of the marker for distinguishing among
individuals.

At this point, the capability of PCR-based procedures to ascertain DNA
genotypes accurately cannot be doubted. Of course, the fact that scientists have
shown that it is possible to extract DNA, to amplify it, and to analyze it in ways
that bear on the issue of identity does not mean that a particular laboratory has
adopted a suitable protocol and is proficient in following it. These case-specific
issues are considered in Sections III and IV.

F. What New Technologies Might Emerge?

1. Miniaturized “lab-on-a-chip” devices

Miniaturized capillary electrophoresis (CE) devices have been developed for rapid
detection of STRs (described in Section 11.D) and other genetic analyses. The
mini-CE systems consist of microchannels roughly the diameter of a hair etched
on glass wafers (“chips”) using technology borrowed from the computer industry.
The principles of electrophoretic separation are the same as with conventional CE
systems. With microfluidic technologies, it is possible to integrate DNA extrac-
tion and PCR amplification processes with the CE separation in a single device,
a so-called lab on a chip. Once a sample is added to the device, all the analytical
steps are performed on the chip without further human contact. These integrated
devices combine the benefits of simplified sample handling with rapid analysis
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and are under active development for point-of-care medical diagnostics.>” Efforts
are under way to develop an integrated microdevice for STR analysis that would
improve the speed and efficiency of forensic DNA profiling. A portable device for
rapid and secure analysis of samples in the field is a distinct possibility.’

2. High-throughput sequencing

The initial success of the Human Genome Project and the promise of “person-
alized medicine” is driving research to develop technologies for DNA analysis
that are faster, cheaper, and less labor intensive. In 2004, the National Human
Genome Research Institute announced funding for research leading to the “$1000
genome,” an achievement that would permit sequencing an individual’s genome
for medical diagnosis and improved drug therapies. Advances in the years since
2004 suggest that this goal will be achieved before the target date of 2014,3! and
the successtul innovations could provide major advances in forensic DNA testing.
However, it is too soon to identify which of the nascent sequencing technologies
might emerge from the pack.

As of 2009, three different next-generation sequencing technologies were
commercially available, and more instruments are in the pipeline.’® These new
technologies generate massive amounts of DNA sequence data (100 million to
1 billion base pairs per run) at very low cost (under $50 per megabase). They
do so by simultancously sequencing millions of short fragments, then applying
bioinformatics software to assemble the sequences in the correct order. These
high-throughput sequencing technologies have demonstrated their usefulness in
research applications. Two of these applications, the analysis of highly degraded
DNA% and the identification of microbial bioterrorism agents, are of forensic
relevance.* As the speed and cost of sequencing diminish and the necessary bio-
informatics software becomes more accessible and effective, full-genome sequence

29. P. Yager et al., Microfluidic Diagnostic Technologies for Global Public Health, 442 Nature 412
(2006).

30. K.M. Horsman et al., Forensic DNA Analysis on Microfluidic Devices: A Review, 52 J. Forensic
Sci. 784 (2007). As indicated in this review, there remain challenges to overcome before the forensic lab
on a chip comes to fruition. However, given the progress being made on multiple research fronts in chip
fabrication design and in microfluidic technology, these challenges seem surmountable.

31. R.F. Service, The Race for the $1000 Genome, 311 Science 1544 (2006).

32. Michael L. Metzker, Sequencing Technologies—The Next Generation, 11 Nature Rev. Genetics
31 (2010).

33. The next-generation technologies have been used to sequence highly degraded DNA from
Neanderthal bones and from the hair of the extinct woolly mammoth. R.E. Green et al., Analysis of
One Million Base Pairs of Neanderthal DNA, 444 Nature 330 (2006); W. Miller, Sequencing the Nuclear
Genome of the Extinct Woolly Mammoth, 456 Nature 387 (2008). The approaches used in these studies
are readily translatable to SNP typing of highly degraded DNA such as found in cases involving victims
of mass disasters.

34. By sequencing entire bacterial genomes, researchers can rapidly differentiate organisms that
have been genetically modified for biological warfare or terrorism from routine clinical and envi-
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analysis or something approaching it could become a practical tool for human
identification.

3. Microarrays

Hybridization microarrays are the third technological innovation with readily
foreseeable forensic application. A microarray consists of a two-dimensional grid
of many thousands of microscopic spots on a glass or plastic surface, each contain-
ing many copies of a short piece of single-stranded DNA tethered to the surface
at one end; each spot can be thought of as a dense cluster of tiny, single-stranded
DNA “whiskers” with their own particular sequence. A solution containing
single-stranded target DNA is washed over the microarray surface. The whiskers
on the array serve as probes to detect DNA (or RNA) with the corresponding
complementary sequence. The spots that capture target DNA are identified,
indicating the presence of that sequence in the target sample. (The hybridization
can be detected in several different ways.) Microarrays are commercially avail-
able for the detection of SNPs in the human genome and for sequencing human
mitochondrial DNA.%

4. What questions do the new technologies raise?

As these or other emerging technologies are introduced in court, certain basic
questions will need to be answered. What is the principle of the new technology?
Is it simply an extension of existing technologies, or does it invoke entirely new
concepts? Is the new technology used in research or clinical applications indepen-
dent of forensic science? Does the new technology have limitations that might
affect its application in the forensic sphere? Finally, what testing has been done and
with what outcomes to establish that the new technology is reliable when used
on forensic samples? For next-generation sequencing technologies and microarray
technologies, the questions may be directed as well to the bioinformatics methods
used to analyze and interpret the raw data. Obtaining answers to these questions
would likely require input both from experts involved in technology development
and application and from knowledgeable forensic experts.

ronmental strains. B. La Scola et al., Rapid Comparative Genomic Analysis for Clinical Microbiology: The
Francisella Tularensis Paradigm, 18 Genome Res. 742 (2008).

35. One study of 3000 Europeans used a commercial microarray with over half a million SNPs
“to infer [the individuals’] geographic origin with surprising accuracy—often to within a few hundred
kilometers.” John Novembre et al., Genes Mirror Geography Within Europe, 456 Nature 98, 98 (2008).
Microarrays also are used in studies of variation in the number of copies of certain genes in different
people’s genomes (copy number variation). Microarrays to detect pathogens and other targets also
have been developed.
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[II. Sample Collection and Laboratory

Performance

A. Sample Collection, Preservation, and Contamination

The primary determinants of whether DNA typing can be done on any particular
sample are (1) the quantity of DNA present in the sample and (2) the extent to
which it is degraded. Generally speaking, if a sufficient quantity of reasonable
quality DNA can be extracted from a crime scene sample, no matter what the
nature of the sample, DNA typing can be done without problem. Thus, DNA
typing has been performed on old blood stains, semen stains, vaginal swabs, hair,
bone, bite marks, cigarette butts, urine, and fecal material. This section discusses
what constitutes sufficient quantity and reasonable quality in the context of STR
typing. Complications from contaminants and inhibitors also are discussed. The
special technique of mitotyping and the treatment of samples that contain DNA
from two or more contributors are discussed in Section V.

1. Did the sample contain enough DNA?

Amounts of DNA present in some typical kinds of samples vary from a trillionth
or so of a gram for a hair shaft to several millionths of a gram for a postcoital
vaginal swab. Most PCR test protocols recommend samples on the order of
1 billionth to 5 billionths of a gram for optimum yields. Normally, the number
of amplification cycles for nuclear DNA is limited to 28 or so to ensure that there
is no detectable product for samples containing less than about 20 cell equivalents
of DNA.%

Procedures for typing still smaller samples—down to a single cell’s worth of
nuclear DNA—have been studied. These have been shown to work, to some
extent, with trace or contact DNA left on the surface of an object such as the
steering wheel of a car. The most obvious strategy is to increase the number of
amplification cycles. The danger is that chance effects might result in one allele
being amplified much more than another. Alleles then could drop out, small peaks
from unusual alleles at other loci might “drop in,” and a bit of extraneous DNA
could contribute to the profile. Other protocols have been developed for typ-
ing such “low copy number” (LCN) or “low template” (LT) DNA.>” LT-STR

36. This is about 100 to 200 trillionths of a gram. A lower limit of about 10 to 15 cells’ worth
of DNA has been determined to give balanced amplification.

37 See, e.g., John Buckleton & Peter Gill, Low Copy Number, in Forensic DNA Evidence Inter-
pretation 275 (John S. Buckleton et al. eds., 2005); Pamela J. Smith & Jack Ballantyne, Simplified
Low-Copy-Number DNA Analysis by Post-PCR Purification, 52 J. Forensic Sci. 820 (2007).
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profiles have been admitted in courts in a few countries,*® and they are beginning
to appear in prosecutions in the United States.>

Although there are tests to estimate the quantity of DNA in a sample,
whether a particular sample contains enough human DNA to allow typing cannot
always be predicted accurately. The best strategy is to try. If a result is obtained,
and if the controls (samples of known DNA and blank samples) have behaved

properly, then the sample had enough DNA. The appearance of the same peaks

in repeated runs helps assure that these alleles are present.*

2. Was the sample of sufficient quality?

The primary determinant of DNA quality for forensic analysis is the extent to
which the long DNA molecules are intact. Within the cell nucleus, each molecule
of DNA extends for millions of base pairs. Outside the cell, DNA spontaneously
degrades into smaller fragments at a rate that depends on temperature, exposure to
oxygen, and, most importantly, the presence of water.*! In dry biological samples,
protected from air, and not exposed to temperature extremes, DNA degrades very
slowly. STR testing has proved effective with old and badly degraded material
such as the remains of the Tsar Nicholas family (buried in 1918 and recovered
in 1991).42

38. E.g., R. v. Reed [2009] (CA Crim. Div.) EWCA Crim. 2698, § 74 (reviewing expert
submissions and concluding that “Low Template DNA can be used to obtain profiles capable of reli-
able interpretation if the quantity of DINA that can be analysed is above the stochastic threshold [of]
between 100 and 200 picograms”).

39. People v. Megnath, 898 N.Y.S.2d 408 (N.Y. Sup. Ct. 2010) (reasoning that “LCN DNA
analysis” uses the same steps as STR analysis of larger samples and that the modifications in the pro-
cedure used by the laboratory in the case were generally accepted); ¢f. United States v. Davis, 602 F.
Supp. 2d 658 (D. Md. 2009) (avoiding “making a finding with regard to the dueling definitions of
LCN testing advocated by the parties” by finding that “the amount of DNA present in the evidentiary
samples tested in this case” was in the normal range). These cases and the admissibility of low-template
DNA analysis are discussed in Kaye et al., supra note 1, § 9.2.3(c).

40. John M. Butler & Cathy R. Hill, Scientific Issues with Analysis of Low Amounts of DNA, LCN Panel
on Scientific Issues with Low Amounts of DNA, Promega Int’l Symposium on Human Identification,
Oct. 15, 2009, available at http://www.cstl.nist.gov/strbase/pub_pres/Butler Promega2009-LCNpanel-
for-STR Base.pdf.

41. Other forms of chemical alteration to DNA are well studied, both for their intrinsic interest
and because chemical changes in DNA are a contributing factor in the development of cancers in living
cells. Some forms of DNA modification, such as that produced by exposure to ultraviolet radiation,
inhibit the amplification step in PCR-based tests, whereas other chemical modifications appear to
have no effect. C.L. Holt et al., TWGDAM Validation of AmpFISTR PCR Amplification Kits for Forensic
DNA Casework, 47 J. Forensic Sci. 66 (2002); George F. Sensabaugh & Cecilia von Beroldingen, The
Polymerase Chain Reaction: Application to the Analysis of Biological Evidence, in Forensic DNA Technology
63 (Mark A. Farley & James J. Harrington eds., 1991).

42. Peter Gill et al., Identification of the Remains of the Romanov Family by DNA Analysis, 6 Nature
Genetics 130 (1994).
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The extent to which degradation affects a PCR-based test depends on the
size of the DNA segment to be amplified. For example, in a sample in which
the bulk of the DNA has been degraded to fragments well under 1000 base
pairs in length, it may be possible to amplify a 100-base-pair sequence, but not
a 1000-base-pair target. Consequently, the shorter alleles may be detected in a
highly degraded sample, but the larger ones may be missed. Fortunately, the size
differences among STR alleles at a locus are quite small (typically no more than
50 base pairs). Therefore, if there is a degradation effect on STR typing, it is usu-
ally “locus dropout”—in cases involving severe degradation, loci yielding larger
products (greater than 200 base pairs) may not be detected.*?

DNA can be exposed to a great variety of environmental insults without any
effect on its capacity to be typed correctly. Exposure studies have shown that
contact with a variety of surfaces, both clean and dirty, and with gasoline, motor
oil, acids, and alkalis either have no effect on DNA typing or, at worst, render
the DNA untypable.**

Although contamination with microbes generally does little more than
degrade the human DNA, other problems sometimes can occur. Therefore, the
validation of DNA typing systems should include tests for interference with a
variety of microbes to see if artifacts occur. If artifacts are observed, then control
tests should be applied to distinguish between the artifactual and the true results.

B. Laboratory Performance

1. What forms of quality control and assurance should be followed?

DNA profiling is valid and reliable, but confidence in a particular result depends
on the quality control and quality assurance procedures in the laboratory. Quality
control refers to measures to help ensure that a DNA-typing result (and its
interpretation) meets a specified standard of quality. Quality assurance refers to
monitoring, verifying, and documenting laboratory performance. A quality assur-

ance program helps demonstrate that a laboratory is meeting its quality control

objectives and thus justifies confidence in the quality of its product.*’

43. Holt et al., supra note 41. Special primers and very short STRs give better results with
extremely degraded samples. See Michael D. Coble & John M. Butler, Characterization of New MiniSTR
Loci to Aid Analysis of Degraded DNA, 50 J. Forensic Sci. 43 (2005).

44. Holt et al., supra note 41. Most of the effects of environmental insult readily can be
accounted for in terms of basic DNA chemistry. For example, some agents produce degradation or
damaging chemical modifications. Other environmental contaminants inhibit restriction enzymes or
PCR. (This effect sometimes can be reversed by cleaning the DINA extract to remove the inhibitor.)
But environmental insult does not result in the selective loss of an allele at a locus or in the creation
of a new allele at that locus.

45. For a review of the history of quality assurance in forensic DNA testing, see J.L. Peterson et
al., The Feasibility of External Blind DNA Proficiency Testing. I. Background and Findings, 48 J. Forensic
Sci. 21, 22 (2003).
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Professional bodies within forensic science have described procedures for
quality assurance. Guidelines for DNA analysis have been prepared by FBI-
appointed groups (the current incarnation is known as SWGDAM);* a number
of states require forensic DNA laboratories to be accredited;*” and federal law

requires accreditation or other safeguards of laboratories that receive certain federal

funds*® or participate in the national DNA database system.*

a. Documentation

Quality assurance guidelines normally call for laboratories to document laboratory
organization and management, personnel qualifications and training, facilities, evi-
dence control procedures, validation of methods and procedures, analytical proce-
dures, equipment calibration and maintenance, standards for case documentation
and report writing, procedures for reviewing case files and testimony, proficiency
testing, corrective actions, audits, safety programs, and review of subcontractors.

46. The FBI established the Technical Working Group on DNA Analysis Methods (TWGDAM)
in 1988 to develop standards. The DNA Identification Act of 1994, 42 U.S.C. § 14131(a) & (c) (2006),
created a DNA Advisory Board (DAB) to assist in promulgating quality assurance standards, but the
legislation allowed the DAB to expire after 5 years (unless extended by the Director of the FBI). 42
U.S.C. § 14131(b) (2008). TWGDAM functioned under DAB, 42 U.S.C. § 14131(a) (2006), and was
renamed the Scientific Working Group on DNA Analysis Methods (SWGDAM) in 1999. When the
FBI allowed DAB to expire, SWGDAM replaced DAB. See Norah Rudin & Keith Inman, An Intro-
duction to Forensic DNA Analysis 180 (2d ed. 2002); Paul C. Giannelli, Regulating Crime Laboratories:
The Impact of DNA Evidence, 15 J.L. & Pol’y 59, 82-83 (2007).

47. New York was the first state to impose this requirement. N.Y. Exec. Law § 995-b (McKinney
2006) (requiring accreditation by the state Forensic Science Commission).

48. The Justice for All Act, enacted in 2004, required DNA labs to be accredited within 2 years
“by a nonprofit professional association of persons actively involved in forensic science that is nationally
recognized within the forensic science community” and to “undergo external audits, not less than once
every 2 years, that demonstrate compliance with standards established by the Director of the Federal
Bureau of Investigation.” 42 U.S.C. § 14132(b)(2) (2006). Established in 1981, the American Society
of Crime Laboratory Directors—Laboratory Accreditation Board (ASCLD-LAB) accredits forensic
laboratories. Giannelli, supra note 46, at 75. The 2004 Act also requires applicants for federal funds
for forensic laboratories to certify that the laboratories use “generally accepted laboratory practices
and procedures, established by accrediting organizations or appropriate certifying bodies,” 42 U.S.C.
§ 3797k(2) (2004), and that “a government entity exists and an appropriate process is in place to
conduct independent external investigations into allegations of serious negligence or misconduct
substantially affecting the integrity of the forensic results committed by employees or contractors of
any forensic laboratory system, medical examiner’s office, coroner’s office, law enforcement storage
facility, or medical facility in the State that will receive a portion of the grant amount.” Id. § 3797k(4).
There have been problems in implementing the § 3797k(4) certification requirement. See Oftice of
the Inspector General, U.S. Dep’t of Justice, Review of the Office of Justice Programs’ Paul Coverdell
Forensic Science Improvement Grants Program, Evaluation and Inspections Report 1-2008-001
(2008), available at http://www.usdoj.gov/oig/reports/ OJP/e0801/index.htm.

49. See 42 U.S.C § 14132 (b)(2) (2006) (requiring as of late 2006, that records in the database

come from laboratories that “have been accredited by a nonprofit professional association . . . and . . .
undergo external audits, not less than once every 2 years [and| that demonstrate compliance with
standards established by the Director of the Federal Bureau of Investigation. . . .”).
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Of course, maintaining documentation and records alone does not guarantee the
correctness of results obtained in any particular case. Errors in analysis or inter-
pretation might occur as a result of a deviation from an established procedure,
analyst misjudgment, or an accident. Although case review procedures within a
laboratory should be designed to detect errors before a report is issued, it is always
possible that some incorrect result will slip through. Accordingly, determination
that a laboratory maintains a strong quality assurance program does not eliminate
the need for case-by-case review.

b. Validation

The validation of procedures is central to quality assurance. Developmental vali-
dation is undertaken to determine the applicability of a new test to crime scene
samples; it defines conditions that give reliable results and identifies the limita-
tions of the procedure. For example, a new genetic marker being considered for
use in forensic analysis will be tested to determine if it can be typed reliably in
both fresh samples and in samples typical of those found at crime scenes. The
validation would include testing samples originating from different tissues—Dblood,
semen, hair, bone, samples containing degraded DNA, samples contaminated
with microbes, samples containing DNA mixtures, and so on. Developmental
validation of a new set of loci also includes the generation of population databases
and the testing of alleles for statistical independence. Developmental validation
normally results in publication in the scientific literature, but a new procedure can
be validated in multiple laboratories well ahead of publication.

Internal validation, on the other hand, involves the capacity of a specific
laboratory to analyze the new loci. The laboratory should verify that it can reli-
ably perform an established procedure that already has undergone developmental
validation. In particular, before adopting a new procedure, the laboratory should
verify its ability to use the system in a proficiency trial.>

c. Proficiency testing

Proficiency testing in forensic genetic testing is designed to ascertain whether an
analyst can correctly determine genetic types in a sample whose origin is unknown
to the analyst but is known to a tester. Proficiency is demonstrated by making
correct genetic typing determinations in repeated trials. The laboratory also can be
tested to verify that it correctly computes random-match probabilities or similar
statistics.

An internal proficiency trial is conducted within a laboratory. One person in the
laboratory prepares the sample and administers the test to another person in the labo-

50. Both forms of validation build on the accumulated body of knowledge and experience.
Thus, some aspects of validation testing need be repeated only to the extent required to verify that
previously established principles apply.
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ratory. In an external trial, the test sample originates from outside the laboratory—
from another laboratory, a commercial vendor, or a regulatory agency. In a declared
(or open) proficiency trial, the analyst knows the sample is a proficiency sample.
The DNA Identification Act of 1994 requires proficiency testing for analysts in the
FBI as well as those in laboratories participating in the national database or receiving
federal funding,®' and the standards of accrediting bodies typically call for periodic
open, external proficiency testing.>?

In a blind (or, more properly, “full blind”) trial, the sample is submitted so that
the analyst does not recognize it as a proficiency sample. A full-blind trial provides
a better indication of proficiency because it ensures that the analyst will not give the
trial sample any special attention, and it tests more steps in the laboratory’s processing
of samples. However, full-blind proficiency trials entail considerably more organi-
zational effort and expense than open proficiency trials. Obviously, the “evidence”
samples prepared for the trial have to be sufficiently realistic that the laboratory does
not suspect the legitimacy of the submission. A police agency and prosecutor’s office
have to submit the “evidence” and respond to laboratory inquiries with information
about the “case.” Finally, the genetic profile from a proficiency test must not be
entered into regional and national databases. Consequently, although some forensic

DNA laboratories participate in full-blind testing, they are not required to do so0.>

2. How should samples be handled?

Sample mishandling, mislabeling, or contamination, whether in the field or in the
laboratory, is more likely to compromise a DNA analysis than is an error in genetic
typing. For example, a sample mixup due to mislabeling reference blood samples
taken at the hospital could lead to incorrect association of crime scene samples to
a reference individual or to incorrect exclusions. Similarly, packaging two items
with wet bloodstains into the same bag could result in a transfer of stains between
the items, rendering it difficult or impossible to determine whose blood was
originally on each item. Contamination in the laboratory may result in artifactual

51. 42 US.C. § 14132(b)(2) (requiring external proficiency testing of laboratories for participa-
tion in the national database); id. § 14133(a)(1)(A) (2006) (same for FBI examiners).

52. See Peterson et al., supra note 45, at 24 (describing the ASCL-LAB standards). Certification
by the American Board of Criminalistics as a specialist in forensic biology DNA analysis requires one
proficiency trial per year. Accredited laboratories must maintain records documenting compliance with
required proficiency test standards.

53. The DNA Identification Act of 1994 required the director of the National Institute of Justice
to report to Congress on the feasibility of establishing an external blind proficiency testing program
for DNA laboratories. 42 U.S.C. § 14131(c) (2006). A National Forensic DNA Review Panel advised
the Director that “blind proficiency testing is possible, but fraught with problems” of the kind listed
above). Peterson et al., supra note 46, at 30. It “recommended that a blind proficiency testing program
be deferred for now until it is more clear how well implementation of the first two recommendations
[the promulgation of guidelines for accreditation, quality assurance, and external audits of casework]
are serving the same purposes as blind proficiency testing.” Id.
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typing results or in the incorrect attribution of a DNA profile to an individual
or to an item of evidence. Procedures should be prescribed and implemented to
guard against such error.

Mislabeling or mishandling can occur when biological material is collected in
the field, when it is transferred to the laboratory, when it is in the analysis stream
in the laboratory, when the analytical results are recorded, or when the recorded
results are transcribed into a report. Mislabeling and mishandling can happen with
any kind of physical evidence and are of great concern in all fields of forensic
science. Checkpoints should be established to detect mislabeling and mishandling
along the line of evidence flow. Investigative agencies should have guidelines for
evidence collection and labeling so that a chain of custody is maintained. Similarly,
there should be guidelines, produced with input from the laboratory, for handling
biological evidence in the field.

Professional guidelines and recommendations require documented procedures
to ensure sample integrity and to avoid sample mixups, labeling errors, recording
errors, and the like.>* They also mandate case review to identify inadvertent errors
before a final report is released. Finally, laboratories must retain, when feasible,
portions of the crime scene samples and extracts to allow reanalysis.>®> However,
retention is not always possible. For example, retention of original items is not to
be expected when the items are large or immobile (e.g., a wall or sidewalk). In
such situations, a swabbing or scraping of the stain from the item would typically
be collected and retained. There also are situations where the sample is so small
that it will be consumed in the analysis.

Assuming that appropriate chain-of-custody and evidence-handling protocols
are in place, the critical question is whether there are deviations in the particular
case. This may require a review of the total case documentation as well as the
laboratory findings. In addition, the opportunity to retest original evidence items
or the material extracted from them is an important safeguard against error because
of mislabeling and mishandling. Should mislabeling or mishandling have occurred,
reanalysis of the original sample and the intermediate extracts should detect not
only the fact of the error but also the point at which it occurred.>®

54. SWGDAM guidelines are published as FBI, Standards for Forensic DNA Testing Labs, avail-
able at http://www.fbi.gov/hq/lab/codis/forensic.htm (last visited Feb. 16, 2010).

55. Forensic laboratories have a professional responsibility to preserve retained evidence so as to
minimize degradation. See id., standard 7.2.1. Furthermore, failure to preserve potentially exculpatory
evidence has been treated as a denial of due process and grounds for suppression. People v. Nation,
604 P.2d 1051, 1054-55 (Cal. 1980). In Arizona v. Youngblood, 488 U.S. 51 (1988), however, the
Supreme Court held that a police agency’s failure to preserve evidence not known to be exculpatory
does not constitute a denial of due process unless “bad faith” can be shown. Ironically, DNA testing
that was not available at Youngblood’s trial established that he had been falsely convicted. Maurice
Possley, DNA Exonerates Inmate Who Lost Key Test Case: Prosecutors Ruined Evidence in Original Trial,
Chi. Trib., Aug. 10, 2000, at 6.

56. Of course, retesting cannot correct all errors that result from mishandling of samples, but
it is even possible in some cases to detect mislabeling at the point of sample collection if the genetic
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Contamination describes any situation in which foreign material is mixed
with a sample of DNA. As noted in Section III.A.2, contamination by non-
biological materials, such as gasoline or grit, can cause test failures, but they are
not a source of genetic typing errors. Similarly, contamination with nonhuman
biological materials, such as bacteria, fungi, or plant materials, is generally not a
problem. These contaminants may accelerate DNA degradation, but they do not
generate spurious human genetic types.

The contamination of greatest concern is that resulting from the addition of
human DNA. This sort of contamination can occur three ways. First, the crime
scene samples by their nature may contain a mixture of fluids or tissues from dif-
ferent individuals. Examples include vaginal swabs collected as sexual assault evi-
dence and bloodstain evidence from scenes where several individuals shed blood.
Mixtures are the subject of Section V.C.

Second, the crime scene samples may be inadvertently contaminated in the
course of sample handling in the field or in the laboratory. Inadvertent contami-
nation of crime scene DNA with DNA from a reference sample could lead to a
false inclusion.

Third, carryover contamination in PCR-based typing can occur if the ampli-
fication products of one typing reaction are carried over into the reaction mix
for a subsequent PCR reaction. If the carryover products are present in sufficient
quantity, they could be preferentially amplified over the target DNA. The primary
strategy used in most forensic laboratories to protect against carryover contamina-
tion is to keep PCR products away from sample materials and test reagents by
having separate work areas for pre-PCR and post-PCR sample handling, by pre-
paring samples in controlled-air-flow biological safety hoods, by using dedicated
equipment (such as pipetters) for each of the various stages of sample analysis, by
decontaminating work areas after use (usually by wiping down or by irradiating
with ultraviolet light), and by having a one-way flow of sample from the pre-PCR
to post-PCR work areas. Additional protocols are used to detect any carryover
contamination.?”

In the end, whether a laboratory has conducted proper tests and whether it
conducted them properly depends both on the general standard of practice and

typing results on a particular sample are inconsistent with an otherwise consistent reconstruction of
events. For example, a mislabeling of husband and wife samples in a paternity case might result in an
apparent maternal exclusion, a very unlikely event. The possibility of mislabeling could be confirmed
by testing the samples for gender and ultimately verified by taking new samples from each party under
better controlled conditions.

57. Standard protocols include the amplification of blank control samples—those to which no
DNA has been added. If carryover contaminants have found their way into the reagents or sample
tubes, these will be detected as amplification products. Outbreaks of carryover contamination can also
be recognized by monitoring test results. Detection of an unexpected and persistent genetic profile
in different samples indicates a contamination problem. When contamination outbreaks are detected,
appropriate corrective actions should be taken, and both the outbreak and the corrective action should
be documented.
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on the questions posed in the particular case. There is no universal checklist,
but the selection of tests and the adherence to the correct test procedures can
be reviewed by experts and by reference to professional standards such as the
SWGDAM guidelines.

[V. Inference, Statistics, and Population
Genetics in Human Nuclear DNA
Testing

The results of DNA testing can be presented in various ways. With discrete allele
systems, such as STRs, it is natural to speak of “matching” and “nonmatching”
profiles. If the genetic profile obtained from the biological sample taken from the
crime scene or the victim (the “trace evidence sample”) matches that of a particu-
lar individual, that individual is included as a possible source of the sample. But
other individuals also might possess a matching DNA profile. Accordingly, the
expert should be asked to provide some indication of how significant the match
is. If, on the other hand, the genetic profiles are different, then the individual is
excluded as the source of the trace evidence. Typically, proof tending to show
that the defendant is the source incriminates the defendant, whereas proof that
someone else is the source exculpates the defendant.>® This section elaborates on
these ideas, indicating issues that can arise in connection with an expert’s testi-
mony interpreting the results of a DNA test.

A. What Constitutes a Match or an Exclusion?

When the DNA from the trace evidence clearly does not match the DNA sample
from the suspect, the DNA analysis demonstrates that the suspect’s DNA is not
in the forensic sample. Indeed, if the samples have been collected, handled, and
analyzed properly, then the suspect is excluded as a possible source of the DNA
in the forensic sample. As a practical matter, such exclusionary results normally
would keep charges from being filed against the excluded suspect.

At the other extreme, the genotypes at a large number of loci can be clearly
identical. In these cases, the DNA evidence is quite incriminating, and the chal-
lenge for the legal system lies in explaining just how probative it is. Naturally,
as with exclusions, inclusions are most powerful when the samples have been

58. Whether being the source of the forensic sample is incriminating and whether someone
else being the source is exculpatory depends on the circumstances. For example, a suspect who might
have committed the offense without leaving the trace evidence sample still could be guilty. In a rape
case with several rapists, a semen stain could fail to incriminate one assailant because insufficient semen
from that individual is present in the sample.
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collected, handled, and analyzed properly. But there is one logical difference
between exclusions and inclusions. If it is accepted that the samples have different
genotypes, then the conclusion that the DNA in them came from different indi-
viduals is essentially inescapable.®® In contrast, even if two samples have the same
genotype, there is a chance that the forensic sample came not from the defendant,
but from another individual who has the same genotype. This complication has
produced extensive arguments over the statistical procedures for assessing this
chance or related quantities. This problem of describing the significance of an
unequivocal match is the subject of the remaining parts of this section.

Some cases lie between the poles of a clear inclusion or a definite exclusion.
For example, when the trace evidence sample is small and extremely degraded,
STR profiling can be afflicted with allelic “drop-in” and “drop-out,” requir-
ing judgments as to whether true peaks are missing and whether spurious peaks
are present. Experts then might disagree about whether a suspect is included or

excluded—or whether any conclusion can be drawn.®

B. What Hypotheses Can Be Formulated About the Source?

If the defendant is the source of DNA of sufficient quantity and quality found
at a crime scene, then a DNA sample from the defendant and the crime scene
sample should have the same profile. The inference required in assessing the
evidence, however, runs in the opposite direction. The forensic scientist reports
that the sample of DNA from the crime scene and a sample from the defendant
have the same genotype. The prosecution’s hypothesis is that the defendant is the
source of the crime scene sample.°!

Conceivably, other hypotheses could account for the matching profiles.
One possibility is laboratory error—the genotypes are not actually the same even
though the laboratory thinks that they are. This situation could arise from mistakes

59. The legal implications of this fact are discussed in Kaye et al., supra note 1, § 13.3.2.

60. See, e.g., State v. Murray, 174 P.3d 407, 417-18 (Kan. 2008) (inconclusive Y-STR results
were presented as consistent with the defendant’s blood). Since the early days of DNA testing,
concerns have been expressed about subjective aspects of specific procedures that leave room for
“observer effects” in interpreting data. See William C. Thompson & Simon Ford, The Meaning of a
Match: Sources of Ambiguity in the Interpretation of DNA Prints, in Forensic DNA Technology (M. Farley
& J. Harrington eds., 1990); see generally D. Michael Risinger et al., The Daubert/Kumho Implications
of Observer Effects in Forensic Science: Hidden Problems of Expectation and Suggestion, 90 Calif. L. Rev. 1
(2002). A number of commentators have proposed that the analyst determine the profile of a trace
evidence sample before knowing the profile of any suspects. Dan E. Krane et al., Sequential Unmasking:
A Means of Minimizing Observer Effects in Forensic DNA Interpretation, 53 J. Forensic Sci. 1006 (2008).

61. That the defendant is the source does not necessarily mean that the defendant is guilty of
the offense charged. Aside from issues of intent or knowledge that have nothing to do with DNA,
there remains, for example, the possibility that the two samples match because someone framed the
defendant by putting a sample of defendant’s DNA at the crime scene or in the container of DNA

thought to have come from the crime scene.
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in labeling or handling samples or from cross-contamination of the samples. As the
1992 NRC report cautioned, “[e]rrors happen, even in the best laboratories, and
even when the analyst is certain that every precaution against error was taken.”%?

Another possibility is that the laboratory analysis is correct—the genotypes are
truly identical—but the forensic sample came from another individual. In general,

the true source might be a close relative of the defendant®

or an unrelated person
who, as luck would have it, just happens to have the same profile as the defendant.
The former hypothesis we shall refer to as kinship, and the latter as coincidence.
To infer that the defendant is the source of the crime scene DNA, one must reject
these alternative hypotheses of laboratory error, kinship, and coincidence. Table 1

summarizes the logical possibilities.

Table 1. Hypotheses That Might Explain a Match Between Defendant’s DNA
and DNA at a Crime Scene’

IDENTITY: Same genotype, defendant’s DNA at crime scene
NONIDENTITY:
Lab error Different genotypes mistakenly found to be the same
Kinship Same genotype, relative’s DNA at crime scene
Coincidence Same genotype, unrelated individual’s DNA

“Cf. N.E. Morton, The Forensic DNA Endgame, 37 Jurimetrics J. 477, 480 tbl. 1 (1997).

Some scientists have urged that probabilities associated with false-positive
error, kinship, or coincidence be presented to juries. Although it is not clear that
this goal is feasible, scientific knowledge and more conventional evidence can
help in assessing the plausibility of these alternative hypotheses. If laboratory error,
kinship, and coincidence are rejected as implausible, then only the hypothesis of
identity remains. We turn, then, to the considerations that affect the chances of a
match when the defendant is not the source of the trace evidence.

C. Can the Match Be Attributed to Laboratory Error?

Although many experts would concede that even with rigorous protocols, the
chance of a laboratory error exceeds that of a coincidental match, quantifying
the former probability is a formidable task. Some commentary proposes using the
proportion of false positives that the particular laboratory has experienced in blind

62. NRC I, supra note 8, at 89.

63. A close relative, for these purposes, would be a brother, uncle, nephew, etc. For relationships
more distant than second cousins, the probability of a chance match is nearly as small as for persons of
the same ethnic subgroup. Bernard Devlin & Kathryn Roeder, DNA Profiling: Statistics and Population
Genetics, in 1 Modern Scientific Evidence: The Law and Science of Expert Testimony § 18-3.1.3, at
724 (David L. Faigman et al. eds., 1997).
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proficiency tests or the rate of false positives on proficiency tests averaged across
all laboratories.®* Indeed, the 1992 NRC Report remarks that “proficiency tests
provide a measure of the false-positive and false-negative rates of a laboratory.”
Yet the same report recognizes that “errors on proficiency tests do not necessarily
reflect permanent probabilities of false-positive or false-negative results,”*® and the
1996 NRC report suggests that a probability of a false-positive error that would
apply to a specific case cannot be estimated objectively.®” If the false-positive
probability were, say, 0.001, it would take tens of thousands of proficiency tests to
estimate that probability accurately, and the application of an historical industry-
wide error rate to a particular laboratory at a later time would be debatable.®

Most commentators who urge the use of proficiency tests to estimate the
probability that a laboratory has erred in a particular case agree that blind profi-
ciency testing cannot be done in sufficient numbers to yield an accurate estimate
of a small error rate. However, they maintain that proficiency tests, blind or
otherwise, should be used to provide a conservative estimate of the false-positive
error probability.®” For example, if there were no errors in 100 tests, a 95% con-
fidence interval would include the possibility that the error rate could be almost
as high as 3%.7°

Whether or not a case-specific probability of laboratory error can be esti-
mated with proficiency tests, traditional legal and scientific procedures can help to
assess the possibilities of errors in handling or analyzing the samples. Scrutinizing
the chain of custody, examining the laboratory’s protocol, verifying that it adhered
to that protocol, and conducting confirmatory tests (including testing by the
defense) can help show that the profiles really do match.

D. Could a Close Relative Be the Source?

With enough loci to test, all individuals except identical twins should be distin-
guishable. With existing technology and small sample sizes of DNA recovered
from crime scenes, however, this ideal is not always attainable. A thorough inves-

64. E.g., Jonathan J. Koehler, Error and Exaggeration in the Presentation of DNA Evidence at Trial,
34 Jurimetrics J. 21, 37-38 (1993).

65. NRC I, supra note 8, at 94.

66. Id. at 89.

67. NRC II, supra note 9, at 85-87.

68. Id. at 85-86; Devlin & Roeder, supra note 63, § 18-5.3, at 744—45. Such arguments have
not persuaded the proponents of estimating the probability of error from industry-wide proficiency
testing. E.g., Jonathan J. Koehler, Why DNA Likelihood Ratios Should Account for Error (Even When a
National Research Council Report Says They Should Not), 37 Jurimetrics J. 425 (1997).

69. E.g., Jonathan J. Koehler, DNA Matches and Statistics: Important Questions, Surprising Answers,
76 Judicature 222, 228 (1993); Richard Lempert, After the DNA Wars: Skirmishing with NRC II, 37
Jurimetrics J. 439, 447-48, 453 (1997).

70. See NRC II, supra note 9, at 86 n.1. For an explanation of confidence intervals, see David
H. Kaye & David A. Freedman, Reference Guide on Statistics, in this manual.
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tigation might extend to all known relatives, but this is not feasible in every case,
and there is always the chance that some unknown relatives are in the suspect
population. Formulas are available for computing the probability that any person
with a specified degree of kinship to the defendant also possesses the incriminating
genotype. For example, the probability that an untested brother (or sister) would
match at four loci (with alleles that each occur in 10% of the population) is about
1/380;7! the probability that an aunt (or uncle) would match is about 1/100,000.7>

E. Could an Unrelated Person Be the Source?

Another rival hypothesis is coincidence: The defendant is not the source of the
crime scene DNA but happens to have the same genotype as an unrelated indi-
vidual who is the true source. Various procedures for assessing the plausibility of
this hypothesis are available. In principle, one could test all conceivable suspects.
If everyone except the defendant has a nonmatching profile, then the defendant
must be the source. But exhaustive, error-free testing of the population of con-
ceivable suspects is almost never feasible. The suspect population normally defies
any enumeration, and in the typical crime where DNA evidence is found, the
population of possible perpetrators is so huge that even if all of its members could
be listed, they could not all be tested.”?

An alternative procedure would be to take a sample of people from the
suspect population, find the relative frequency of the profile in this sample, and
use that statistic to estimate the frequency in the entire suspect population. The
smaller the frequency, the less likely it is that the defendant’s DNA would match if
the defendant were not the source of trace evidence. Again, however, the suspect
population is difficult to define, so some surrogate must be used. The procedure
commonly followed is to estimate the relative frequency of the incriminating

71. For a case with conflicting calculations of the probability of an untested brother having a
matching genotype, see McDaniel v. Brown, 130 S. Ct. 665 (2010) (per curiam). The correct com-
putation is given in David H. Kaye, “False, but Highly Persuasive”: How Wrong Were the Probability
Estimates in McDaniel v. Brown? 108 Mich. L. Rev. First Impressions 1 (2009), available at http://
www.michiganlawreview.org/assets/fi/108/kaye.pdf.

72. These figures follow from the equations in NRC II, supra note 9, at 113. The large dis-
crepancy between two siblings on the one hand, and an uncle and nephew on the other, reflects the
fact that the siblings have far more shared ancestry. All their genes are inherited through the same two
parents. In contrast, a nephew and an uncle inherit from two unrelated mothers, and so will have few
maternal alleles in common. As for paternal alleles, the nephew inherits not from his uncle, but from
his uncle’s brother, who shares by descent only about one-half of his alleles with the uncle.

73. As the cost of DNA profiling drops, it will become technically and economically feasible to
have a comprehensive, population-wide DNA database that could be used to produce a list of nearly
everyone whose DNA profile is consistent with the trace evidence DNA. Whether such a system
would be constitutionally and politically acceptable is another question. See David H. Kaye & Michael
S. Smith, DNA Identification Databases: Legality, Legitimacy, and the Case for Population-Wide Coverage,
2003 Wis. L. Rev. 413.
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genotype in a large population. But even this cannot be done directly because each
possible multilocus profile is so rare that it 1s not likely to show up in any sample
of a reasonable size. However, the frequencies of most alleles can be determined
accurately by sampling the population to construct databases that reveal how
often each allele occurs. Principles of population genetics then can be applied to
combine the estimated allele frequencies into an estimate of the probability that a
person born in the population will have the multilocus genotype. This probability
often is referred to as the random-match probability. This section describes how
the allele frequencies are estimated from samples and how the random-match
probability is computed from allele frequencies.

1. Estimating allele frequencies from samples

As we saw in Section II1.B, the loci currently used in forensic testing have been
chosen partly because their alleles tend to be different in different people. For
example, 2% of the population might have the alleles with 7 and 10 repeats at a
particular STR locus; 1% might have the combination of 5 and 6; and so on. If
we take a DNA molecule’s view of the population, human beings are containers
for DNA and machines for copying and propagating them to the next generation
of human beings. The different DNA molecules are swimming, so to speak, in
a huge pool of humanity. All the possible alleles (the fives, sixes, sevens, and so
on) form a large population, or pool, of alleles. Each allele constitutes a certain
proportion of allele pool. Suppose, then, that a five-repeat allele represents 12%
of all of the allele pool, a six-repeat allele contributes 20%, and so on, for all the
alleles at a locus.

The first step in computing a random-match probability is to estimate these
allele frequencies. Ideally, a probability sample from the human population of
interest would be taken.”* We would start with a list of everyone who might
have left the trace evidence, take a random sample of these people, and count
the numbers of alleles of cach length that are present in the sample. Unfor-
tunately, a list of the people who comprise the entire population of possible
suspects is almost never available; consequently, probability sampling from the
directly relevant population is impossible. Probability sampling from a com-
parable population (with regard to the individuals’ DNA) is possible, but it is
not the norm in studies of the distributions of genes in populations. Typically,
convenience samples (from blood banks or paternity cases) are used.””> Rela-

74. Probability sampling is described in Kaye & Freedman, supra note 2, and Shari Seidman
Diamond, Reference Guide on Survey Research, in this manual.

75. A few experts have testified that no meaningful conclusions can be drawn in the absence of
random sampling. E.g., People v. Soto, 88 Cal. Rptr. 2d 34 (1999); State v. Anderson, 881 P.2d 29,
39 (N.M. 1994). The 1996 NRC report suggests that for the purpose of estimating allele frequencies,
convenience sampling should give results comparable to random sampling, and it discusses procedures
for estimating the random sampling error. NR C 1II, supra note 9, at 12627, 146—48, 186. The courts
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tively small samples can produce fairly accurate estimates of individual allele
frequencies.”®

Once the allele frequencies have been estimated, the next step in arriving at
a random-match probability is to combine them. This requires some knowledge
of how DNA is copied and recombined in the course of sexual reproduction and

how human beings choose their mates.

2. The product rule for a randomly mating population

All scientists use simplified models of a complex reality. Physicists solve equations
of motion in the absence of friction. Economists model exchanges among rational
agents who bargain freely with no transaction costs. Population geneticists compute
genotype frequencies in an infinite population of individuals who choose their
mates independently of their alleles at the loci in question. Although geneticists
describe this situation as random mating, geneticists know that people do not
choose their mates by a lottery. “Random mating” simply indicates that the choices
are uncorrelated with the specific alleles that make up the genotypes in question.

In a randomly mating population, the expected frequency of a pair of alleles
at any single locus depends on whether the two alleles are distinct. If the offspring
happens to inherit the same allele from each parent, the expected single-locus
genotype frequency is the square of the allele frequency (p?). If a different allele
is inherited from each parent, the expected single-locus genotype frequency
is twice the product of the two individual allele frequencies (often written as
2p,p,).”" These proportions are known as Hardy-Weinberg proportions. Even if
two populations with distinct allele frequencies are thrown together, within the
limits of chance variation, random mating produces Hardy-Weinberg equilibrium
in a single generation.

generally have rejected the argument that random samples are essential to valid or generally accepted
random-match probabilities. See D.H. Kaye, Bible Reading: DNA Evidence in Arizona, 28 Ariz. St. L.].
1035 (1996).

76. In the formative years of forensic DNA testing, defendants frequently contended that
forensic databases were too small to give accurate estimates, but this argument generally proved unper-
suasive. E.g., United States v. Shea, 957 F. Supp. 331, 341-43 (D.N.H. 1997); State v. Dishon, 687
A.2d 1074, 1090 (NJ. Super. Ct. App. Div. 1997); State v. Copeland, 922 P.2d 1304, 1321 (Wash.
1996). To the extent that the databases are comparable to random samples, confidence intervals are a
standard method for indicating the uncertainty resulting from sample size. Unfortunately, the meaning
of a confidence interval is subtle, and the estimate commonly is misconstrued. See Kaye & Freedman,
supra note 2.

77. Suppose that 10% of the sperm in the gene pool of the population carry allele 1 (A1), and
50% carry allele 2 (A2). Similarly, 10% of the eggs carry A1, and 50% carry A2. (Other sperm and eggs
carry other types.) With random mating, we expect 10% X 10% = 1% of all the fertilized eggs to be
A1A1, and another 50% X 50% = 25% to be A2A2. These constitute two distinct homozygote profiles.
Likewise, we expect 10% X 50% = 5% of the fertilized eggs to be A1A2 and another 50% X 10% =
5% to be A2A1. These two configurations produce indistinguishable profiles—a peak, band, or dot for
A1 and another mark for A2. So the expected proportion of heterozygotes A1A2 is 5% + 5% = 10%.
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Once the proportion of the population that has each of the single-locus
genotypes for the forensic profile has been estimated, the proportion of the
population that is expected to share the combination of them—the multilocus
profile frequency—is given by multiplying all the single-locus proportions. This
multiplication is exactly correct when the single-locus genotypes are statistically
independent. In that case, the population is said to be in linkage equilibrium.

Early estimates of DNA genotype frequencies assumed that alleles were inher-
ited independently within and across loci (Hardy-Weinberg and linkage equilib-
rium, respectively). Because the frequencies of the VNTR loci then in use were
shown to vary across census groups (whites, blacks, Hispanics, Asians, and Native
Americans), it became common to present the estimated genotype frequencies
within each of these groups (in cases in which the “race” of the source of the
trace evidence was unknown) or only in a particular census group (if the “race”

of the source was known).”®

3. The product rule for a structured population

Population geneticists understood that the equilibrium frequencies were only
approximations and that the major racial populations are composed of ethnic sub-
populations whose members tend to mate among themselves. Within each ethnic
subpopulation, mating still can be random, but if; say, Italian Americans have allele
frequencies that are markedly different than the average for all whites, and if Ttalian
Americans only mate among themselves, then using the average frequencies for all
whites in the basic product formula could understate—or overstate—a multilocus
profile frequency for the subpopulation of Italian Americans. Similarly, using the
population frequencies could understate—or overstate—the profile frequencies in
the white population itself.

Consequently, if we want to know the frequency of an incriminating profile
among Italian Americans, the basic product rule applied to the allele frequencies
for whites in general could be in error; and there is even some chance that the rule
will understate the profile frequency in the white population as a whole. Experts
have disagreed, however, as to whether the major population groups are so severely
structured that the departures from equilibrium would be substantial. Courts apply-
ing the Daubert and Frye rules for scientific evidence issued conflicting opinions as
to the admissibility of basic product-rule estimates.”” A 1992 report from a com-
mittee of the National Academy of Sciences did not resolve the question, but a
second committee concluded in 1996 that the basic product rule provided reason-
able estimates in most cases, and it described a modified version of the product rule

78. The use of a range of estimates conditioned on race is defended, and several alternatives are
discussed in Kaye, supra note 3, at 192-97; David H. Kaye, The Role of Race in DNA Evidence: What
Experts Say, What California Courts Allow, 37 Sw. U. L. Rev. 303 (2008).

79. These legal and scientific developments are chronicled in detail in Kaye, supra note 3.
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to account for population structure.®’ By the mid-1990s, the population-structure

objection to admitting random-match probabilities had lost its power.?!

F. Probabilities, Probative Value, and Prejudice

Up to this point, we have described the random-match probabilities that com-
monly are presented in conjunction with the finding that the trace evidence
sample contains DNA of the same type as the defendant’s. We have concentrated
on the methods used to compute the probabilities. Assuming that these methods
meet Daubert’s demand for scientific validity and reliability (or, in many states,
Frye’s requirement of general acceptance in the scientific community) and thus
satisfy Federal Rule of Evidence 702, a further issue can arise under Rule 403: To
what extent will the presentation assist the jury in understanding the meaning of
a match so that the jury can give the evidence the weight that it deserves? This
question involves psychology and law, and we summarize the arguments about
probative value and prejudice that have been made in litigation and in the legal
and scientific literature. We take no position on how the legal issue of the admis-
sibility of any particular statistic generally should be resolved under the balancing
standard of Rule 403. The answer may turn not only on the general features of the
evidence described here, but on the context and circumstances of particular cases.

1. Frequencies and match probabilities
a. Argument: Frequencies or probabilities are prejudicial because they are so small

The most common form of expert testimony about matching DNA involves
an explanation of how the laboratory ascertained that the defendant’s DNA has
the profile of the forensic sample plus an estimate of the profile frequency or
random-match probability. It has been suggested, however, that jurors do not
understand probabilities in general, and that infinitesimal match probabilities will
so bedazzle jurors that they will not appreciate the other evidence in the case or
any innocent explanations for the match.®? Empirical research into this hypothesis
has been limited,?? and commentators have noted that remedies short of exclusion

80. The 1996 committee’s recommendations for computing random-match probabilities with
broad populations and particular subpopulations are summarized in the previous edition of this guide.
The 1992 committee had proposed a more conservative (and less elegant) method of dealing with
variations across subpopulations (the “ceiling principle”), also described in the previous edition.

81. See, e.g., Kaye, supra note 3.

82. Cf. Gov't of the Virgin Islands v. Byers, 941 F. Supp. 513, 527 (D.V.L. 1996) (‘“Vanish-
ingly small probabilities of a random match may tend to establish guilt in the minds of jurors and are
particularly suspect.”).

83. This research is tabulated in David H. Kaye et al., Statistics in the Jury Box: Do Jurors Under-
stand Mitochondrial DNA Match Probabilities? 4 J. Empirical Legal Stud. 797 (2007). The findings do
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are available.®* Thus, although there once was a line of cases that excluded prob-
ability testimony in criminal matters, by the mid-1990s, no jurisdiction excluded
DNA match probabilities on this basis.®> The opposite argument—that relatively

large random-match probabilities are prejudicial—also has been advanced without

SUCCCSS.86

b. Argument: Frequencies or probabilities are prejudicial because they might be
transposed

A related concern is that the jury will misconstrue the random-match probability
as the probability that the evidence DNA came from a random individual.®
The words are almost identical, but the probabilities can be quite different. The
random-match probability is the probability that the suspect has the DNA geno-
type of the crime scene sample if he is not the true source of that sample (and is unre-
lated to the true source). The tendency to invert or transpose the probability—to
go from a one-in-a-million chance if the suspect is not the source to a million-to-one
chance that the suspect is the source is known as the fallacy of the transposed condi-
tional.®® To appreciate that the transposition is fallacious, consider the probability

not clearly support the argument that jurors will overweight the probability, but the details of how
the probability is presented and countered may be important.

84. According to the 1996 NRC committee, suitable cross-examination, defense experts, and
jury instructions might reduce the risk that small estimates of the match probability will produce an
unwarranted sense of certainty and lead a jury to disregard other evidence. NRC II, supra note 9, at 197.

85. E.g., United States v. Chischilly, 30 F.3d 1144 (9th Cir. 1994) (citing cases); State v. Weeks,
891 P.2d 477, 489 (Mont. 1995) (rejecting the argument that “the exaggerated opinion of the accu-
racy of DNA testing is prejudicial, as juries would give undue weight and deference to the statistical
evidence” and “that the probability aspect of the DNA analysis invades the province of the jury to
decide the guilt or innocence of the defendant”).

86. See United States v. Morrow, 374 F. Supp. 2d 51, 65 (D.D.C. 2005) (rejecting the argument
because “the DNA evidence remains probative, and helps to corroborate other evidence and support
the Government’s case as to the identity of the relevant perpetrators. Indeed, the low statistical signifi-
cance actually benefits Defendants, as Defendants can argue that having random match probabilities
running between 1:12 and 1:1 means that hundreds, if not thousands, of others in the Washington,
D.C. area cannot be excluded as possible contributors as well.”).

87. Numerous opinions or experts present the random-match probability in this manner. E.g.,
State v. Davolt, 84 P.3d 456, 475 (Ariz. 2004) (stating that “the chance the saliva found on cigarette
remains in the house did not belong to [the defendant] was one in 280 quadrillion for the Caucasian
population”); Kaye et al., supra note 1, § 14.1.2(a) (collecting opinions reflecting this fallacy).

88. The transposition fallacy also is called the “prosecutor’s fallacy” in the legal literature—
despite the fact that it hardly is limited to prosecutors. Our description of the fallacy is imprecise.
In this context, the random-match probability is the chance that (A) the suspect has the crime scene
genotype given that (B) he is not the true source. The probability that the match is random is the
probability that (B) the individual tested has been selected at random given that (A) the individual
has the requisite genotype. In general, for two events A and B, the probability of A given B, which
we can write as P(A given B), does not equal P(B given A). See Kaye & Freedman, supra note 2. The
claim that the probabilities are necessarily equal is the transposition fallacy. Id. (also noting instances
of the fallacy in other types of litigation).
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that a lawyer picked at random from all lawyers in the United States is an appellate
judge. This “random-judge probability” is practically zero. But the probability
that a person randomly selected from the current appellate judiciary is a lawyer
is one. The random-judge probability, P(judge given lawyer), does not equal the
transposed probability P(lawyer given judge). Likewise, the random-match prob-

ability P(genotype given unrelated source) does not necessarily equal P(unrelated

source given genotype).®’

No federal court has excluded a random-match probability (or, for that
matter, an estimate of the small frequency of a DNA profile in the general
population) as unfairly prejudicial simply because the jury might misinterpret it
as a probability that the defendant is the source of the forensic DNA.” Courts,
however, have noted the need to have the concept “properly explained,”! and
prosecutorial or expert misrepresentations of the random-match probabilities for

89. To avoid this fallacious reasoning by jurors, some scientific and legal commentators have
urged the exclusion of random-match probabilities. In response, the 1996 NRC committee suggested
that “if the initial presentation of the probability figure, cross-examination, and opposing testimony
all fail to clarify the point, the judge can counter [the fallacy| by appropriate instructions to the jurors
that minimize the possibility of cognitive errors.” NRC II, supra note 9, at 198 (footnote omitted).
The committee suggested the following instruction to define the random-match probability:

In evaluating the expert testimony on the DNA evidence, you were presented with a number indicating
the probability that another individual drawn at random from the [specify] population would coinci-
dentally have the same DNA profile as the [bloodstain, semen stain, etc.]. That number, which assumes
that no sample mishandling or laboratory error occurred, indicates how distinctive the DNA profile is.
It does not by itself tell you the probability that the defendant is innocent.

Id. at 198 n.93. An alternative adopted in England is to confine the prosecution to stating a frequency
rather than a probability. See Kaye et al., supra note 1, § 14.1.2(b); o/ D.H. Kaye, The Admissibility of
“Probability Evidence” in Criminal Trials—DPart 1I, 27 Jurimetrics J. 160, 168 (1987) (similar proposal).

The NRC committee also noted the opposing “defendant’s fallacy” of dismissing or undervaluing
the matches with high likelihood ratios because other matches are to be expected in unrealistically
large populations of potential suspects. For example, defense counsel might argue that (1) with a
random-match probability of one in a million, we would expect to find three or four unrelated people
with the requisite genotypes in a major metropolitan area with a population of 3.6 million; (2) the
defendant just happens to be one of these three or four, which means that the chances are at least 2
out of 3 that someone unrelated to the defendant is the source; so (3) the DNA evidence does nothing
to incriminate the defendant. The problem with this argument is that in a case involving both DNA
and non-DNA evidence against the defendant, it is unrealistic to assume that there are 3.6 million
equally likely suspects. When juries are confronted with both fallacies, the defendant’s fallacy seems
to dominate. NRC II, supra note 9, at 198; ¢f. Jonathan J. Koehler, The Psychology of Numbers in the
Courtroom: How to Make DNA-Match Statistics Seem Impressive or Insufficient, 74 S. Cal. L. Rev. 1275
(2001) (discussing ways of framing the evidence that make it more or less persuasive).

90. See, e.g., United States v. Morrow, 374 F. Supp. 2d 51, 66 (D.D.C. 2005) (“careful oversight
by the district court and proper explanation can easily thwart this issue”).

91. United States v. Shea, 957 F. Supp. 331, 345 (D.N.H. 1997); see also United States v.
Chischilly, 30 E.3d 1144, 1158 (9th Cir. 1994) (stating that the government must be “careful to frame
the DNA profiling statistics presented at trial as the probability of a random match, not the probability
of the defendant’s innocence that is the crux of the prosecutor’s fallacy”).
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DNA and other trace evidence have produced reversals or contributed to the
setting aside of verdicts.”?

c. Argument: Random-match probabilities that are smaller than false-positive
error probabilities are irrelevant or prejudicial

Some scientists and lawyers have maintained that match probabilities are
logically irrelevant when they are far smaller than the probability of a frameup, a
blunder in labeling samples, cross-contamination, or other events that would yield
a false positive.”® The argument is that the jury should concern itself only with the
chance that the forensic sample is reported to match the defendant’s profile even
though the defendant is not the source. Match probabilities do not express this
chance unless the probability of a false-positive report (because of fraud or an error
in the collection, handling, or analysis of the DNA samples) is essentially zero.
The mathematical observation has led to the argument that because these other
possible explanations for a match are more probable than the very small random-
match probabilities for most STR profiles, the latter probabilities are irrelevant.
Commentators have crafted theoretical, doctrinal, and practical rejoinders to this
claim.®* The essence of the counterargument is that it is logical to give jurors
information about kinship or random-match probabilities because, even if these
numbers do not give the whole picture, they address pertinent hypotheses about
the true source of the trace evidence.

It also has been argued that even if very small match probabilities are logically
relevant, they are unfairly prejudicial in that they will cause jurors to neglect the
probability of a match arising due to a false-positive laboratory error.”> A court

92. E.g., United States v. Massey, 594 F.2d 676, 681 (8th Cir. 1979) (explaining that in closing
argument about hair evidence, “the prosecutor ‘confuse[d] the probability of concurrence of the iden-
tifying marks with the probability of mistaken identification’) (alteration in original). The Supreme
Court noted the transposition fallacy in the prosecution’s presentation of DNA evidence as a basis for
a federal writ of habeas corpus in McDaniel v. Brown, 130 S. Ct. 665 (2010) (per curiam). The Court
unanimously held that the prisoner had not properly raised the issue of whether this error amounted
to a violation of due process. For comments on that issue, see Kaye, supra note 71.

93. E.g., Jonathan ]J. Koehler et al., The Random Match Probability in DNA Evidence: Irrelevant
and Prejudicial? 35 Jurimetrics J. 201 (1995); Richard C. Lewontin & Daniel L. Hartl, Population
Genetics in Forensic DNA Typing, 254 Science 1745, 1749 (1991) (“[p]robability estimates like 1 in
738,000,000,000,000 . . . are terribly misleading because the rate of laboratory error is not taken into
account”).

94. See Kaye et al., supra note 1, § 14.1.1 (discussing the issue).

95. Some commentators believe that this prejudice is so likely and so serious that “jurors
ordinarily should receive only the laboratory’s false positive rate. . . .” Richard Lempert, Some Caveats
Concerning DNA as Criminal Identification Evidence: With Thanks to the Reverend Bayes, 13 Cardozo L.
Rev. 303, 325 (1991) (emphasis added). The 1996 NRC committee was skeptical of this view, espe-
cially when the defendant has had a meaningful opportunity to retest the DNA at a laboratory of his
or her choice, and it suggested that judicial instructions can be crafted to avoid this form of prejudice.
NRC II, supra note 9, at 199. Pertinent psychological research includes Dale A. Nance & Scott B.
Morris, Juror Understanding of DNA Evidence: An Empirical Assessment of Presentation Formats for Trace
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that shares this concern might require the expert who presents a random-match
probability also to report a probability that the laboratory is mistaken about the
profiles. Of course, for reasons given in Section III.B.2, some experts would deny
that they can provide a meaningful statistic for the case at hand, but it has been
pointed out that they could report the results of proficiency tests and leave it to
the jury to use this figure as best it can in considering whether a false-positive
error has occurred.”® In any event, the courts have been unreceptive to efforts to

replace random-match probabilities with a blended figure that incorporates the

9

risk of a false-positive error” or to exclude random-match probabilities that are

not accompanied by a separate false-positive error probability.”®

Evidence with a Relatively Small Random Match Probability, 34 J. Legal Stud. 395 (2005); Dale A. Nance
& Scott B. Morris, An Empirical Assessment of Presentation Formats for Trace Evidence with a Relatively Large
and Quantifiable Random Match Probability, 42 Jurimetrics J. 1 (2002); Jason Schklar & Shari Seidman
Diamond, Juror Reactions to DNA Evidence: Errors and Expectancies, 23 Law & Hum. Behav. 159, 179
(1999) (concluding that separate figures for laboratory error and a random match to a correctly ascer-
tained profile are desirable in that “[jlurors . . . may need to know the disaggregated elements that
influence the aggregated estimate as well as how they were combined in order to evaluate the DNA
test results in the context of their background beliefs and the other evidence introduced at trial”).

96. Cf. Williams v. State, 679 A.2d 1106, 1120 (Md. 1996) (reversing because the trial court
restricted cross-examination about the results of proficiency tests involving other DNA analysts at the
same laboratory). But see United States v. Shea, 957 F. Supp. 331, 344 n.42 (D.N.H. 1997) (“The
parties assume that error rate information is admissible at trial. This assumption may well be incor-
rect. Even though a laboratory or industry error rate may be logically relevant, a strong argument
can be made that such evidence is barred by Fed. R. Evid. 404 because it is inadmissible propensity
evidence.”).

97. United States v. Ewell, 252 F. Supp. 2d 104, 113—-14 (D.N.J. 2003) (stating that exclusion
of the random-match probability is not justified when “the defendant’s argument is not based on
evidence of actual errors by the laboratory, but instead has simply challenged the Government’s fail-
ure to quantify the rate of laboratory error,” while “the Government has demonstrated the scientific
method has a virtually zero rate of error, and that it employs sufficient procedures and controls to
limit laboratory error,” and the defendant had an expert who could testify to the probability of error);
United States v. Shea, 957 F. Supp. 331, 334-45 (D.N.H. 1997) (holding that separate figures for
match and error probabilities are not prejudicial); People v. Reeves, 109 Cal. Rptr. 2d 728, 753 (Ct.
App. 2001) (holding that probability of laboratory error need not be combined with random-match
probability); Armstead v. State, 673 A.2d 221, 245 (Md. 1996) (finding that the failure to combine a
random-match probability with an error rate on proficiency tests that was many orders of magnitude
greater (and that was placed before the jury) did not deprive the defendant of due process); State v.
Tester, 968 A.2d 895 (Vt. 2009).

98. United States v. Trala, 162 F. Supp. 2d 336, 350-51 (D. Del. 2001) (stating that presenting
a nonzero laboratory error rate is not a condition of admissibility, and Daubert does not require sepa-
rate figures for match and error probabilities to be combined); United States v. Lowe, 954 F. Supp.
401, 415-16 (D. Mass. 1997), aff’d, 145 E.3d 45 (1st Cir. 1998) (finding that a “theoretical” error
rate need not be presented when quality assurance standards have been followed and defendant had
the opportunity to retest the sample); Roberts v. United States, 916 A.2d 922, 930-31 (D.C. 2007)
(finding that presenting a laboratory error rate is not a condition of admissibility); Roberson v. State,
16 S.W.3d 156, 168 (Tex. Crim. App. 2000) (finding that error rate not needed when laboratory
was accredited and underwent blind proficiency testing); Tester, 968 A.2d 895 (stating that when the
laboratory chemist stated that “[t]here is no error rate to report” because the number of proficiency
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2. Likelihood ratios

Sufficiently small probabilities of a match for close relatives and unrelated members
of the suspect population undermine the hypotheses of kinship and coincidence.
Adequate safeguards and checks for possible laboratory error make that explanation
of the finding of matching genotypes implausible. The inference that the defendant
is the source of the crime scene DNA is then secure. But this mode of reasoning
by elimination is not the only way to analyze DNA evidence. This subsection and
the next describe alternatives—Ilikelihoods and posterior probabilities—that some
statisticians prefer and that have been used in a growing number of court cases.

To choose between two competing hypotheses, one can compare how prob-
able the evidence is under each hypothesis. Suppose that the probability of a
match in a well-run laboratory is close to 1 when the samples both contain only
the defendant’s DNA, while both the probability of a coincidental match and the
probability of a match to a close relative are close to 0. In these circumstances,
the DNA profiling strongly supports the claim that the defendant is the source,
because the observed outcome—the match—is many times more probable when
the defendant is the source than when someone else is. How many times more
probable? Suppose that there 1s a 1% chance that the laboratory would miss a true
match, so that the probability of its finding a match when the defendant is the
source 1s 0.99. Suppose further that p = 0.00001 is the random-match probability.
Then the match 1s 0.99/0.00001, or 99,000 times more likely to be seen if the
defendant is the source than if an unrelated individual is. Such a ratio is called a
likelihood ratio, and a likelihood ratio of 99,000 means that the DNA profiling
supports the claim of identity 99,000 times more strongly than it supports the
hypothesis of coincidence.”

Likelihood ratios have been presented in court in many cases. They are rou-
tinely introduced under the name “paternity index” in civil and criminal cases
that involve DNA testing for paternity.!"
which the issue is whether two samples originated from the same individual. For
example, in one California case, an expert stated that “for the Caucasian popula-
tion, the evidence DNA profile was approximately 1.9 trillion times more likely to
match appellant’s DNA profile if he was the contributor of that DNA rather than
some unknown, unrelated individual; for the Hispanic population, it was 2.6 tril-

Experts also have used them in cases in

lion times more likely; and for the African-American population, it was about
9.1 trillion times more likely.”'"! And, as explained below (Section V.C), likeli-

trials was insufticient, the random-match probability was admissible and preferable to presenting the
finding of a match with no accompanying statistic).

99. Another likelihood ratio would give the relative likelihood of the hypotheses of identity and
a falsely declared match arising from an error in the laboratory. See supra Section IV.E.1.

100. See Kaye, supra note 3; 1 McCormick on Evidence, supra note 3, § 211.

101. People v. Prince, 36 Cal. Rptr. 3d 300, 310 (Ct. App. 2005), review denied, 142 P.3d 1184
(Cal. 2006).
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hood ratios are especially useful for samples that are mixtures of DNA from several
people.

The major objection to likelihoods is not statistical, but psychological.!®? As
with random-match probabilities, they are easily transposed.!®® With random-
match probabilities, we saw that courts have reasoned that the possibility of trans-
position does not justify a blanket rule of exclusion. The same issue has not been
addressed directly for likelihood ratios.

3. Posterior probabilities

The likelihood ratio expresses the relative strength of two hypotheses, but the judge
or jury ultimately must assess a different type of quantity—the probability of the
hypotheses themselves. An elementary rule of probability theory known as Bayes’
theorem yields this probability. The theorem states that the odds in light of the data
(here, the observed profiles) are the odds as they were known prior to receiving the
data times the likelihood ratio. More succinctly, posterior odds = likelthood ratio
X prior odds.!’* For example, if the relevant match probability!"® were 1/100,000,
and if the chance that the laboratory would report a match between samples from
the same source were 0.99, then the likelihood ratio would be 99,000, and the
jury could be told how the DINA evidence raises various prior probabilities that
the defendant’s DNA is in the evidence sample.!*

102. For legal commentary and additional cases upholding the admission of likelihood ratios over
objections based on Frye and Daubert, see Kaye et al., supra note 1, § 14.2.2.

103. United States v. Thomas, 43 M.J. 626 (A.F. Ct. Crim. App. 1995), provides an example.
In this murder case, a military court described testimony from a population geneticist that “conserva-
tively, it was 76.5 times more likely that the samples . . . came from the victim than from someone
else in the Filipino population.” Id. at 635. Yet, this is not what the DNA testing showed. A more
defensible statement is that “the match between the bloodstains was 76.5 times more probable if the
stains came from the victim than from an unrelated Filipino” or “the match supports the hypothesis
that the stains came from the victim 76.5 times more than it supports the hypothesis that they came
from an unrelated Filipino woman.” Kaye et al., supra note 7, § 14.2.2.

104. Odds and probabilities are two ways to express chances quantitatively. If the probability of
an event is P, the odds are P/(1 — P). If the odds are O, the probability is O/(O + 1). For instance,
if the probability of rain is 2/3, the odds of rain are 2 to 1 because (2/3)/(1 — 2/3) = (2/3)/(1/3) =
2. If the odds of rain are 2 to 1, then the probability is 2/(2 + 1) = 2/3.

105. By “relevant match probability,” we mean the probability of a match given a specified type
of kinship or the probability of a random match in the relevant suspect population. For relatives more
distantly related than second cousins, the probability of a chance match is nearly as small as for persons
of the same subpopulation. Devlin & Roeder, supra note 63, § 18-3.1.3, at 724.

106. If this procedure is followed, the analyst could explain that these calculations rest on many
premises, including the premise that the genotypes have been correctly determined. See, e.¢., Richard
Lempert, The Honest Scientist’s Guide to DNA Evidence, 96 Genetica 119 (1995). If the jury accepted
these premises and also decided to accept the hypothesis of identity over those of kinship and coinci-
dence, it still would be open to the defendant to offer explanations of how the forensic samples came
to include his or her DNA even though he or she is innocent.
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One difficulty with this use of Bayes’ theorem is that the computations con-
sider only one alternative to the claim of identity at a time. As indicated earlier,
however, several rival hypotheses might apply in a given case. If the DNA in the
crime scene sample is not the defendant’s, is it from his father, his brother, his
uncle, or another relative? Is the true source a member of the same subpopula-
tion? Or is the source a member of a different subpopulation in the same general
population? In principle, the likelihood ratio can be generalized to a likelihood
function that takes on suitable values for every person in the world, and the prior
probability for each person can be cranked into a general version of Bayes’ rule to
yield the posterior probability that the defendant is the source. In this vein, some
commentators suggest that Bayes’ rule be used to combine the various likelihood
ratios for all possible degrees of kinship and subpopulations.'?’

As with likelihood ratios, Bayes’ rule is routine in cases involving parentage
testing. Some courts have held that the “probability of paternity” derived from
the formula is inadmissible in criminal cases, but most have reached the opposite
conclusion, at least when the prior odds used in the calculation are disclosed to
the jury.!"® An extended literature has grown up on the subject of how posterior

probabilities might be useful in criminal cases.!"”

G. Verbal Expressions of Probative Value

Having surveyed the issues related to the value and dangers of probabilities
and statistics for DNA evidence, we turn to a related issue that can arise under
Rules 702 and 403: Should an expert be permitted to offer a nonnumerical
judgment about the DNA profiles? Many courts have held that a DNA match is
inadmissible unless the expert attaches a scientifically valid number to the match.
Indeed, some opinions state that this requirement flows from the nature of science
itself. However, this view has been challenged,!'” and not all courts agree that
an expert must explain the power of a DNA match in purely numerical terms.

107. David J. Balding, Weight-of-Evidence for Forensic DNA Profiles (2005); David J. Balding
& Peter Donnelly, Inference in Forensic Identification, 158 J. Royal Stat. Soc’y Ser. A 21 (1995); of.
Lempert, supra note 69, at 458 (describing a similar procedure).

108. Kaye et al., supra note 1, § 14.3.2.

109. See id.; 1 McCormick on Evidence, supra note 3, § 211; David H. Kaye, Rounding Up
the Usual Suspects: A Legal and Logical Analysis of DNA Database Trawls, 87 N.C. L. Rev. 425 (2009)
(defending a Bayesian presentation by a defendant identified by a “cold hit” in a DNA database).

110. See, e.g., Commonwealth v. Crews, 640 A.2d 395, 402 (Pa. 1994) (explaining that “[t|he
factual evidence of the physical testing of the DNA samples and the matching alleles, even without
statistical conclusions, tended to make appellant’s presence more likely than it would have been with-
out the evidence, and was therefore relevant.”). The 1996 NRC committee wrote that science only
demands “underlying data that permit some reasonable estimate of how rare the matching character-
istics actually are,” and “[o]nce science has established that a methodology has some individualizing
power, the legal system must determine whether and how best to import that technology into the trial
process.” NRC II, supra note 9, at 192.
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1. “Rarity” or “strength” testimony

Instead of presenting numerical frequencies or match probabilities, a scientist

LT3

could characterize a 13-locus STR profile as “rare,” “extremely rare,” or the
like. Instead of quoting a numerical likelihood ratio, the analyst could refer to
the match as “powerful,” “very strong evidence,” and so on. At least one state
supreme court has endorsed this qualitative approach as a substitute to the presen-

tation of quantitative estimates.'!!

2. Source or uniqueness testimony

The most extreme case of a purely verbal description of the infrequency of a pro-
file occurs when that profile can be said to be unique. Of course, the uniqueness
of any object, from a snowflake to a fingerprint, in a population that cannot be
enumerated never can be proved directly. As with all sample evidence, one must
generalize from the sample to the entire population. There is always some prob-
ability that a census would prove the generalization to be false. Over a decade
ago, the second NRC committee therefore wrote that “[t]here is no ‘bright-line’
standard in law or science that can pick out exactly how small the probability of
the existence of a given profile in more than one member of a population must be
before assertions of uniqueness are justified. . . . There might already be cases in
which it is defensible for an expert to assert that, assuming that there has been no
sample mishandling or laboratory error, the profile’s probable uniqueness means
that the two DNA samples come from the same person.”!'? Before concluding
that a DNA profile is unique in a given population, however, a careful expert
also should consider not only the random-match probability (which pertains to
unrelated individuals) but also the chance of a match to a close relative. Indeed,
the possible existence of an unknown, identical twin also means that a scientist
never can be absolutely certain that crime scene evidence could have come from
only the defendant.

Courts have accepted or approved of expert assertions of uniqueness or of
individual source identification.!’® For these assertions to be justified, a large

111. State v. Bloom, 516 N.W.2d 159, 166—67 (Minn. 1994) (“Since it may be pointless to
expect ever to reach a consensus on how to estimate, with any degree of precision, the probability
of a random match and that, given the great difficulty in educating the jury as to precisely what that
figure means and does not mean, it might make sense to simply try to arrive at a fair way of explaining
the significance of the match in a verbal, qualitative, nonquantitative, nonstatistical way.”). A related
question is whether an expert should be allowed to declare a match without adding any information on
how common or rare the profile is. For discussion of such pure “defendant-not-excluded” testimony,
see United States v. Morrow, 374 F. Supp. 2d 51 (D.D.C. 2005); Kaye et al., supra note 1, § 15.4.

112. NRC II, supra note 9, at 194.

113. E.g., United States v. Davis, 602 F. Supp. 2d 658 (D. Md. 2009) (“the random match
probability figures . . . are sufficiently low so that the profile can be considered unique”); People v.
Baylor, 118 Cal. Rptr. 2d 518, 522 (Ct. App. 2002) (testimony that “defendant had a unique DNA
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number of sufficiently polymorphic loci must have been tested, making the prob-
abilities of matches to both relatives and unrelated individuals so tiny that the

probability of finding another person who could be the source within the relevant

population is negligible.'!*

V. Special Issues in Human DNA Testing
A. Mitochondrial DNA

Mitochondria are small structures, with their own membranes, found inside the
cell but outside its nucleus. Inside these organelles, molecules are broken down to
supply energy. Mitochondria have a small genome—a circle of 16,569 nucleotide

base pairs within the mitochondrion—that bears no relation to the comparatively

monstrous chromosomal genome in the cell nucleus.''

Mitochondrial DNA (mtDNA) has four features that make it useful for
forensic DNA testing. First, the typical cell, which has but one nucleus, contains
hundreds or thousands of nearly identical mitochondria. Hence, for every copy of

profile that ‘probably does not exist in anyone else in the world.””); State v. Hauge, 79 P.3d 131 (Haw.
2003) (uniqueness); Young v. State, 879 A.2d 44, 46 (Md. 2005) (holding that “when a DNA method
analyzes genetic markers at sufficient locations to arrive at an infinitesimal random match probability,
expert opinion testimony of a match and of the source of the DNA evidence is admissible”; hence,
it was permissible to introduce a report providing no statistics but stating that “(in the absence of an
identical twin), Anthony Young (K1) is the source of the DNA obtained from the sperm fraction of
the Anal Swab (R1).”); State v. Buckner, 941 P.2d 667, 668 (Wash. 1997) (finding that in light of 1996
NRC Report, “we now conclude there should be no bar to an expert giving his or her expert opinion
that, based upon an exceedingly small probability of a defendant’s DNA profile matching that of
another in a random human population, the profile is unique.”).

114. We apologize for the length of this sentence, but there are three distinct probabilities that
arise in speaking of the uniqueness of DNA profiles. First, there is the probability of a match to a single,
randomly selected individual in the population. This is the random-match probability. Second, there is
the probability that the particular profile is unique. This probability involves pairing the profile with
every member of the population. Third, there is the probability that all pairs of all profiles are unique.
The first probability is larger than the second, which is many times larger than the third. Uniqueness
or source testimony need only establish that the one DNA profile in the trace evidence is unique—and
not that all DNA profiles are unique. Thus, it is the second probability, properly computed, that must
be quite small to warrant the conclusion that no one but the defendant (and any identical twins) could
be the source of the crime scene DNA. See David H. Kaye, Identification, Individuality, and Uniqueness:
What’s the Difference? 8 Law, Probability & Risk 85 (2009).

Formulas for estimating all these probabilities are given in NRC II, supra note 9, but DNA
analysts and judges sometimes infer uniqueness on the basis of incorrect intuitions about the size of
the random-match probability. See Balding, supra note 107, at 148 (2005) (describing “the unique-
ness fallacy”); ¢f. State v. Lee, 976 So. 2d 109, 117 (La. 2008) (incorrect but harmless miscalculation).

115. Mitochondria probably started out as bacteria that were engulfed by cells eons ago. Some
of their genes have migrated to the chromosomes, but STR and other DNA sequences in the nucleus
are not physically or statistically associated with the sequences of the DNA in the mitochondria.
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chromosomal DNA, there are hundreds or thousands of copies of mitochondrial
DNA. This means that it is possible to detect mtDNA in samples, such as bone
and hair shafts, that contain too little nuclear DNA for conventional typing.

Second, two “hypervariable” regions that tend to be different in different
individuals lie within the “control region” or “D-loop” (displacement loop) of
the mitochondrial genome.''® These regions extend for a bit more than 300 base
pairs each—short enough to be typable even in highly degraded samples such as
very old human remains.

Third, mtDNA comes solely from the egg cell.!'” For this reason, mtDNA
is inherited maternally, with no fatherly contribution:'!® Siblings, maternal half-
siblings, and others related through maternal lineage normally possess the same
mtDNA sequence. This feature makes mtDNA particularly useful for associating
persons related through their maternal lineage. It has been exploited to identify the
remains of the last Russian tsar and other members of the royal family, of soldiers
missing in action, and of victims of mass disasters.

Finally, point mutations accumulate in the noncoding D-loop without alter-
ing how the mitochondrion functions. Hence, a single individual can develop
distinct internal populations of mitochondria.''® As discussed below, this phe-
nomenon, known as heteroplasmy, complicates the interpretation of mtDNA
sequences. Yet, it is mutations that make mtDNA polymorphic and hence useful
in identifying individuals. Over time, mutations in egg cells can propagate to
later generations, producing more heterogeneity in mitochondrial genomes in the
human population.'?® This polymorphism allows scientists to compare mtDNA
from crime scenes to mtDNA from given individuals to ascertain whether the
tested individuals are within the maternal line (or another coincidentally matching
maternal line) of people who could have been the source of the trace evidence.

The small mitochondrial genome can be analyzed with a PCR-based method
that gives the order of all the base pairs."*! The sequences of two samples—say,
DNA extracted from a hair shaft found at a crime scene and hairs plucked from
a suspect—then can be compared. Most analysts describe the results in terms on

116. A third, somewhat less polymorphic, region in the D-loop can be used for additional dis-
crimination. The remainder of the control region, although noncoding, consists of DNA sequences
that are involved in the transcription of the mitochondrial genes. These control sequences are essen-
tially the same in everyone (monomorphic).

117. The relatively few mitochondria in the spermatozoan that fertilizes the egg cell soon
degrade and are not replicated in the multiplying cells of the pre-embryo.

118. The possibility of paternal contributions to mtDNA in humans is discussed in, e.g., John
Buckleton et al., Nonautosomal Forensic Markers, in Forensic DNA Evidence Interpretation 299, 302
(John Buckleton et al. eds., 2005).

119. A single tissue has only one mitotype; another tissue from the same individual might have
another mitotype; a third might have both mitotypes.

120. Evolutionary studies suggest an average mutation rate for the mtDNA control region of as
little as one nucleotide difference every 300 generations, or one difference every 6000 years.

121. Other methods to ascertain the base-pair sequences also are available.
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inclusions and exclusions, although, in principle, a likelihood ratio is better suited
to cases in which there are slight sequence differences.'? In the simplest case, the
two sequences show a good number of differences (a clear exclusion), or they are
identical (an inclusion). In such cases, mitotyping can exclude individuals as the
source of stray hairs even when the hairs are microscopically indistinguishable.!??

As with nuclear DNA, to indicate the significance of the match, analysts usu-
ally estimate the frequency of the sequence in some population. The estimation
procedure is actually much simpler with mtDINA. It is not necessary to combine
any allele frequencies because the entire mtDNA sequence, whatever its internal
structure may be, is inherited as a single unit (a “haplotype”). In other words, the
sequence itself is like a single allele, and one can simply see how often it occurs
in a sample of unrelated people.'?*

Laboratories therefore refer to databases of mtDNA sequences to see how
often the type in question has been seen before. Often, the mtDNA sequence
from the crime scene is not represented in the database, indicating that it is a

125 the reference database

relatively rare sequence. For example, in State v. Pappas,
consisted of 1219 mtDNA sequences from whites, and it did not include the
sequence that was present in the hairs near the crime scene and in the defendant.
Thus, this particular sequence was observed once (at the crime scene) out of 1220
times (adding the new sequence to the 1219 different sequences on file). This
would correspond to a population frequency of 0.082%. However, to account for
sampling error (the inevitable differences between random samples and the popu-
lation from which they are drawn), a laboratory might use a slightly different esti-
mate. In general, laboratories count the occurrences in the database and take the
upper end of a 95% confidence interval around the corresponding proportion.'2¢
Applying this logic, an FBI analyst in Pappas testified to “the maximum match
probability . . . of three in 1000. . . . [O]ut of 1000 randomly selected persons, it
could be expected that three persons would share the same mtDNA type as the
defendant.”'?” The basic idea is that even if 3/1000 people in the white popula-
tion have the sequence, there still is a 5% chance that it would not show up in

a specific (randomly drawn) database of size 1219; hence, 3/1000 is a reasonable

122. The likelihood-ratio approach is developed in Buckleton et al., supra note 118.

123. The implications of this fact for the admissibility of microscopic hair analysis is discussed
in Kaye, supra note 3.

124. In this context, “unrelated people” means individuals with a different maternal lineage.

125. 776 A.2d 1091 (Conn. 2001).

126. The Reference Manual on Statistics discusses the meaning of a confidence interval. It has
been argued that instead of using x/N in forming the confidence interval, one should use the propor-
tion (x + 1)/(N + 1), where x is the number of matching sequences in the database and N is the size
of the database. After all, following the testing, x + 1 is the number of times that the sequence has
been seen in N + 1 individuals. This is the reasoning that produced the point estimate of 1/1220 rather
than 0/1219. For large databases, this alteration will make little difference in the confidence interval.

127. 776 A.2d at 1111 (emphasis added).
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upper estimate for the population frequency.'?® If the population frequency of
the sequence in unrelated whites were much larger, the chance that the sequence
would have been missed in the database sampling would be even less than 5%.

Computations that rely on databases of major population groups (such as
whites) assume that the reference database is a representative sample of a popula-
tion of unrelated individuals who might have committed the alleged crime. This
assumption is justified if there has been sufficient random mating within the racial
population. In principle, the adjustment that accounts for population structure (see
supra Section IV.E.3) could be used, but how large the adjustment should be is not
clear.'? Statistics derived from many databases from different locations also have
been proposed.’*® An alternative is to develop local databases that would reflect
the proportion of all the people in the vicinity of the crime possessing each pos-
sible mitotype.'®! Until these databases exist, an expert might give rather restricted
quantitative testimony. In Pappas, for example, the expert could have said that
the hairs and the defendants have the same mitotype and that this mitotype did
not appear in a group of 1219 other people in a national sample, and the expert
could have refrained from offering any estimate of the frequency in all whites.
This restricted presentation suggests that the match has some probative value, but
a court might need to consider whether it is sufficient to leave it to the jury to
decide how to weigh the fact of the match and the absence of the same sequence
in a convenience sample that might—or might not—be representative of the local
white population.

Another issue is heteroplasmy. The simple inclusion-exclusion approach must
be modified to account for the fact that the same individual can have detectably
different mitotypes in different tissues or even in different cells in the same tissue.
To understand the implications of heteroplasmy, we need to understand how it
comes into existence.'3?> Heteroplasmy can occur because of mtDNA mutations
during the division of adult cells, such as those at the roots of hair shafts. These
new mitotypes are confined to the individual. They will not be passed on to
future generations. Heteroplasmy also can result from a mutation contained in the
egg cell that grew into an individual. Such mutations can make their way into
succeeding generations, establishing new mitotypes in the population. But this is

128. In general, if the sequence does not exist in the database of size N, the upper 95% con-
fidence limit is approximately 3/N. E.g., J.A. Hanley & A. Lipp-Hand, If Nothing Goes Wrong, Is
Everything All Right? Interpreting Zero Numerators, 249 JAMA 1743 (1983). In Pappas, 3/Nis 3/1219 =
0.25%, which rounds off to the 3 per 1000 figure quoted by the FBI analyst.

129. See Buckleton et al., supra note 118.

130. T. Egeland & A. Salas, Statistical Evaluation of Haploid Genetic Evidence, 1 Open Forensic
Sci. J. 4 (2008).

131. Id.; see also F.A. Kaestle et al., Database Limitations on the Evidentiary Value of Forensic Mito-
chondrial DNA Evidence, 43 Am. Crim. L. Rev. 53 (2006).

132. An entertaining discussion can be found in Brian Sykes, The Seven Daughters of Eve: The
Science That Reveals Our Genetic Ancestry 55-57, 62, 77-78 (2001).
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an uncertain process. Eggs cells contain many mitochondria, and the mature egg
cell will not contain just the mutation—it will house a mixed population of the
old-style mitochondria and a number of the mutated ones (with DNA that usually
differs from the original at a single base pair). Figuratively speaking, the original
mtDNA sequence and the mutated version fight it out for several generations until
one of them becomes “fixed” in the population. In the interim, the progeny of
the mutated egg cell will harbor both strains of mitochondria.

When mtDNA from a crime scene sample is compared to a suspect’s sample,
there are three possibilities: (1) neither sample is detectably heteroplasmic; (2) one
sample displays heteroplasmy, but the other does not; (3) both samples display
heteroplasmy. In each scenario, the comparison can produce an exclusion or an
inclusion:

1. Neither sample heteroplasmic. In the first situation, if the sequence in the
crime scene sample is markedly different from the sequence in the suspect’s
sample, then the suspect is excluded. But heteroplasmy could be the rea-
son for a difference of only a single base or so. For example, the sequence
in a hair shaft coming from the suspect could be a slight mutation of the
dominant sequence in the suspect. Therefore, the FBI treats a difference
at a single base pair as inconclusive.!®®> When the one mtDNA sequence
characteristic of each sample is identical, the issue becomes how to use the
reference database of mtDINA sequences, as discussed above.

2. Suspect’s sample heteroplasmic, crime scene sample not. One version of the sec-
ond scenario arises when heteroplasmy is seen in the suspect’s tissues but
not in the crime scene sample. If the crime scene sequence is not close
to either of the suspect’s sequences, then the suspect is excluded. If it is
identical to one of the suspect’s sequences, then the suspect is included,
and a suitable reference database should indicate how infrequent such an
inclusion would be. If crime scene DNA is one base pair removed from
either of the suspect’s sequences, then the result is inconclusive.

133. Scientific Working Group on DNA Analysis Methods (SWGDAM), Guidelines for Mito-
chondrial DNA (mtDNA) Nucleotide Sequence Interpretation, Forensic Sci. Comm., Apr. 2003, available
at http://www.fbi.gov/hq/lab/fsc/backissu/april2003/swgdammitodna.htm. But see Vaughn v. State,
646 S.E.2d 212, 215 (Ga. 2007) (apparently transforming the statement that a suspect “cannot be
excluded” when “there is a single base pair difference” into “a match”). These inconclusive sequences
contribute to the number of people who would not be excluded. Therefore, in Pappas, it is mislead-
ing to conclude “that approximately 99.75% of the Caucasian population could be excluded as the
source of the mtDNA in the sample.” 776 A.2d 1091, 1104 (Conn. 2001) (footnote omitted). This
percentage neglects the individuals whose mtDNA sequences are off by one base pair. Along with
the 0.25% who are included because their mtDNA matches completely, these one-off people would
not be excluded. An analyst who speaks of the fraction of people who would not be excluded should
report a nonexclusion rate that accounts for these inconclusive cases. Of course, the difference may
be fairly small. In Pappas, a defense expert reported that the actual nonexclusion rate was still “99.3
percent of the Caucasian population.” Id. at 1105 (footnote omitted). See Kaye et al., supra note 83.
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3. Both samples heteroplasmic. In this third scenario, multiple sequences are seen
in each sample. To keep track of things, we can call the sequences in the
crime scene sample C1 and C2, and those in the suspect’s sample S1 and
S2. If either C1 or C2 is very different from both S1 and S2, the suspect is
excluded. If C1 and C2 are the same as S1 and S2, the suspect is included.
Because detectable heteroplasmy is not very common, this inclusion is
stronger evidence of identity than the simple match in the first scenario.
Finally, in the middle range, where C1 is very close to S1 or S2, or C2 is
very close to S1 or S2, the result is inconclusive.

A number of courts have rejected objections that the methods for mtDNA

sequencing do not comport with Frye!3* or Daubert'® and that the phenomenon
of heteroplasmy or the limitations in the statistical analysis preclude the forensic

use of this technology under either Rule 702 or Rule 403.13¢

B. Y Chromosomes

Y chromosomes contain genes that result in development as a male rather than a
female. Therefore, men are type XY and women are XX. A male child receives
an X chromosome from his mother and a Y from his father; females receive two
different X chromosomes, one from cach parent. Like all chromosomes, the Y
chromosome contains STRs and SNPs.

Because there is limited recombination between Y and X chromosomes,
Y-STRs and Y-SNPs are inherited as a single block—a haplotype—from father
to son. This means that the issues of population genetics and statistics are similar to
those for mtDNA. No matter how many Y-STRs are in the haplotype, all the
men in the same paternal line (up to the last mutation giving rise to a new line in
the family tree) would match the crime scene sample.

134. E.g., Magaletti v. State, 847 So. 2d 523, 528 (Fla. Dist. Ct. App. 2003) (“[T]he mtDNA
analysis conducted [on hair| determined an exclusionary rate of 99.93 percent. In other words, the
results indicate that 99.93 percent of people randomly selected would not match the unknown hair
sample found in the victim’s bindings.”); People v. Sutherland. 860 N.E.2d 178, 271-72 (1ll. 2006);
People v. Holtzer, 660 N.W.2d 405, 411 (Mich. Ct. App. 2003); Wagner v. State, 864 A.2d 1037,
1043—49 (Md. Ct. Spec. App. 2005) (mtDNA sequencing admissible despite contamination and
heteroplasmy).

135. E.g., United States v. Beverly, 369 F.3d 516, 531 (6th Cir. 2004) (“The scientific basis
for the use of such DNA is well established.”); United States v. Coleman, 202 F. Supp. 2d 962, 967
(E.D. Mo. 2002) (“‘[a]t the most,” seven out of 10,000 people would be expected to have that exact
sequence of As, Ts, Cs, and Gs.”), aff’d, 349 F.3d 1077 (8th Cir. 2003); Pappas, 776 A.2d at 1095;
State v. Underwood, 518 S.E.2d 231, 240 (N.C. Ct. App. 1999); State v. Council, 515 S.E.2d 508,
518 (S.C. 1999).

136. E.g., Beverly, 369 F.3d at 531 (“[T]he mathematical basis for the evidentiary power of the
mtDNA evidence was carefully explained, and was not more prejudicial than probative.”); Pappas,
776 A.2d 1091.
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Consequently, multiplication of allele frequencies is inappropriate, and an
estimate of how many men might share the haplotype must be based on the
frequency of that one haplotype in a relevant population. Population structure
is a concern, and obtaining a suitable sample to estimate the frequency in a local
population could be a challenge. If such a database is not available, DNA analysts
might consider limiting their testimony on direct examination to the size of the
available database, the population sampled, and the number of individuals in
the database who share the crime scene haplotype. This presentation is less ambi-
tious than a random-match probability, and courts must decide whether it gives
the jury sufficient information to fairly assess the probative value of the match,
which could be substantial.

When a standard DNA profile (involving a reasonable number of STRs or
other polymorphisms of the other chromosomes) is available, there is little reason
to add a Y-STR test. The profiles already are extremely rare. In some cases, how-
ever, standard STR typing will fail. Consider, for example, what happens when
a PCR primer that targets an STR locus on, say, chromosome 16 is applied to a
sample that contains a small number of sperm (from, say, a vasectomized man) and
a huge number of cells from a woman who is a victim of sexual assault. Almost
never will the primer lock onto the man’s chromosome 16. Therefore, his alleles
on this chromosome will not produce a detectable peak in an electropherogram.
But a primer for a Y-STR will not bind to the victim’s chromosomes—her
chromosomes swamp the sample, but they are essentially invisible to the Y-STR
primer. Because this primer binds only to the Y chromosomes from the man, only
his STRs will be amplified. This is one example of how Y-STR profiling can be
valuable in dealing with a mixture of DNA from several individuals. The next
section provides other examples and describes other ways in which analysis of the
Y chromosome can be valuable in mixture cases.

Although the statistics and population genetics of Y-STRs are different from
the other STRs, the underlying technology for obtaining the profile is the same.

On this basis, some courts have upheld the admission of these markers.'>’

C. Mixtures

Samples of biological trace evidence recovered from crime scenes often contain
a mixture of fluids or tissues from different individuals. Examples include vaginal
swabs collected as sexual assault evidence and bloodstain evidence from scenes
where several individuals shed blood. However, not all mixed samples produce
mixed STR profiles.!?® Consider a sample in which 99% of the DNA comes from

137. E.g., Shabazz v. State, 592 S.E.2d 876, 879 (Ga. Ct. App. 2004); Curtis v. State, 205
S.W.3d 656, 660-61 (Tex. Ct. App. 2006).

138. The discussion in this section is limited to electropherograms of STR alleles. A recent
paper reports a statistical technique that compares the known SNP genotypes (involving hundreds of
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the defendant and 1% comes from a different individual. Even if some of the mol-
ecules from the minor contributor come in contact with the polymerase and an
STR is amplified, the resulting signal might be too small to be detected—the peak
in an electropherogram will blend into the background. Because the vast bulk of
the amplified STRs will come from the defendant’s DNA, the electropherogram
should show only one STR profile. In these situations, the interpretation of the
single DNA profile is the same as when 100% of the DNA molecules in the sample
are the defendant’s.

When the mixtures are more evenly balanced among contributors, however,
the STRs from multiple contributors can appear as “extra” peaks. As a rule, because
DNA from a single individual can have no more than two alleles at each locus,!®
the presence of three or more peaks at several loci indicates that a mixture of DNA
is in the sample.'*” Figure 6 shows another electropherogram from DNA recovered
in People v. Pizarro.'*! The fact that there are as many as four alleles at some loci and
that many of the peaks match the victim’s) suggests that the sample is a mixture of
the victim’s and another person’s DNA. Furthermore, a peak at the amelogenein
locus shows that male DNA is part of the mixture. Because all the peaks that do not
match the victim are part of the defendant’s STR profile, the mixture is consistent
with the state’s theory that the defendant raped the victim.

Five approaches are available to cope with detectable mixtures. First, if a
laboratory has other samples that do not show evidence of mixing, it can avoid
the problem of deciphering the convoluted set of profiles. Even across a single
stain, the proportions of a mixture can vary, and it might be possible to extract a
DNA sample that does not produce a mixed signal.

Second, a chemical procedure exists to separate the DNA from sperm from
a rape victim’s vaginal epithelial cell DNA.!*? When this procedure works, the

thousands of SNPs) of a set of individuals to the SNPs detected in complex mixtures. The report states
that the technique is able to discern “whether an individual is within a series of complex mixtures (2 to
200 individuals) when the individual contributes trace levels (at and below 1%) of the total genomic
DNA.” Nils Homer et al., Resolving Individuals Contributing Trace Amounts of DNA to Highly Complex
Mixtures Using High-Density SNP Genotyping Microarrays, 4 PLoS Genetics No. 8 (2008), available at
http://www.plosgenetics.org/article/info%3Adoi%2F10.1371%2Fjournal.pgen.1000167.

139. This follows from the fact that individuals inherit chromosomes in pairs, one from each par-
ent. An individual who inherits the same allele from each parent (a homozygote) can contribute only that
one allele to a sample, and an individual who inherits a difterent allele from each parent (a heterozygote)
will contribute those two alleles. Finding three or more alleles at several loci therefore indicates a mixture.

140. On rare occasions, an individual exhibits a phenotype with three alleles at a locus. This
can be the result of a chromosome anomaly (such as a duplicated gene on one chromosome or a
mutation). A sample from such an individual is usually easily distinguished from a mixed sample. The
three-allele variant is seen at only the affected locus, whereas with mixtures, more than two alleles
typically are evident at several loci.

141. See supra Figure 5.

142. The nucleus of a sperm cell lies behind a protective structure that does not break down as
easily as the membrane in an epithelial cell. This makes it possible to disrupt the epithelial cells first
and extract their DNA, and then to use a harsher treatment to disrupt the sperm cells.

183

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Manual on Scientific Evidence

Figure 6. Electropherogram in People v. Pizarro that can be interpreted as a
mixture of DNA from the victim and the defendant.

Source: Steven Myers and Jeanette Wallin, California Department of Justice, provided the image.

laboratory can assign the DNA profiles to the different individuals because it has
created, in effect, two samples that are not mixtures.

Third, in sexual assault cases, Y chromosome testing can reveal the number
of men (from different paternal lines) whose DNA is being detected and whether
the defendant’s Y chromosome is consistent with his being in one of these paternal
lines."* Because only males have Y chromosomes, the female DNA in a mixture
has no effect.

Fourth, a laboratory simply can report that a defendant’s profile is consistent
with the mixed profile, and it can provide an estimate of the proportion of the
relevant population that also cannot be excluded (or would be included)."** When

143 E.g., State v. Polizzi, 924 So. 2d 303, 308-09 (La. Ct. App. 2006) (testing for Y-STRs on
“the genital swab with the DNA profile from the Defendant’s buccal swab, . . . the Defendant or any
of his paternal relatives could not be excluded as having been a donor to the sample from the victim,”
while “99.7 percent of the Caucasian population, 99.8 percent of the African American population,
and 99.3 percent of the Hispanic population could be excluded as donors of the DNA in the sample.”).

144. E.g., State v. Roman Nose, 667 N.W.2d 386, 394 n.5 (Minn. 2003). If the laboratory
can explain why one or more of the defendant’s alleles do not appear in the mixed profile from the
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an individual’s DNA—for example, the victim’s—is known to be in a two-person
crime scene sample, the profile of the unknown person is readily deduced. In
those situations, the analysis of a remaining single-person profile can proceed
in the ordinary fashion.

Finally, a laboratory can try to determine (or make assumptions about) how
many contributors are present and then deduce which set of alleles is likely to
be from each contributor. To accomplish this, DNA analysts look to such clues
as the number of peaks in an expected allele-size range and the imbalance in the
heights of the peaks.'*® A good deal of judgment can go into the determination
of which peaks are real, which are artifacts, which are “masked,” and which are
absent for some other reason.!*® Courts generally have rejected arguments that
mixture analysis is so unreliable or so open to manipulation that the results are
inadmissible.'*” In addition, expert computer systems have been devised for facili-
tating the analysis and for automatically “deconvoluting” mixtures.'*® Once they
are validated, these systems can make the process more standardized.

The five approaches listed here are not mutually exclusive (and not all apply
to every case). When the number of contributors to a mixture is in doubt, for
example, a laboratory is not limited to giving the overall probability of exclud-
ing (or including) an individual as a possible contributor (the statistic mentioned
as part of the fourth method). The 1996 NRC report observed that “when the
contributors to a mixture are not known or cannot otherwise be distinguished, a
likelihood-ratio approach offers a clear advantage [over the simplistic exclusion-
inclusion statistic] and is particularly suitable.”' Despite the arguments of some

crime scene, it might be willing to declare a match not withstanding this discrepancy. Of course, as
the number of alleles that must be present for there to be a match declines, the proportion of the
population that would be included goes up.

145. See, e.g., Roberts v. United States, 916 A.2d 922, 932-35 (D.C. 2007) (holding such
inferences to be admissible).

146. The proportion of the population included in a mixture and the likelihood ratios condi-
tioned on a particular genotype do not take into account the other possible genotypes that the expert
eliminated in a subjective analysis. William C. Thompson, Painting the Target Around the Matching
Profile: The Texas Sharpshooter Fallacy in Forensic DNA Interpretation, 8 Law, Probability & Risk 257
(2009). Adhering to preestablished standards and protocols for interpreting mixtures reduces the range
of judgment in settling on the most likely set of genotypes to consider. Recent recommendations
appear in Bruce Budowle et al., Mixture Interpretation: Defining the Relevant Features for Guidelines for the
Assessment of Mixed DNA Profiles in Forensic Casework, 54 J. Forensic Sci. 810 (2009) (with commentary
at 55 J. Forensic Sci. 265 (2010)); Peter Gill et al., National Recommendations of the Technical UK DNA
Working Group on Mixture Interpretation for the NDNAD and for Court Going Purposes, 2 Forensic Sci.
Int’l Genetics 76 (2008).

147. Roberts, 916 A.2d at 932 n.9 (citing cases).

148. See, e.g., Tim Clayton & John Buckleton, Mixtures, in Forensic DNA Evidence Interpreta-
tion 217 (John Buckleton et al. eds., 2005); Mark W. Perlin et al., Validating TrueAllele® DNA Mixture
Interpretation, 56 J. Forensic Sci. (forthcoming 2011).

149. NRC II, supra note 9, at 129.
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1’150

legal commentators that likelihood ratios are inherently prejudicia and despite

objections based on Frye or Daubert, almost all courts have found likelihood ratios

admissible in mixture cases.!>!

D. Offender and Suspect Database Searches

1. Which statistics express the probative value of a match to a defendant
located by searching a DNA database?

States and the federal government are amassing huge databases consisting of the
DNA profiles of suspected or convicted offenders.'>? If the DNA profile from a
crime scene stain matches one of those on file, the person identified by this “cold
hit” will become the target of the investigation. Prosecution may follow.

These database-trawl cases can be contrasted with traditional “confirma-
tion cases” in which the defendant already was a suspect and the DNA testing
provided additional evidence against him. In confirmation cases, statistics such as
the estimated frequency of the matching DINA profile in various populations, the
equivalent random-match probabilities, or the corresponding likelihood ratios can
be used to indicate the probative value of the DNA match.'?

In trawl cases, however, an additional question arises—does the fact that the
defendant was selected for prosecution by trawling require some adjustment to
the usual statistics? The legal issues are twofold. First, is a particular quantity—be
it the unadjusted random-match probability or some adjusted probability—sci-
entifically valid (or generally accepted) in the case of a database search? If not, it
must be excluded under the Daubert (or Frye) standards. Second, is the statistic
irrelevant or unduly misleading? If so, it must be excluded under the rules that

150. E.g., William C. Thompson, DNA Evidence in the O.]. Simpson Trial, 67 U. Colo. L. Rev.
827, 85556 (1996); see also R.C. Lewontin, Population Genetic Issues in the Forensic Use of DNA, in 1
Modern Scientific Evidence: The Law and Science of Expert Testimony § 17-5.0, at 703—05 (Faigman
et al. eds, 1st ed. 1998).

151. E.g., State v. Garcia, 3 P.3d 999 (Ariz. Ct. App. 1999) (likelihood ratios admissible under
Frye to explain mixed sample); Commonwealth v. Gaynor, 820 N.E.2d 233, 252 (Mass. 2005) (“Like-
lihood ratio analysis is appropriate for test results of mixed samples when the primary and secondary
contributors cannot be distinguished. . . . It need not be applied when a primary contributor can
be identified.”) (citation omitted); People v. Coy, 669 N.W.2d 831, 835-39 (Mich. Ct. App. 2003)
(incorrectly treating mixed-sample likelihood ratios as a part of the statistics on single-source DNA
matches that had already been held to be generally accepted); State v. Ayers, 68 P.3d 768, 775 (Mont.
2003) (affirming trial court’s admission of expert testimony where expert used likelihood ratios to
explain DNA results from a sample known to contain a mixture of DNA); ¢f. Coy v. Renico, 414 F.
Supp. 2d 744, 762-63 (E.D. Mich. 2006) (stating that the use of likelihood ratio and other statistics
for a mixed stain in People v. Coy, supra, was sufticiently accepted in the scientific community to be
consistent with due process).

152. See supra Section ILLE.

153. On the computation and admissibility of such statistics, see supra Section IV.
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require all evidence to be relevant and not unfairly prejudicial. To clarify, we
summarize the statistical literature on this point. Then, we describe the emerg-
ing case law.

a. The statistical analyses of adjustment

All statisticians agree that, in principle, the search strategy affects the probative
value of a DNA match. One group describes and emphasizes the impact of the
database match on the hypothesis that the database does not contain the source of
the crime scene DNA. This is a “frequentist” view. It asks how frequently searches
of innocent databases—those for which the true source is someone outside the
database—will generate cold hits. From this perspective, trawling is a form of
“data mining” that produces a “selection effect” or “ascertainment bias.” If we
pick a lottery ticket at random, the probability p that we have the winning ticket is
negligible. But if we search through all the tickets, sooner or later we will find the
winning one. And even if we search through some smaller number N of tickets,
the probability of picking a winning ticket is no longer p, but Np.!>* Likewise, if
DNA from N innocent people is examined to determine if any of them match the
crime scene DNA, then the probability of a match in this group is not p, but some
quantity that could be as large as Np. This type of reasoning led the 1996 NRC
committee to recommend that “[w]hen the suspect is found by a search of DNA
databases, the random-match probability should be multiplied by N, the number
of persons in the database.”'® The 1992 committee'>® and the FBI’s former DNA
Advisory Board'®” took a similar position.

154. The analysis of the DNA database search is more complicated than the lottery example
suggests. In the simple lottery, there was exactly one winner. The trawl case is closer to a lottery in
which we hold a ticket with a winning number, but it might be counterfeit, and we are not sure how
many counterfeit copies of the winning ticket were in circulation when we bought our N tickets.

155. NRC II, supra note 9, at 161 (Recommendation 5.1).

156. Initially, the board explained that

Two questions arise when a match is derived from a database search: (1) What is the rarity of the DNA
profile? and (2) What is the probability of finding such a DNA profile in the database searched? These
two questions address different issues. That the different questions produce different answers should
be obvious. The former question addresses the random match probability, which is often of particular
interest to the fact finder. Here we address the latter question, which is especially important when a
profile found in a database search matches the DNA profile of an evidence sample.

DNA Advisory Board, Statistical and Population Genetics Issues Affecting the Evaluation of the Frequency of
Occurrence of DNA Profiles Calculated from Pertinent Population Database(s), 2 Forensic Sci. Comm., July
2000, available at http://www.fbi.gov/hq/lab/fsc/backissu/july2000/dnastat.htm. After a discussion of
the literature as of 2000, the Board wrote that “we continue to endorse the recommendation of the
NRC II Report for the evaluation of DNA evidence from a database search.”

157. The first NRC committee wrote that “[t]he distinction between finding a match between
an evidence sample and a suspect sample and finding a match between an evidence sample and one
of many entries in a DNA profile databank is important.” It used the same Np formula in a numeri-
cal example to show that “[t]he chance of finding a match in the second case is considerably higher,
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No one questions the mathematics that show that when the database size N
is very small compared with the size of the population, Np is an upper bound on
the expected frequency with which searches of databases will incriminate innocent
individuals when the true source of the crime scene DNA is not represented in the
databases. The “Bayesian” school of thought, however, suggests that the frequency
with which innocent databases will be falsely accused of harboring the source of
the crime scene DNA is basically irrelevant. The question of interest to the legal
system is whether the one individual whose database DNA matches the trace-
evidence DNA is the source of that trace. As the size of a database approaches that
of the entire population, finding one and only one matching individual should be
more, not less, convincing evidence against that person. Thus, instead of looking
at how surprising it would be to find a match in a large group of innocent suspects,
this school of thought asks how much the result of the database search enhances
the probability that the individual so identified is the source. The database search
is actually more probative than the confirmation search because the DNA evi-
dence in the trawl case is much more extensive. Trawling through large databases
excludes millions of people, thereby reducing the number of people who might
have left the trace evidence if the suspect did not. This additional information
increases the likelihood that the defendant is the source, although the effect is
indirect and generally small.'>®

Of course, when the cold hit is the only evidence against the defendant, the
total package of evidence in the trawl case is less than in the confirmation case.
Nonetheless, the Bayesian treatment shows that the DNA part of the total evi-
dence is more powerful in a cold-hit case because this part of the evidence is more
complete than when the search for matching DNA is limited to a single suspect.
This reasoning suggests that the random-match probability (or, equivalently, the
frequency p in the population) understates the probative value of the unique
DNA match in the trawl case. And if this is so, then the unadjusted random-
match probability or frequency p can be used as a conservative indication of the
probative value of the finding that, of the many people in the database, only the

defendant matches.'>’

because one . . . fishes through the databank, trying out many hypotheses.” NRC I, supra note 8,
at 124. Rather than proposing a statistical adjustment to the match probability, however, that com-
mittee recommended using only a few loci in the databank search, then confirming the match with
additional loci, and presenting only “the statistical frequency associated with the additional loci. . . .”
Id. at 124 tbl. 1.1.

158. When the size of the database approaches the size of the entire population, the effect is
large. Finding that only one individual in a large database has a particular profile also raises the prob-
ability that this profile is very rare, further enhancing the probative value of the DNA evidence.

159. This analysis was developed by David Balding and Peter Donnelly. For informal exposi-
tions, see, for example, Peter Donnelly & Richard D. Friedman, DNA Database Searches and the Legal
Consumption of Scientific Evidence, 97 Mich. L. Rev. 931 (1999); Kaye, supra note 109; Simon Walsh
& John Buckleton, DNA Intelligence Databases, in Forensic DNA Evidence Interpretation 439 (John
Buckleton et al. eds., 2005). For a related analysis directed at the average probability that an individual
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b. The judicial opinions on adjustment

The need for an adjustment has been vigorously debated in the statistical, and to
a lesser extent, the legal literature.'®® The dominant view in the journal articles
is that the random-match probability or frequency need not be inflated to protect
the defendant. The major opinions to confront this issue agree that p is admis-
sible against the defendant in a trawl case.!®! They reason that all the statistics are
admissible under Frye and Daubert because there is no controversy over how they
are computed. They then assume that both p and Np are logically relevant and
not prejudicial in a trawl case.

But commentators have pointed out that if the frequentist position that
trawling degrades the probative value of the match is correct, then it is hard
to see what p offers the jury. Conversely, if the Bayesian position that trawling
enhances the probative value of the match is correct, then it is hard to see what
Np offers the jury.!®® Thus, it has been argued that, to decide whether p should
be admissible when offered by the prosecution and whether Np (or some vari-
ant of it) should be admissible when offered by the defense, the law needs to
directly confront the schism between the frequentist and Bayesian perspectives

on characterizing the probative value of a cold hit.'®?

2. Near-miss (familial) searching

Normally, police trawl a DNA database to sce if any recorded STR profiles match
a crime scene profile. It is not generally necessary to inform the jury that the
defendant was located in this manner. Indeed, the rules of evidence sometimes
prohibit this proof over the objection of the defendant.'®* Another search pro-

identified through a database trawl is the source of a crime scene DNA sample, see Yun S. Song et
al., Average Probability That a “Cold Hit” in a DNA Database Search Results in an Erroneous Attribution,
54 J. Forensic Sci. 22, 23-24 (2009).

160. For citations to this literature, see Kaye, supra note 109; Walsh & Buckleton, supra note
159, at 464.

161. People v. Nelson, 185 P.3d 49 (Cal. 2008); United States v. Jenkins, 887 A.2d 1013 (D.C.
2005). The cases are analyzed in Kaye, supra note 109.

162. Furthermore, even if an adjustment is logically required, Np might be too extreme because
the offender databases include the profiles of individuals—those in prison at the time of the offense,
for instance—who could not have been the source of the crime scene sample. To that extent, Np
overstates the expected frequency of matches to innocent individuals in the database. Kaye, supra note
109; David H. Kaye, People v. Nelson: A Tale of Two Statistics, 7 Law, Probability & Risk 249 (2008).

163. Kaye, supra note 109; Kaye, supra note 162.

164. The common law of evidence and Federal Rule of Evidence 404 prevent the government
from proving that a defendant has committed other crimes when the only purpose of the revelation is
to suggest a general propensity toward criminality. See, e.g., 1 McCormick on Evidence, supra note 3,
§ 190. Proof that the defendant was identified through a database search is likely to suggest the exis-
tence of a criminal record, because it is widely known that existing law enforcement DNA databases
are largely filled with the profiles of convicted offenders. Nonetheless, where the bona fide and impor-
tant purpose of the disclosure is “to complete the story” (id.) or to help the jury to understand an Np
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cedure can lead to charges against a defendant who is not even in the database.
The clearest illustration is the case of identical twins, one of whom is a convicted
offender whose DNA type is on file and the other who has never been typed. If
the convicted twin was in prison when the crime under investigation was com-
mitted, and if the police realized that he had an identical twin, suspicion should
fall on the identical twin. Presumably, the police would seek a sample from this
twin, and at trial it would not be necessary for the prosecution to explain the
roundabout process through which he was identified.

In this example, the defendant was found because a relative’s DNA led the
police to him. More generally, the fact that close relatives share more alleles than
other members of the same subpopulation can be exploited as an investigative tool.
Rather than search for a match at all 13 loci in an STR profile, police could search
for a near miss—a partial match that is much more probable when the partly
matching profile in the database comes from a close relative than when it comes
from an unrelated person. (Analysis of Y-STRs or mtDNA then could determine
whether the offender who provided the partially matching DNA in the database
probably is in the same paternal or maternal lineage as the unknown individual
who left DNA at the scene of the crime.)

Such “familial searching” raises technical and policy questions. The techni-
cal and practical challenge is to devise a search strategy that keeps the number of
false leads to a tolerable level. The policy question is whether exposing relatives
to the possibility of being investigated on the basis of genetic leads from their kin
is appropriate.'%®

In receiving the DNA evidence, courts might consider having the prosecu-
tion describe the match without revealing that the defendant’s close relative is a
known or suspected criminal. In addition, if database trawls degrade the proba-
tive value of a perfect match in the database—a theory discussed in the previous
subsection—then the usual random-match probability or estimated frequency
exaggerates the value of the match derived from a database search. From the
frequentist perspective, one must ask how often trawling databases for leads to
individuals (both within and outside the database) will produce false accusations.
From the Bayesian perspective, however, the usual match probabilities and likeli-

statistic, Rule 404 itself arguably does not prevent the prosecution (and certainly not the defense) from
revealing that the defendant was found through a DNA database trawl. In the absence of a categorical
rule of exclusion (like the one in Rule 404), a case-by-case balancing of the value of the information
for its legitimate purposes as against its potential prejudice to the defendant is required. See id.

165. See, e.g., Bruce Budowle et al., Clarification of Statistical Issues Related to the Operation of
CODIS, in Genetic Identity Conference Proceedings: 18th Int’l Symposium on Human Identification
(2006), available at http://www.promega.com/GENETICIDPROC/ussymp17proc/oralpresentations/
budowle.pdf; Henry T. Greely et al., Family Ties: The Use of DNA Offender Databases to Catch Offenders’
Kin, 34 J.L. Med. & Ethics 248 (2006); Erica Haimes, Social and Ethical Issues in the Use of Familiar
Searching in Forensic Investigations: Insights from Family and Kinship Studies, 34 J.L. Med. & Ethics 262
(2006).
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hoods can be used because, if anything, they understate the probative value of
the DNA information.'®

3. All-pairs matching within a database to verify estimated random-match
probabilities

A third and final use of police intelligence databases has evidentiary implications.
Section IV.E explained how population genetics models and reference samples
for determining allele frequencies are used to estimate DNA genotype frequen-
cies. Large databases can be used to check these theoretical computations. In
New Zealand, for example, researchers compared every six-locus STR profile
in the national database with every other profile.'®” At the time, there were
10,907 profiles. This means that there were about 59 million distinct pairs.!®
Because the theoretical random-match probability was about 1 in 50 million, if
all the individuals represented in the database were unrelated, one would expect
that an exhaustive comparison of the profiles for these 59 million pairs would
produce only about one match. In fact, the 59 million comparisons revealed 10
matches. The excess number of matches is evidence that not all the individuals in
the database were unrelated, that the true match probability was smaller than the
theoretical calculation, or both. In fact, eight of the pairs were twins or brothers.
The ninth was a duplicate (because one person gave a sample as himself and then
again pretending to be someone else). The tenth was apparently a match between
two unrelated people. This exercise thus confirmed the theoretical computation
of the random-match probability. On average, the theoretical match probability
was about 1/50,000,000, and the rate of matches in the unrelated pairs within the
database was 1/59,000,000.

In the United States, defendants have sought discovery of the criminal-
offender databases to determine whether the number of matching and par-
tially matching pairs exceeds the predictions made with the population genetics
model.'® An early report about partial matches in a state database in Arizona was
said to show extraordinarily large numbers of partial matches (without accounting
for the combinatorial explosion in the number of comparisons in an all-pairs data-

166. See Kaye, supra note 3; supra Section V.D.1.

167. Walsh & Buckleton, supra note 159, at 463.

168. Altogether, nearly 11,000 people were represented in the New Zealand database. Hence,
about 10,907 X 10,907 pairs such as (1,1), (1,2), (1,3), ..., (1,10907), (2,1), (2,2), (2,3), . . ., (2,10907),
... (10907,1), (10907,2), (10907,3), (10907,10907) can be formed. This amounts to almost 119 mil-
lion possible pairs. Of course, there is no point in checking the pairs (1,1), (2,2), . . . (10907,10907).
Thus, the number of ordered pairs with different individuals is 119 million minus a mere 10,907. The
subtraction hardly changes anything. Finally, ordered pairs such as (1,5) and (5,1) involve the same
two people. Therefore, the number of distinct pairs of people is about half of 119 million—the 59
million figure in the text.

169. Jason Felch & Maura Dolan, How Reliable Is DNA in Identifying Suspects? L.A. Times,
July 20, 2008.
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base search).'”? However, some scientists question the utility of the investigative
databases for population genetics research.!”! They observe that these databases
contain an unknown number of relatives, that they might contain duplicates, and
that the population in the offender databases is highly structured. These compli-
cating factors would need to be considered in testing for an excess of matches or
partial matches. Studies of offender databases in Australia and New Zealand that
make adjustments for population structure and close relatives have shown substan-

tial agreement between the expected and observed numbers of partial matches, at

least up to the nine STR loci used in those databases.'”?

The existence of large databases also provides a means of estimating a
random-match probability without making any modeling assumptions. For the
New Zealand study, even ignoring the possibility of relatives and duplicates, there
were only 10 matches out of 59 million comparisons. The empirical estimate of the
random-match probability is therefore about 1 in 5.9 million. This is about 10 times
larger than the theoretical estimate, but still quite small. As this example indicates,
crude but simple empirical estimates from all-pairs comparisons in large databases
may well produce random-match probabilities that are larger than the theoretical
estimates (as expected when full siblings or other close relatives are in the databases),
but the estimated probabilities are likely to remain impressively small.

170. Id.; Kaye, supra note 3. As illustrated supra note 168, an all-pairs search in a large database
of size N will involve N(N — 1)/2, or about N?/2 comparisons. For example, a database of 6 mil-
lion samples gives rise to some 18,000,000,000,000 comparisons. Even with no population structure,
relatives, and duplicates, and with random-match probabilities in the trillionths, one would expect
to find a large number of matches or near-matches. An analogy can be made to the famous “birth-
day problem” mentioned in the 1996 NRC Report, supra note 9, at 165. In its simplest form, the
birthday problem assumes that equal numbers of people are born every day of the year. The problem
is to determine the minimum number of people in a room such that the odds favor there being at least
two of them who were born on the same day of the same month. Focusing solely on the random-
match probability of 1/365 for a specified birthday makes it appear that a huge number of people must
be in the room for a match to be likely. After all, the chance of a match between two individuals hav-
ing a given birthday (say, January 1) is (ignoring leap years) a miniscule 1/365 X 1/365 = 1/133,225.
But because the matching birthday can be any one of the 365 days in the year and because there are
N(N — 1)/2 ways to have a match, it takes only N = 23 people before it is more likely than not that
at least two people share a birthday. The birthday problem thus shows that surprising coincidences
commonly occur even in relatively small databases. See, e.g., Persi Diaconis & Frederick Mosteller,
Methods for Studying Coincidences, 84 J. Am. Statistical Ass'n 853 (1989).

171. Bruce Budowle et al., Partial Matches in Heterogeneous Offender Databases Do Not Call into
Question the Validity of Random Match Probability Calculations, 123 Int’l J. Legal Med. 59 (2009).

172. James M. Curran et al., Empirical Support for the Reliability of DNA Evidence Interpretation in
Australia and New Zealand, 40 Australian J. Forensic Sci. 99, 102-06 (2008); Bruce S. Weir, The Rarity
of DNA Profiles, 1 Annals Applied Stat. 358 (2007); B.S. Weir, Matching and Partially-Matching DNA
Profiles, 49 J. Forensic Sci. 1009, 1013 (2004); ¢f. Laurence D. Mueller, Can Simple Population Genetic
Models Reconcile Partial Match Frequencies Observed in Large Forensic Databases? 87 J. Genetics (India) 101
(2008) (maintaining that excess partial matches in an Arizona offender database are not easily reconciled
with theoretical expectations). This literature is reviewed in David H. Kaye, Trawling DNA Databases
for Partial Matches: What Is the FBI Afraid of? 19 Cornell J.L. & Pub. Pol'y 145 (2009).
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VI. Nonhuman DINA Testing

Most routine applications of DNA technology in the forensic setting involve the
identification of human beings—suspects in criminal cases, missing persons, or vic-
tims of mass disasters. However, inasmuch as DNA analysis might be informative
in any kind of case involving biological material, DNA analysis has found appli-
cation in such diverse situations as identification of individual plants and animals
that link suspects to crime scenes, enforcement of endangered species and other
wildlife regulations, investigation of patent issues involving specific animal breeds
and plant cultivars, identification of fraudulently labeled foodstufts, identification
of sources of bacterial and viral epidemic outbreaks, and identification of agents
of bioterrorism.'”3 These applications are directed either at identifying the species
origin of an item or at distinguishing among individuals (or subgroups) within a
species. In deciding whether the evidence is scientifically sound, it can be impor-
tant to consider the novelty of the application, the validity of the underlying
scientific theory, the validity of any statistical interpretations, and the relevant
scientific community to consult in assessing the application. This section considers
these factors in the context of nonhuman DNA testing.

A. Species and Subspecies

Evolution is a branching process. Over time, populations may split into distinct
species. Ancestral species and some or all of their branches become extinct.
Phylogenetics uses DINA sequences to elucidate these evolutionary “trees.” This
information can help determine the species of the organism from which material
has been obtained. For example, the most desirable Russian black caviar originates
from three species of wild sturgeon inhabiting the Volga River—Caspian Sea basin.
But caviar from other sturgeon species is sometimes falsely labeled as originating
from these three species—in violation of food labeling laws. Moreover, the three
sturgeon species are listed as endangered, and trade in their caviar is restricted. A
test of caviar species based on DNA sequence variation in a mitochondrial gene
found that 23% of caviar products in the New York City area were mislabeled,'”*
and in United States v. Yazback, caviar species testing was used to convict an

173. See, e.g., R.G. Breeze et al., Microbial Forensics (2005); Laurel A. Neme, Animal Investi-
gators: How the World’s First Wildlife Forensics Lab Is Solving Crimes and Saving Endangered Species
(2009). In still other situations, DNA testing has been used to establish the identity of a missing or
stolen animal. E.g., Augillard v. Madura, 257 S.W.3d 494 (Tex. App. 2008) (action for conversion to
recover dog lost during Hurricane Katrina); Guillermo Giovambattista et al., DNA Typing in a Cattle
Stealing Case, 46 J. Forensic Sci. 1484 (2001).

174. Rob DeSalle & Vadim J. Birstein, PCR Identification of Black Caviar, 381 Nature 197 (1996);
Vadim J. Birstein et al., Population Aggregation Analysis of Three Caviar-Producing Species of Sturgeons and
Implications for the Species Identification of Black Caviar, 12 Conservation Biology 766 (1998).
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importer of gourmet foods for falsely labeling fish eggs from the environmentally
protected American paddlefish as the more prized Russian sevruga caviar.!”®
Phylogenetic analysis also is used to study changes in populations of organisms

of the same species. In State v. Schmidt,'7

a physician was convicted of attempting
to murder his former lover by injecting her with the HIV virus obtained from an
infected patient. The virus evolves rapidly—its sequence can change by as much
as 1% per year over the course of infection in a single individual. In time, an
infected individual will harbor new strains, but these will be more closely related
to the particular strain (or strains) that originally infected the individual than to the
diverse strains of the virus in the geographic area. The victim in Schmidt had fewer
strains of HIV than the patient—indicating a later infection—and all the victim’s
strains were closely related to a subset of the patient’s strains—indicating that the
victim’s strains originated from that subset then in the patient. This technique of
examining the genetic similarities and differences in two populations of viruses
has been used in other cases across the world.!”’

The FBI employed similar reasoning to conclude that the anthrax spores in
letters sent through the mail in 2001 came from the descendants of bacteria first
cultured from an infected cow in Texas in 1981. This “Ames strain” was dissemi-
nated to various research laboratories over the years, and the FBI also attempted to
associate the letter spores with particular collections of anthrax bacteria (all derived
from the one Ames strain) now housed in different laboratories.'”®

Both the caviar and the HIV cases exemplify the translation of established
scientific methods into a forensic application. The mitochondrial gene used for
species identification in Yazback was the cytochrome b gene. Having accumulated
mutations over time, this gene commonly is used for assessing species relationships
among vertebrates, and the database of cytochrome b sequences is extensive. In
particular, this gene sequence previously had been used to determine the evolu-
tionary placement of sturgeons among other species of fish.!”” Likewise, the use
of phylogenetic analysis for assessing relationships among HIV strains has provided
critical insights into the biology of this deadly virus.

175. Dep’t of Justice, Caviar Company and President Convicted in Smuggling Conspiracy, avail-
able at http://www.usdoj.gov/opa/pr/2002/January/02_enrd_052.htm. An earlier case is described in
Andrew Cohen, Sturgeon Poaching and Black Market Caviar: A Case Study, 48 J. Env’l Biology Fishes 423
(1997).

176. 699 So. 2d 448 (La. Ct. App. 1997) (holding that the evidence satisfied Daubert).

177. Edwin J Bernard et al., The Use of Phylogenetic Analysis as Evidence in Criminal Investigation
of HIV Transmission, Feb. 2007, available at http://www.nat.org.uk/Media%20library/Files/PDF%20
Documents/HIV-Forensics.pdf.

178. See National Research Council, Committee on the Review of the Scientific Approaches
Used During the FBI’s Investigation of the 2001 Bacillus Anthracis Mailings, Review of the Scientific
Approaches Used During the FBI’s Investigation of the 2001 Anthrax Letters (2011).

179. Sturgeon Biodiversity and Conservation (Vadim J. Birstein et al. eds., 1997).
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That said, how the phylogenetic analysis is implemented and the genes used
for the analysis may prompt questions in some cases.'® Both the computer algo-
rithm used to align DNA sequences prior to the construction of the phylogenetic
tree and the computer algorithms used to build the tree contain assumptions that
can influence the outcomes. Consequently, alignments generated by different
software can result in different trees, and different tree-building algorithms can
yield different trees from the same alignments. Thus, phylogenetic analysis should
not be looked upon as a simple mechanical process. In Schmidt, the investigators
anticipated and addressed potential problem areas in their choice of sequence data
to collect and by using different algorithms for phylogenetic analysis. The results

from the multiple analyses were the same, supporting the overall conclusion.'®!

B. Individual Organisms

DNA analysis to determine that trace evidence originated from a particular
individual within a species requires both a valid analytical procedure for forensic
samples and at least a rough assessment of how rare the DNA types are in the
population. In human DNA testing, suitable reference databases permit reason-
able estimates of allele frequencies among groups of human beings (see supra Sec-
tion 1V), but adequate databases will not always be available for other organisms.
Nonetheless, a match between the DNA at a crime scene and the organism that
could be the source of that trace evidence still may be informative. In these cases,
a court may consider admitting testimony about the matching features along with
circumscribed, qualitative explanations of the significance of the similarities.'®?
Such cases began appearing in the 1990s. In State v. Bogan,'®? for example,
a woman’s body was found in the desert, near several Palo Verde trees. A detec-
tive noticed two Palo Verde seed pods in the bed of a truck that the suspect was
driving before the murder. However, genetic variation in Palo Verde tree DNA
had not been widely studied, and no one knew how much variation actually

180. One cannot assume that cytochrome b gene testing, for example, is automatically appro-
priate for all species identification. Mitochondria are maternally inherited, and one can ask whether
cross-breeding between different species of sturgeon could make a sturgeon of one species appear to
be another species because it carries mitochondrial DNA originating from the other species. Mito-
chondrial introgression has been detected in several vertebrate species. Coyote mtDNA in wolves
and cattle mtDNA in bison are notable examples. Introgression in sturgeon has been reported—some
individual sturgeon appearing to be of one of the prized Volga region caviar species were found to
carry cytochrome b genes from a lesser regarded non-Volga species. These examples indicate the need
for specialized knowledge of the basic biology and ecology of the species in question.

181. On the need for caution in the interpretation of HIV sequence similarities, see Bernard
et al., supra note 177.

182. See generally Kaye et al., supra note 1 (discussing various ways to explain “matches” in
forensic identification tests).

183. 905 P.2d 515 (Ariz. Ct. App. 1995) (holding that the admission of the DNA match was
proper under Frye).

195

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Manual on Scientific Evidence

existed within the species. Accordingly, a method for genetic analysis had to be
developed, assessed for what it revealed about genetic variability, and evaluated
for reliability. A university biologist chose random amplified polymorphic DNA
(RAPD) analysis, a PCR-based method then commonly used for the detection of
variation within species for which no genomic sequence information exists. This
approach employs a single short piece of DNA with a random, arbitrary sequence
as the PCR primer; the amplification products are DNA fragments of unknown
sequence and variable length that can be separated by electrophoresis into a
barcode-like “fingerprint” pattern. In a blind trial, the biologist was able to show
that the DNA from nearly 30 Palo Verde trees yielded distinct RAPD patterns.!84
He testified that the two pods “were identical” and “matched completely with” a
particular tree and “didn’t match any of the [other] trees.” In fact, he went so as
to say that he felt “quite confident in concluding that” the tree’s DNA would be
distinguishable from that of “any tree that might be furnished” to him. Numerical
estimates of the random-match probability were not introduced.'8?

The first example of an animal identification using STR typing involved link-
ing evidence cat hairs to a particular cat. In R. v. Beamish, a woman disappeared
from her home on Prince Edward Island, on Canada’s eastern seaboard. Weeks
later a man’s brown leather jacket stained with blood was discovered in a plastic
bag in the woods. In the jacket’s lining were white cat hairs. After the missing
woman’s body was found in a shallow grave, her estranged common-law husband
was arrested and charged with murder. He lived with his parents and a white cat
named Snowball. A laboratory already engaged in the study of genetic diversity
in cats showed that the DNA profile of the evidence cat hairs matched Snowball
at 10 STR loci. Based on a survey of genetic variation in domestic cats generated
for this case, the probability of a chance match was offered as evidence in support

of the hypothesis that the hairs originated from Snowball.'8¢

184. He analyzed samples from the nine trees near the body and another 19 trees from across
the county. He “was not informed, until after his tests were completed and his report written, which
samples came from” which trees. Id. at 521. Furthermore, unbeknownst to the experimenter, two
apparently distinct samples were prepared from the tree at the crime scene that appeared to have been
abraded by the defendant’s truck. The biologist correctly identified the two samples from the one tree
as matching, and he “distinguished the DNA from the seed pods in the truck bed from the DNA of
all twenty-eight trees except” that one. Id.

185. RAPD analysis does not provide systematic information about sequence variation at defined
loci. As a result, it is not possible to make a reliable estimate of allele or genotype frequencies at a
locus, nor can one make the assumption of genetic independence required to legitimately multiply
frequencies across multiple loci, as one can with STR markers. Furthermore, RAPD profile results
are not generally portable between laboratories. Often, profiles generated by different laboratories
will differ in their details. Therefore, RAPD profile data are not amenable to the generation of large
databases. Nonetheless, the state’s expert estimated a random match probability of 1 in 1,000,000, and
the defense expert countered with 1 in 136,000. The trial court excluded both estimates because of
the then-existing controversy (see Section IV) over analogous estimates for human RFLP genotypes.

186. See Marilyn A. Menott-Haymond et al., Pet Cat Hair Implicates Murder Suspect, 386 Nature
774 (1997).
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In Beamish, there was no preexisting population database characterizing STR
polymorphism in domestic cats, but the premise that cats exhibit substantial
genetic variation at STR loci was in accord with knowledge of STR variation in
other mammals. Moreover, testing done on two small cat populations provided
evidence that the STR loci chosen for analysis were polymorphic and behaved as
independent genetic characteristics, allowing allele frequency estimates to be used
for the calculation of random-match probabilities as is done with human STR
data. On this basis, the random-match probability for Snowball’s STR profile was
estimated to be one in many millions, and the trial court admitted this statistic.'®’

An animal-DNA random-match probability prompted a reversal, however,
in a Washington case. In State v. Leuluaialii,'® the prosecution offered testimony
of an STR match with a dog’s blood that linked the defendants to the victims’
bodies. The defendants objected, seeking a Frye hearing, but the trial court denied
this motion and admitted testimony that included the report that “the probability
of finding another dog with Chief’s DNA profile was 1 in 18 billion [or] 1 in
3 trillion.”'® The state court of appeals remanded the case for a hearing on general
acceptance, cautioning that “[bJecause PE Zoogen has not yet published sufficient
data to show that its DNA markers and associated probability estimates are reli-
able, we would suggest that other courts tread lightly in these waters and closely

examine canine DNA results before accepting them at trial.”1%

191 (as well as

The scientific literature shows continued use of STR profiling
the use of SNP typing)'??

tions. STR databases have been established for domestic and agriculturally sig-

to characterize individuals in plant and animal popula-

nificant animals such as dogs, cats, cattle, and horses as well as for a number of
plant species.!®® Critical to the use of these databases is an understanding of the

187. David N. Left, Killer Convicted by a Hair: Unprecedented Forensic Evidence from Cat’s DNA
Convinced Canadian Jury, Bioworld Today, Apr. 24, 1997, available in 1997 WL 7473675 (“the fre-
quency of the match came out to be on the order of about one in 45 million,” quoting Steven
O’Brien); All Things Considered: Cat DNA (NPR broadcast, Apr. 23, 1997), available in 1997 WL
12832754 (“it was less than one in two hundred million,” quoting Steven O’Brien).

188. 77 P.3d 1192 (Wash. Ct. App. 2003).

189. Id. at 1196.

190. Id. at 1201.

191. E.g., Kathleen J. Craft et al., Application of Plant DNA Markers in Forensic Botany: Genetic
Comparison of Quercus Evidence Leaves to Crime Scene Trees Using Microsatellites, 165 Forensic Sci. Int’l
64 (2007) (differentiation of oak tree leaves); Christine Kubik et al., Genetic Diversity in Seven Perennial
Ryegrass (Lolium perenne L.) Cultivars Based on SSR Markers, 41 Crop Sci. 1565 (2001) (210 ryegrass
samples correctly assigned to seven cultivars).

192. E.¢g., Bridgett M. vonHoldt et al., Genome-wide SNP and Haplotype Analyses Reveal a Rich
History Underlying Dog Domestication, 464 Nature 898 (2010) (48,000 SNPs in 912 dogs and 225
wolves).

193. Joy Halverson & Christopher J. Basten, A PCR Multiplex and Database for Forensic DNA
Identification of Dogs, 50 J. Forensic Sci. 352 (2005); Marilyn A. Menotti-Raymond et al., An STR
Forensic Typing System for Genetic Individualization of Domestic Cat (Felis catus) Samples, 50 J. Forensic
Sci. 1061 (2005); L.H.P. van de Goor et al., Population Studies of 16 Bovine STR Loci for Forensic
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basic reproductive patterns of the species in question. The simple product rule
(Section 1V) assumes that the sexually reproducing species mates at random with
regard to the STR loci used for typing. When that is the case, the usual STR
alleles and loci can be regarded as independent. But if mating is nonrandom,
as occurs when individuals within a species are selectively bred to obtain some
property such as coat color, body type, or behavioral repertoire, or as occurs
when a species exists in geographically distinct subpopulations, the inheritance of
loci may no longer be independent. Because it cannot be assumed a priori that a
crime scene sample originates from a mixed-breed animal, inbreeding normally
must be accounted for.'*

A different approach is called for if the species is not sexually reproducing.
For example, many plants, some simple animals, and bacteria reproduce asexually.
With asexual reproduction, most offspring are genetically identical to the par-
ent. All the individuals that originate from a common parent constitute, collec-
tively, a clone. The major source of genetic variation in asexually reproducing
species is mutation. When a mutation occurs, a new clonal lineage is created.
Individuals in the original clonal lineage continue to propagate, and two clonal
lineages now exist where before there was one. Thus, in species that reproduce
asexually, genetic testing distinguishes clones, not individuals; hence, the product
rule cannot be applied to estimate genotype frequencies for individuals. Rather,
the frequency of a particular clone in a population of clones must be determined
by direct observation. For example, if a rose thorn found on a suspect’s clothing
were to be identified as originating from a particular cultivar of rose, the relevant
question becomes how common that variety of rose bush is and where it is located
in the community.

In short, the approach for estimating a genotype frequency depends on the
reproductive pattern and population genetics of the species. In cases involving
unusual organisms, a court will need to rely on experts with sufficient knowledge
of the species to verify that the method for estimating genotype frequencies is
appropriate.

Purposes, 125 Int’l J.L. Med. 111 (2009). But see People v. Sutherland, 860 N.E.2d 178 (Ill. 2006)
(conflicting expert testimony on the representativeness of dog databases); Barbara van Asch & Filipe
Pereira, State-of-the-Art and Future Prospects of Canine STR-Based Genotyping, 3 Open Forensic Sci. J.
45 (2010). (recommending collaborative efforts for standardization and additional development of
population databases)..

194. This can be done either by using the affinal model for a structured population or by using
the probability of a match to a littermate or other closely related animal in lieu of the general random-
match probability. See Sutherland, 860 N.E.2d 178 (describing such testimony).
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Glossary of Terms

adenine (A). One of the four bases, or nucleotides, that make up the DNA
molecule. Adenine binds only to thymine. See nucleotide.

affinal method. A method for computing the single-locus profile probabilities
for a theoretical subpopulation by adjusting the single-locus profile probabil-
ity, calculated with the product rule from the mixed population database, by
the amount of heterogeneity across subpopulations. The model is appropriate
even if there is no database available for a particular subpopulation, and the
formula always gives more conservative probabilities than the product rule
applied to the same database.

allele. In classical genetics, an allele is one of several alternative forms of a gene.
A biallelic gene has two variants; others have more. Alleles are inherited
separately from each parent, and for a given gene, an individual may have
two different alleles (heterozygosity) or the same allele (homozygosity). In
DNA analysis, the term is applied to any DNA region (even if it is not a
gene) used for analysis.

allelic ladder. A mixture of all the common alleles at a given locus. Periodically
producing electropherograms of the allelic ladder aids in designating the alleles
detected in an unknown sample. The positions of the peaks for the unknown
can be compared to the positions in a ladder electropherogram produced near
the time when the unknown was analyzed. Peaks that do not match up with
the ladder require further analysis.

Alu sequences. A family of short interspersed elements (SINEs) distributed
throughout the genomes of primates.

amplification. Increasing the number of copies of a DNA region, usually by
PCR.

amplified fragment length polymorphism (AMP-FLP). A DNA iden-
tification technique that uses PCR-amplified DNA fragments of varying
lengths. The DS180 locus is a VNTR whose alleles can be detected with
this technique.

antibody. A protein (immunoglobulin) molecule, produced by the immune
system, that recognizes a particular foreign antigen and binds to it; if the
antigen is on the surface of a cell, this binding leads to cell aggregation and
subsequent destruction.

antigen. A molecule (typically found in the surface of a cell) whose shape triggers
the production of antibodies that will bind to the antigen.

autoradiograph (autoradiogram, autorad). In RFLP analysis, the X-ray film
(or print) showing the positions of radioactively marked fragments (bands)
of DNA, indicating how far these fragments have migrated, and hence their
molecular weights.
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autosome. A chromosome other than the X and Y sex chromosomes.
band. Sce autoradiograph.

band shift. Movement of DNA fragments in one lane of a gel at a different rate
than fragments of an identical length in another lane, resulting in the same
pattern “shifted” up or down relative to the comparison lane. Band shift does
not necessarily occur at the same rate in all portions of the gel.

base pair (bp). Two complementary nucleotides bonded together at the match-
ing bases (A and T or C and G) along the double helix “backbone” of the
DNA molecule. The length of a DNA fragment often is measured in numbers
of base pairs (1 kilobase (kb) = 1000 bp); base-pair numbers also are used to
describe the location of an allele on the DNA strand.

Bayes’ theorem. A formula that relates certain conditional probabilities. It
can be used to describe the impact of new data on the probability that a
hypothesis is true. See the chapter on statistics in this manual.

bin, fixed. In VNTR profiling, a bin is a range of base pairs (DNA fragment
lengths). When a database is divided into fixed bins, the proportion of bands
within each bin is determined and the relevant proportions are used in esti-
mating the profile frequency.

binning. Grouping VNTR alleles into sets of similar sizes because the alleles’
lengths are too similar to differentiate.

bins, floating. In VNTR profiling, a bin is a range of base pairs (DNA fragment
lengths). In a floating bin method of estimating a profile frequency, the bin is
centered on the base-pair length of the allele in question, and the width of the
bin can be defined by the laboratory’s matching rule (e.g., 5% of band size).

blind proficiency test. See proficiency test.

capillary electrophoresis. A method for separating DNA fragments (includ-
ing STRSs) according to their lengths. A long, narrow tube is filled with an
entangled polymer or comparable sieving medium, and an electric field is
applied to pull DNA fragments placed at one end of the tube through the
medium. The procedure is faster and uses smaller samples than gel electro-
phoresis, and it can be automated.

ceiling principle. A procedure for setting a minimum DNA profile frequency
proposed in 1992 by a committee of the National Academy of Sciences. One
hundred persons from each of 15 to 20 genetically homogeneous populations
spanning the range of racial groups in the United States are sampled. For each
allele, the higher frequency among the groups sampled (or 5%, whichever is
larger) is used in calculating the profile frequency. Compare interim ceiling
principle.

chip. A miniaturized system for genetic analysis. One such chip mimics capil-
lary electrophoresis and related manipulations. DNA fragments, pulled by
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small voltages, move through tiny channels etched into a small block of glass,
silicon, quartz, or plastic. This system should be useful in analyzing STRs.
Another technique mimics reverse dot blots by placing a large array of oligo-
nucleotide probes on a solid surface. Such hybridization arrays are useful in
identifying SNPs and in sequencing mitochondrial DNA.

chromosome. A rodlike structure composed of DNA, RNA, and proteins.
Most normal human cells contain 46 chromosomes, 22 autosomes and a sex
chromosome (X) inherited from the mother, and another 22 autosomes and
one sex chromosome (either X or Y) inherited from the father. The genes are
located along the chromosomes. See also homologous chromosomes.

coding and noncoding DNA. The sequence in which the building blocks
(amino acids) of a protein are arranged corresponds to the sequence of base
pairs within a gene. (A sequence of three base pairs specifies a particular
one of the 20 possible amino acids in the protein. The mapping of a set of
three nucleotide bases to a particular amino acid is the genetic code. The
cell makes the protein through intermediate steps involving coding RINA
transcripts.) About 1.5% of the human genome codes for the amino acid
sequences. Another 23.5% of the genome is classified as genetic sequence but
does not encode proteins. This portion of the noncoding DNA is involved
in regulating the activity of genes. It includes promoters, enhancers, and
repressors. Other gene-related DNA consists of introns (that interrupt the
coding sequences, called exons, in genes and that are edited out of the RNA
transcript for the protein), pseudogenes (evolutionary remnants of once-
functional genes), and gene fragments. The remaining, extragenic DNA
(about 75% of the genome) also is noncoding.

CODIS (combined DNA index system). A collection of databases on STR
and other loci of convicted felons, maintained by the FBI.

complementary sequence. The sequence of nucleotides on one strand of DNA
that corresponds to the sequence on the other strand. For example, if one
sequence is CTGAA, the complementary bases are GACTT.

control region. Sce D-loop.
cytoplasm. A jelly-like material (80% water) that fills the cell.

cytosine (C). One of the four bases, or nucleotides, that make up the DNA
double helix. Cytosine binds only to guanine. See nucleotide.

database. A collection of DNA profiles.
degradation. The breaking down of DNA by chemical or physical means.

denature, denaturation. The process of splitting, as by heating, two comple-
mentary strands of the DNA double helix into single strands in preparation
for hybridization with biological probes.
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deoxyribonucleic acid (DNA). The molecule that contains genetic informa-
tion. DNA is composed of nucleotide building blocks, each containing a
base (A, C, G, or T), a phosphate, and a sugar. These nucleotides are linked
together in a double helix—two strands of DNA molecules paired up at
complementary bases (A with T, C with G). See adenine, cytosine, guanine,
thymine.

diploid number. Sce haploid number.

D-loop. A portion of the mitochrondrial genome known as the “control
region” or “displacement loop” instrumental in the regulation and initiation
of mtDNA gene products. Two short “hypervariable” regions within the
D-loop do not appear to be functional and are the sequences used in identity
or kinship testing.

DNA polymerase. The enzyme that catalyzes the synthesis of double-stranded
DNA.

DNA probe. See probe.

DNA profile. The alleles at each locus. For example, a VNTR profile is the
pattern of band lengths on an autorad. A multilocus profile represents the
combined results of multiple probes. See genotype.

DNA sequence. The ordered list of base pairs in a duplex DNA molecule or of
bases in a single strand.

DQ. The antigen that is the product of the DQA gene. See DQA, human
leukocyte antigen.

DQA. The gene that codes for a particular class of human leukocyte antigen
(HLA). This gene has been sequenced completely and can be used for forensic
typing. See human leukocyte antigen.

EDTA. A preservative added to blood samples.

electropherogram. The PCR products separated by capillary electrophoresis
can be labeled with a dye that glows at a given wavelength in response to
light shined on it. As the tagged fragments pass the light source, an electronic
camera records the intensity of the fluorescence. Plotting the intensity as a
function of time produces a series of peaks, with the shorter fragments pro-
ducing peaks sooner. The intensity is measured in relative fluorescent units
and is proportional to the number of glowing fragments passing by the detec-
tor. The graph of the intensity over time is an electropherogram.

electrophoresis. Sce capillary electrophoresis, gel electrophoresis.

endonuclease. An enzyme that cleaves the phosphodiester bond within a
nucleotide chain.

environmental insult. Exposure of DNA to external agents such as heat, mois-
ture, and ultraviolet radiation, or chemical or bacterial agents. Such exposure
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can interfere with the enzymes used in the testing process or otherwise make
DNA difficult to analyze.

enzyme. A protein that catalyzes (speeds up or slows down) a reaction.

epigenetic. Heritable changes in phenotype (appearance) or gene expression
caused by mechanisms other than changes in the underlying DNA sequence.
Epigenetic marks are molecules attached to DNA that can determine whether
genes are active and used by the cell.

ethidium bromide. A molecule that can intercalate into DNA double helices
when the helix is under torsional stress. Used to identify the presence of DNA
in a sample by its fluorescence under ultraviolet light.

exon. See coding and noncoding DNA.
fallacy of the transposed conditional. Sce transposition fallacy.

false match. Two samples of DNA that have different profiles could be declared
to match if, instead of measuring the distinct DNA in each sample, there is
an error in handling or preparing samples such that the DNA from a single
sample is analyzed twice. The resulting match, which does not reflect the
true profiles of the DNA from each sample, is a false match. Some people
use “false match” more broadly, to include cases in which the true profiles of
each sample are the same, but the samples come from different individuals.
Compare true match. See also match, random match.

gel, agarose. A semisolid medium used to separate molecules by electrophoresis.

gel electrophoresis. In RFLP analysis, the process of sorting DNA fragments
by size by applying an electric current to a gel. The different-size fragments
move at different rates through the gel.

gene. A sct of nucleotide base pairs on a chromosome that contains the “instruc-
tions” for controlling some cellular function such as making an enzyme. The
gene is the fundamental unit of heredity; cach simple gene “codes” for a
specific biological characteristic.

gene frequency. The relative frequency (proportion) of an allele in a population.

genetic drift. Random fluctuation in a population’s allele frequencies from
generation to generation.
genetics. The study of the patterns, processes, and mechanisms of inheritance of

biological characteristics.

genome. The complete genetic makeup of an organism, including roughly
23,000 genes and many other DNA sequences in humans. Over three billion
nucleotide base pairs comprise the haploid human genome.

genotype. The particular forms (alleles) of a set of genes possessed by an organ-
ism (as distinguished from phenotype, which refers to how the genotype
expresses itself, as in physical appearance). In DNA analysis, the term is
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applied to the variations within all DNA regions (whether or not they con-
stitute genes) that are analyzed.

genotype, multilocus. The alleles that an organism possesses at several sites in
its genome.

genotype, single locus. The alleles that an organism possesses at a particular
site 1n its genome.

guanine (G). One of the four bases, or nucleotides, that make up the DNA
double helix. Guanine binds only to cytosine. See nucleotide.

haploid number. Human sex cells (egg and sperm) contain 23 chromosomes
each. This 1s the haploid number. When a sperm cell fertilizes an egg cell, the
number of chromosomes doubles to 46. This is the diploid number.

haplotype. A specific combination of linked alleles at several loci.

Hardy-Weinberg equilibrium. A condition in which the allele frequencies
within a large, random, intrabreeding population are unrelated to patterns of
mating. In this condition, the occurrence of alleles from each parent will be
independent and have a joint frequency estimated by the product rule. See
independence, linkage disequilibrium.

heteroplasmy, heteroplasty. The condition in which some copies of mito-
chondrial DNA in the same individual have different base pairs at certain
points.

heterozygous. Having a different allele at a given locus on each of a pair of
homologous chromosomes. See allele. Compare homozygous.

homologous chromosomes. The 44 autosomes (nonsex chromosomes) in the
normal human genome are in homologous pairs (one from cach parent) that
share an identical set of genes, but may have different alleles at the same loci.

homozygous. Having the same allele at a given locus on each of a pair of
homologous chromosomes. See allele. Compare heterozygous.

human leukocyte antigen (HLA). Antigen (foreign body that stimulates an
immune system response) located on the surface of most cells (excluding red
blood cells and sperm cells). HLAs differ among individuals and are associated
closely with transplant rejection. See DQA.

hybridization. Pairing up of complementary strands of DNA from differ-
ent sources at the matching base-pair sites. For example, a primer with
the sequence AGGTCT would bond with the complementary sequence
TCCAGA on a DNA fragment.

independence. Two cvents are said to be independent if one is neither more
nor less likely to occur when the other does.

interim ceiling principle. A procedure proposed in 1992 by a committee of
the National Academy of Sciences for setting a minimum DNA profile fre-
quency. For each allele, the highest frequency (adjusted upward for sampling
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error) found in any major racial group (or 10%, whichever is higher), is used
in product-rule calculations. Compare ceiling principle.

intron. Sce coding and noncoding DNA.
kilobase (kb). A measure of DNA length (1000 bases).

likelihood ratio. A measure of the support that an observation provides for one
hypothesis as opposed to an alternative hypothesis. The likelihood ratio is
computed by dividing the conditional probability of the observation given
that one hypothesis is true by the conditional probability of the observation
given the alternative hypothesis. For example, the likelihood ratio for the
hypothesis that two DNA samples with the same STR profile originated
from the same individual (as opposed to originating from two unrelated
individuals) is the reciprocal of the random-match probability. Legal scholars
have introduced the likelihood ratio as a measure of the probative value of
evidence. Evidence that is 100 times more probable to be observed when
one hypothesis is true as opposed to another has more probative value than
evidence that is only twice as probable.

linkage. The inheritance together of two or more genes on the same chromosome.

linkage equilibrium. A condition in which the occurrence of alleles at different
loci is independent.

locus. A location in the genome, that is, a position on a chromosome where a
gene or other structure begins.

mass spectroscopy. The separation of elements or molecules according to their
molecular weight. In the version being developed for DNA analysis, small
quantities of PCR-amplified fragments are irradiated with a laser to form
gascous ions that traverse a fixed distance. Heavier ions have longer times of
flight, and the process is known as matrix-assisted laser desorption-ionization
time-of-flight mass spectroscopy. MALDI-TOF-MS, as it is abbreviated, may
be useful in analyzing STRs.

match. The presence of the same allele or alleles in two samples. Two DNA
profiles are declared to match when they are indistinguishable in genetic type.
For loci with discrete alleles, two samples match when they display the same
set of alleles. For RFLP testing of VNTRs, two samples match when the
pattern of the bands is similar and the positions of the corresponding bands
at each locus fall within a preset distance. See match window, false match,
true match.

match window. If two RFLP bands lie within a preset distance, called the
match window, that reflects normal measurement error, they can be declared
to match.

microsatellite. Another term for an STR.

minisatellite. Another term for a VNTR.
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mitochondria. A structure (organelle) within nucleated (eukaryotic) cells that
is the site of the energy-producing reactions within the cell. Mitochondria
contain their own DNA (often abbreviated as mtDINA), which is inherited
only from mother to child.

molecular weight. The weight in grams of 1 mole (approximately 6.02 x 10?3
molecules) of a pure, molecular substance.

monomorphic. A gene or DNA characteristic that is almost always found in
only one form in a population. Compare polymorphism.

multilocus probe. A probe that marks multiple sites (loci). RFLP analysis using
a multilocus probe will yield an autorad showing a striped pattern of 30 or
more bands. Such probes are no longer used in forensic applications.

multilocus profile. See profile.

multiplexing. Typing several loci simultancously.

mutation. The process that produces a gene or chromosome set differing from
the type already in the population; the gene or chromosome set that results
from such a process.

nanogram (ng). A billionth of a gram.

nucleic acid. RNA or DNA.

nucleotide. A unit of DNA consisting of a base (A, C, G, or T) and attached to
a phosphate and a sugar group; the basic building block of nucleic acids. See
deoxyribonucleic acid.

nucleus. The membrane-covered portion of a eukaryotic cell containing most
of the DNA and found within the cytoplasm.

oligonucleotide. A synthetic polymer made up of fewer than 100 nucleotides;
used as a primer or a probe in PCR. See primer.

paternity index. A number (technically, a likelihood ratio) that indicates the sup-
port that the paternity test results lend to the hypothesis that the alleged father
is the biological father as opposed to the hypothesis that another man selected
at random is the biological father. Assuming that the observed phenotypes cor-
rectly represent the phenotypes of the mother, child, and alleged father tested,
the number can be computed as the ratio of the probability of the phenotypes
under the first hypothesis to the probability under the second hypothesis. Large
values indicate substantial support for the hypothesis of paternity; values near
zero indicate substantial support for the hypothesis that someone other than
the alleged father is the biological father; and values near unity indicate that
the results do not help in determining which hypothesis is correct.

pH. A mecasure of the acidity of a solution.
phenotype. A trait, such as eye color or blood group, resulting from a genotype.

point mutation. See SNP.
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polymarker. A commercially marketed set of PCR-based tests for protein
polymorphisms.

polymerase chain reaction (PCR). A process that mimics DNA’s own repli-
cation processes to make up to millions of copies of short strands of genetic
material in a few hours.

polymorphism. The presence of several forms of a gene or DNA characteristic
in a population.

population genetics. The study of the genctic composition of groups of
individuals.

population structure. When a population is divided into subgroups that do not
mix freely, that population is said to have structure. Significant structure can
lead to allele frequencies being different in the subpopulations.

primer. An oligonucleotide that attaches to one end of a DNA fragment and
provides a point for more complementary nucleotides to attach and replicate
the DNA strand. See oligonucleotide.

probe. In forensics, a short segment of DNA used to detect certain alleles. The
probe hybridizes, or matches up, to a specific complementary sequence.
Probes allow visualization of the hybridized DNA, either by a radioactive
tag (usually used for RFLP analysis) or a biochemical tag (usually used for
PCR-based analyses).

product rule. When alleles occur independently at each locus (Hardy-Weinberg
equilibrium) and across loci (linkage equilibrium), the proportion of the
population with a given genotype is the product of the proportion of cach
allele at cach locus, times factors of two for heterozygous loci.

proficiency test. A test administered at a laboratory to evaluate its performance.
In a blind proficiency study, the laboratory personnel do not know that they
are being tested.

prosecutor’s fallacy. Sce transposition fallacy.

protein. A class of biologically important molecules made up of a linear string
of building blocks called amino acids. The order in which these components
are arranged is encoded in the DNA sequence of the gene that expresses the
protein. See coding DNA.

pseudogenes. Genes that have been so disabled by mutations that they can no
longer produce proteins. Some pseudogenes can still produce noncoding
RNA.

quality assurance. A program conducted by a laboratory to ensure accuracy
and reliability.

quality audit. A systematic and independent examination and evaluation of a
laboratory’s operations.
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quality control. Activities used to monitor the ability of DNA typing to meet
specified criteria.

random match. A match in the DNA profiles of two samples of DNA, where one
is drawn at random from the population. See also random-match probability.

random-match probability. The chance of a random match. As it is usually
used in court, the random-match probability refers to the probability of a true
match when the DNA being compared to the evidence DNA comes from
a person drawn at random from the population. This random true match
probability reveals the probability of a true match when the samples of DNA
come from different, unrelated people.

random mating. The members of a population are said to mate randomly with
respect to particular genes of DNA characteristics when the choice of mates
is independent of the alleles.

recombination. In general, any process in a diploid or partially diploid cell that
generates new gene or chromosomal combinations not found in that cell or
in its progenitors.

reference population. The population to which the perpetrator of a crime is
thought to belong.

relative fluorescent unit (RFU). See electropherogram.

replication. The synthesis of new DNA from existing DNA. See polymerase
chain reaction.

restriction enzyme. Protein that cuts double-stranded DNA at specific base-
pair sequences (different enzymes recognize different sequences). See restric-
tion site.

restriction fragment length polymorphism (RFLP). Variation among people
in the length of a segment of DINA cut at two restriction sites.

restriction fragment length polymorphism (RFLP) analysis. Analysis of
individual variations in the lengths of DNA fragments produced by digesting
sample DNA with a restriction enzyme.

restriction site. A sequence marking the location at which a restriction enzyme
cuts DNA into fragments. See restriction enzyme.

reverse dot blot. A detection method used to identify SNPs in which DNA
probes are affixed to a membrane, and amplified DNA is passed over the
probes to see if it contains the complementary sequence.

ribonucleic acid (RNA). A single-stranded molecule “transcribed” from
DNA. “Coding” RNA acts as a template for building proteins according
the sequences in the coding DNA from which it is transcribed. Other RNA
transcripts can be a sensor for detecting signals that affect gene expression, a
switch for turning genes oft or on, or they may be functionless.
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sequence-specific oligonucleotide (SSO) probe. Also, allele-specific oligo-
nucleotide (ASO) probe. Oligonucleotide probes used in a PCR-associated
detection technique to identify the presence or absence of certain base-pair
sequences identifying different alleles. The probes are visualized by an array
of dots rather than by the electrophoretograms associated with STR analysis.

sequencing. Determining the order of base pairs in a segment of DNA.
short tandem repeat (STR). See variable number tandem repeat.

single-locus probe. A probe that only marks a specific site (locus). RFLP analy-
sis using a single-locus probe will yield an autorad showing one band if the
individual is homozygous, two bands if heterozygous. Likewise, the probe
will produce one or two peaks in an STR electrophoretogram.

SNP (single nucleotide polymorphism). A substitution, insertion, or deletion
of a single base pair at a given point in the genome.

SNP chip. Sce chip.

Southern blotting. Named for its inventor, a technique by which processed
DNA fragments, separated by gel electrophoresis, are transferred onto a nylon
membrane in preparation for the application of biological probes.

thymine (T). One of the four bases, or nucleotides, that make up the DNA
double helix. Thymine binds only to adenine. See nucleotide.

transposition fallacy. Also called the prosecutor’s fallacy, the transposition
fallacy confuses the conditional probability of A given B [P(A|B)] with that
of B given A [PB|A)]. Few people think that the probability that a person
speaks Spanish (A) given that he or she is a citizen of Chile (B) equals the
probability that a person is a citizen of Chile (B) given that he or she speaks
Spanish (A). Yet, many court opinions, newspaper articles, and even some
expert witnesses speak of the probability of a matching DNA genotype (A)
given that someone other than the defendant is the source of the crime scene
DNA (B) as if it were the probability of someone else being the source (B)
given the matching profile (A). Transposing conditional probabilities correctly
requires Bayes’ theorem.

true match. Two samples of DNA that have the same profile should match
when tested. If there is no error in the labeling, handling, and analysis of the
samples and in the reporting of the results, a match is a true match. A true
match establishes that the two samples of DNA have the same profile. Unless
the profile is unique, however, a true match does not conclusively prove that
the two samples came from the same source. Some people use “true match”
more narrowly, to mean only those matches among samples from the same
source. Compare false match. See also match, random match.

variable number tandem repeat (VNTR). A class of RFLPs resulting from
multiple copies of virtually identical base-pair sequences, arranged in succes-
sion at a specific locus on a chromosome. The number of repeats varies from
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individual to individual, thus providing a basis for individual recognition.
VNTRSs are longer than STRs.

window. See match window.
X chromosome. See chromosome.

Y chromosome. See chromosome.
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I. Introduction

Statistical assessments are prominent in many kinds of legal cases, including
antitrust, employment discrimination, toxic torts, and voting rights cases.! This
reference guide describes the elements of statistical reasoning. We hope the expla-
nations will help judges and lawyers to understand statistical terminology, to see
the strengths and weaknesses of statistical arguments, and to apply relevant legal
doctrine. The guide is organized as follows:

* Section I provides an overview of the field, discusses the admissibility
of statistical studies, and offers some suggestions about procedures that
encourage the best use of statistical evidence.

* Section II addresses data collection and explains why the design of a study
is the most important determinant of its quality. This section compares
experiments with observational studies and surveys with censuses, indicat-
ing when the various kinds of study are likely to provide useful results.

* Section III discusses the art of summarizing data. This section considers the
mean, median, and standard deviation. These are basic descriptive statistics,
and most statistical analyses use them as building blocks. This section also
discusses patterns in data that are brought out by graphs, percentages, and
tables.

* Section IV describes the logic of statistical inference, emphasizing founda-
tions and disclosing limitations. This section covers estimation, standard
errors and confidence intervals, p-values, and hypothesis tests.

e Section V shows how associations can be described by scatter diagrams,
correlation coefticients, and regression lines. Regression is often used to
infer causation from association. This section explains the technique, indi-
cating the circumstances under which it and other statistical models are
likely to succeed—or fail.

e An appendix provides some technical details.

* The glossary defines statistical terms that may be encountered in litigation.

1. See generally Statistical Science in the Courtroom (Joseph L. Gastwirth ed., 2000); Statistics
and the Law (Morris H. DeGroot et al. eds., 1986); National Research Council, The Evolving Role
of Statistical Assessments as Evidence in the Courts (Stephen E. Fienberg ed., 1989) [hereinafter The
Evolving Role of Statistical Assessments as Evidence in the Courts]; Michael O. Finkelstein & Bruce
Levin, Statistics for Lawyers (2d ed. 2001); 1 & 2 Joseph L. Gastwirth, Statistical Reasoning in Law
and Public Policy (1988); Hans Zeisel & David Kaye, Prove It with Figures: Empirical Methods in
Law and Litigation (1997).
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A. Admissibility and Weight of Statistical Studies

Statistical studies suitably designed to address a material issue generally will be
admissible under the Federal Rules of Evidence. The hearsay rule rarely is a
serious barrier to the presentation of statistical studies, because such studies may
be offered to explain the basis for an expert’s opinion or may be admissible under
the learned treatise exception to the hearsay rule.? Because most statistical methods
relied on in court are described in textbooks or journal articles and are capable
of producing useful results when properly applied, these methods generally satisfy
important aspects of the “scientific knowledge” requirement in Daubert v. Merrell
Dow Pharmaceuticals, Inc.> Of course, a particular study may use a method that is
entirely appropriate but that is so poorly executed that it should be inadmissible
under Federal Rules of Evidence 403 and 702.* Or, the method may be inappro-
priate for the problem at hand and thus lack the “fit” spoken of in Daubert.> Or
the study might rest on data of the type not reasonably relied on by statisticians or
substantive experts and hence run afoul of Federal Rule of Evidence 703. Often,
however, the battle over statistical evidence concerns weight or sufficiency rather
than admissibility.

B. Varieties and Limits of Statistical Expertise

For convenience, the field of statistics may be divided into three subfields: prob-
ability theory, theoretical statistics, and applied statistics. Probability theory is the
mathematical study of outcomes that are governed, at least in part, by chance.
Theoretical statistics is about the properties of statistical procedures, including
error rates; probability theory plays a key role in this endeavor. Applied statistics
draws on both of these fields to develop techniques for collecting or analyzing
particular types of data.

2. See generally 2 McCormick on Evidence §§ 321, 324.3 (Kenneth S. Broun ed., 6th ed. 2006).
Studies published by government agencies also may be admissible as public records. Id. § 296.

3. 509 U.S. 579, 589-90 (1993).

4. See Kumho Tire Co. v. Carmichael, 526 U.S. 137, 152 (1999) (suggesting that the trial court
should “make certain that an expert, whether basing testimony upon professional studies or personal
experience, employs in the courtroom the same level of intellectual rigor that characterizes the practice
of an expert in the relevant field.”); Malletier v. Dooney & Bourke, Inc., 525 F. Supp. 2d 558, 562-63
(S.D.NVY. 2007) (“While errors in a survey’s methodology usually go to the weight accorded to the
conclusions rather than its admissibility, . . . ‘there will be occasions when the proffered survey is so
flawed as to be completely unhelpful to the trier of fact.””) (quoting AHP Subsidiary Holding Co. v.
Stuart Hale Co., 1 F.3d 611, 618 (7th Cir.1993)).

5. Daubert, 509 U.S. at 591; Anderson v. Westinghouse Savannah River Co., 406 F.3d 248 (4th
Cir. 2005) (motion to exclude statistical analysis that compared black and white employees without
adequately taking into account differences in their job titles or positions was properly granted under
Daubert); Malletier, 525 F. Supp. 2d at 569 (excluding a consumer survey for “a lack of fit between the
survey’s questions and the law of dilution” and errors in the execution of the survey).
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Statistical expertise is not confined to those with degrees in statistics. Because
statistical reasoning underlies many kinds of empirical research, scholars in a
variety of fields—including biology, economics, epidemiology, political science,
and psychology—are exposed to statistical ideas, with an emphasis on the methods
most important to the discipline.

Experts who specialize in using statistical methods, and whose professional
careers demonstrate this orientation, are most likely to use appropriate procedures
and correctly interpret the results. By contrast, forensic scientists often lack basic
information about the studies underlying their testimony. State v. Garrison® illus-
trates the problem. In this murder prosecution involving bite mark evidence, a
dentist was allowed to testify that “the probability factor of two sets of teeth being
identical in a case similar to this is, approximately, eight in one million,” even
though “he was unaware of the formula utilized to arrive at that figure other than
that it was ‘computerized.”’

At the same time, the choice of which data to examine, or how best to model
a particular process, could require subject matter expertise that a statistician lacks.
As a result, cases involving statistical evidence frequently are (or should be) “two
expert” cases of interlocking testimony. A labor economist, for example, may
supply a definition of the relevant labor market from which an employer draws
its employees; the statistical expert may then compare the race of new hires to
the racial composition of the labor market. Naturally, the value of the statistical
analysis depends on the substantive knowledge that informs it.?

C. Procedures That Enhance Statistical Testimony

1. Maintaining professional autonomy

Ideally, experts who conduct research in the context of litigation should proceed
with the same objectivity that would be required in other contexts. Thus, experts
who testify (or who supply results used in testimony) should conduct the analysis
required to address in a professionally responsible fashion the issues posed by the
litigation.” Questions about the freedom of inquiry accorded to testifying experts,

6. 585 P.2d 563 (Ariz. 1978).

7. Id. at 566, 568. For other examples, see David H. Kaye et al., The New Wigmore: A Treatise
on Evidence: Expert Evidence § 12.2 (2d ed. 2011).

8. In Vuyanich v. Republic National Bank, 505 F. Supp. 224, 319 (N.D. Tex. 1980), vacated, 723
F.2d 1195 (5th Cir. 1984), defendant’s statistical expert criticized the plaintiffs’ statistical model for an
implicit, but restrictive, assumption about male and female salaries. The district court trying the case
accepted the model because the plaintiffs’ expert had a “very strong guess” about the assumption, and
her expertise included labor economics as well as statistics. Id. It is doubtful, however, that economic
knowledge sheds much light on the assumption, and it would have been simple to perform a less
restrictive analysis.

9. See The Evolving Role of Statistical Assessments as Evidence in the Courts, supra note 1, at
164 (recommending that the expert be free to consult with colleagues who have not been retained
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as well as the scope and depth of their investigations, may reveal some of the
limitations to the testimony.

2. Disclosing other analyses

Statisticians analyze data using a variety of methods. There is much to be said for
looking at the data in several ways. To permit a fair evaluation of the analysis that
is eventually settled on, however, the testifying expert can be asked to explain
how that approach was developed. According to some commentators, counsel
who know of analyses that do not support the client’s position should reveal them,

rather than presenting only favorable results.!”

3. Disclosing data and analytical methods before trial

The collection of data often is expensive and subject to errors and omissions.
Moreover, careful exploration of the data can be time-consuming. To minimize
debates at trial over the accuracy of data and the choice of analytical techniques,
pretrial discovery procedures should be used, particularly with respect to the qual-
ity of the data and the method of analysis.!!

II. How Have the Data Been Collected?

The interpretation of data often depends on understanding “study design”—the
plan for a statistical study and its implementation.'? Different designs are suited to
answering different questions. Also, flaws in the data can undermine any statistical
analysis, and data quality is often determined by study design.

In many cases, statistical studies are used to show causation. Do food additives
cause cancer? Does capital punishment deter crime? Would additional disclosures

by any party to the litigation and that the expert receive a letter of engagement providing for these
and other safeguards).

10. Id. at 167; /. William W. Schwarzer, In Defense of “Automatic Disclosure in Discovery,” 27
Ga. L. Rev. 655, 658-59 (1993) (“[T]he lawyer owes a duty to the court to make disclosure of core
information.”). The National Research Council also recommends that “if a party gives statistical data
to different experts for competing analyses, that fact be disclosed to the testifying expert, if any.” The
Evolving Role of Statistical Assessments as Evidence in the Courts, supra note 1, at 167.

11. See The Special Comm. on Empirical Data in Legal Decision Making, Recommendations
on Pretrial Proceedings in Cases with Voluminous Data, reprinted in The Evolving Role of Statistical
Assessments as Evidence in the Courts, supra note 1, app. F; see also David H. Kaye, Improving Legal
Statistics, 24 Law & Soc’y Rev. 1255 (1990).

12. For introductory treatments of data collection, see, for example, David Freedman et al.,
Statistics (4th ed. 2007); Darrell Huff, How to Lie with Statistics (1993); David S. Moore & William
I. Notz, Statistics: Concepts and Controversies (6th ed. 2005); Hans Zeisel, Say It with Figures (6th
ed. 1985); Zeisel & Kaye, supra note 1.

216

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Guide on Statistics

in a securities prospectus cause investors to behave differently? The design of

studies to investigate causation is the first topic of this section.!?

Sample data can be used to describe a population. The population is the
whole class of units that are of interest; the sample is the set of units chosen for
detailed study. Inferences from the part to the whole are justified when the sample
is representative. Sampling is the second topic of this section.

Finally, the accuracy of the data will be considered. Because making and
recording measurements is an error-prone activity, error rates should be assessed
and the likely impact of errors considered. Data quality is the third topic of this
section.

A. Is the Study Designed to Investigate Causation?
1. Types of studies

When causation is the issue, anecdotal evidence can be brought to bear. So can
observational studies or controlled experiments. Anecdotal reports may be of
value, but they are ordinarily more helpful in generating lines of inquiry than in
proving causation.!* Observational studies can establish that one factor is associ-

13. See also Michael D. Green et al., Reference Guide on Epidemiology, Section V, in this
manual; Joseph Rodricks, Reference Guide on Exposure Science, Section E, in this manual.

14. In medicine, evidence from clinical practice can be the starting point for discovery of
cause-and-effect relationships. For examples, see David A. Freedman, On Types of Scientific Enquiry, in
The Oxford Handbook of Political Methodology 300 (Janet M. Box-Steffensmeier et al. eds., 2008).
Anecdotal evidence is rarely definitive, and some courts have suggested that attempts to infer causa-
tion from anecdotal reports are inadmissible as unsound methodology under Daubert v. Merrell Dow
Pharmaceuticals, Inc., 509 U.S. 579 (1993). See, e.g., McClain v. Metabolife Int’l, Inc., 401 F.3d 1233,
1244 (11th Cir. 2005) (“simply because a person takes drugs and then suffers an injury does not show
causation. Drawing such a conclusion from temporal relationships leads to the blunder of the post hoc
ergo propter hoc fallacy.”); In re Baycol Prods. Litig., 532 F. Supp. 2d 1029, 1039—40 (D. Minn. 2007)
(excluding a meta-analysis based on reports to the Food and Drug Administration of adverse events);
Leblanc v. Chevron USA Inc., 513 F. Supp. 2d 641, 650 (E.D. La. 2007) (excluding plaintiffs’ experts’
opinions that benzene causes myelofibrosis because the causal hypothesis “that has been generated by
case reports . . . has not been confirmed by the vast majority of epidemiologic studies of workers being
exposed to benzene and more generally, petroleum products.”), vacated, 275 Fed. App’x. 319 (5th
Cir. 2008) (remanding for consideration of newer government report on health effects of benzene);
¢f. Matrixx Initiatives, Inc. v. Siracusano, 131 S. Ct. 1309, 1321 (2011) (concluding that adverse event
reports combined with other information could be of concern to a reasonable investor and therefore
subject to a requirement of disclosure under SEC Rule 10b-5, but stating that “the mere existence of
reports of adverse events . . . says nothing in and of itself about whether the drug is causing the adverse
events”). Other courts are more open to “differential diagnoses” based primarily on timing. E.g., Best v.
Lowe’s Home Ctrs., Inc., 563 F.3d 171 (6th Cir. 2009) (reversing the exclusion of a physician’s opinion
that exposure to propenyl chloride caused a man to lose his sense of smell because of the timing in this
one case and the physician’s inability to attribute the change to anything else); Kaye et al., supra note
7, §§ 8.7.2 & 12.5.1. See also Matrixx Initiatives, supra, at 1322 (listing “a temporal relationship” in a

single patient as one indication of “a reliable causal link”).
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ated with another, but work is needed to bridge the gap between association and
causation. Randomized controlled experiments are ideally suited for demonstrat-
ing causation.

Anecdotal evidence usually amounts to reports that events of one kind are
followed by events of another kind. Typically, the reports are not even sufficient
to show association, because there is no comparison group. For example, some
children who live near power lines develop leukemia. Does exposure to electrical
and magnetic fields cause this disease? The anecdotal evidence is not compelling
because leukemia also occurs among children without exposure.' It is necessary
to compare disease rates among those who are exposed and those who are not.
If exposure causes the disease, the rate should be higher among the exposed and
lower among the unexposed. That would be association.

The next issue is crucial: Exposed and unexposed people may differ in ways
other than the exposure they have experienced. For example, children who live
near power lines could come from poorer families and be more at risk from other
environmental hazards. Such differences can create the appearance of a cause-and-
effect relationship. Other differences can mask a real relationship. Cause-and-eftect
relationships often are quite subtle, and carefully designed studies are needed to
draw valid conclusions.

An epidemiological classic makes the point. At one time, it was thought that
lung cancer was caused by fumes from tarring the roads, because many lung cancer
patients lived near roads that recently had been tarred. This is anecdotal evidence.
But the argument is incomplete. For one thing, most people—whether exposed
to asphalt fumes or unexposed—did not develop lung cancer. A comparison of
rates was needed. The epidemiologists found that exposed persons and unexposed
persons suffered from lung cancer at similar rates: Tar was probably not the causal
agent. Exposure to cigarette smoke, however, turned out to be strongly associated
with lung cancer. This study, in combination with later ones, made a compelling
case that smoking cigarettes is the main cause of lung cancer.'®

A good study design compares outcomes for subjects who are exposed to
some factor (the treatment group) with outcomes for other subjects who are

15. See National Research Council, Committee on the Possible Effects of Electromagnetic Fields
on Biologic Systems (1997); Zeisel & Kaye, supra note 1, at 66—67. There are problems in measur-
ing exposure to electromagnetic fields, and results are inconsistent from one study to another. For
such reasons, the epidemiological evidence for an effect on health is inconclusive. National Research
Council, supra; Zeisel & Kaye, supra; Edward W. Campion, Power Lines, Cancer, and Fear, 337 New
Eng. J. Med. 44 (1997) (editorial); Martha S. Linet et al., Residential Exposure to Magnetic Fields and Acute
Lymphoblastic Leukemia in Children, 337 New Eng. J. Med. 1 (1997); Gary Taubes, Magnetic Field-Cancer
Link: Will It Rest in Peace?, 277 Science 29 (1997) (quoting various epidemiologists).

16. Richard Doll & A. Bradford Hill, A Study of the Aetiology of Carcinoma of the Lung, 2 Brit.
Med. J. 1271 (1952). This was a matched case-control study. Cohort studies soon followed. See
Green et al., supra note 13. For a review of the evidence on causation, see 38 International Agency
for Research on Cancer (IARC), World Health Org., IARC Monographs on the Evaluation of the
Carcinogenic Risk of Chemicals to Humans: Tobacco Smoking (1986).

218

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Guide on Statistics

not exposed (the control group). Now there is another important distinction to
be made—that between controlled experiments and observational studies. In a
controlled experiment, the investigators decide which subjects will be exposed
and which subjects will go into the control group. In observational studies, by
contrast, the subjects themselves choose their exposures. Because of self-selection,
the treatment and control groups are likely to differ with respect to influential
factors other than the one of primary interest. (These other factors are called lurk-
ing variables or confounding variables.)!” With the health effects of power lines,
family background is a possible confounder; so is exposure to other hazards. Many
confounders have been proposed to explain the association between smoking and
lung cancer, but careful epidemiological studies have ruled them out, one after
the other.

Confounding remains a problem to reckon with, even for the best observa-
tional research. For example, women with herpes are more likely to develop cer-
vical cancer than other women. Some investigators concluded that herpes caused
cancer: In other words, they thought the association was causal. Later research
showed that the primary cause of cervical cancer was human papilloma virus
(HPV). Herpes was a marker of sexual activity. Women who had multiple sexual
partners were more likely to be exposed not only to herpes but also to HPV.
The association between herpes and cervical cancer was due to other variables.'®

What are “variables?” In statistics, a variable is a characteristic of units in a
study. With a study of people, the unit of analysis is the person. Typical vari-
ables include income (dollars per year) and educational level (years of schooling
completed): These variables describe people. With a study of school districts, the
unit of analysis is the district. Typical variables include average family income of
district residents and average test scores of students in the district: These variables
describe school districts.

When investigating a cause-and-effect relationship, the variable that repre-
sents the effect is called the dependent variable, because it depends on the causes.
The variables that represent the causes are called independent variables. With a
study of smoking and lung cancer, the independent variable would be smoking
(e.g., number of cigarettes per day), and the dependent variable would mark the
presence or absence of lung cancer. Dependent variables also are called outcome
variables or response variables. Synonyms for independent variables are risk factors,
predictors, and explanatory variables.

17. For example, a confounding variable may be correlated with the independent variable and
act causally on the dependent variable. If the units being studied differ on the independent variable,
they are also likely to differ on the confounder. The confounder—not the independent variable—could
therefore be responsible for differences seen on the dependent variable.

18. For additional examples and further discussion, see Freedman et al., supra note 12, at 12-28,
150-52; David A. Freedman, From Association to Causation: Some Remarks on the History of Statistics, 14
Stat. Sci. 243 (1999). Some studies find that herpes is a “cofactor,” which increases risk among women
who are also exposed to HPV. Only certain strains of HPV are carcinogenic.
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2. Randomized controlled experiments

In randomized controlled experiments, investigators assign subjects to treatment
or control groups at random. The groups are therefore likely to be comparable,
except for the treatment. This minimizes the role of confounding. Minor imbal-
ances will remain, due to the play of random chance; the likely effect on study
results can be assessed by statistical techniques.!” The bottom line is that causal
inferences based on well-executed randomized experiments are generally more
secure than inferences based on well-executed observational studies.

The following example should help bring the discussion together. Today, we
know that taking aspirin helps prevent heart attacks. But initially, there was some
controversy. People who take aspirin rarely have heart attacks. This is anecdotal
evidence for a protective effect, but it proves almost nothing. After all, few people
have frequent heart attacks, whether or not they take aspirin regularly. A good
study compares heart attack rates for two groups: people who take aspirin (the
treatment group) and people who do not (the controls). An observational study
would be easy to do, but in such a study the aspirin-takers are likely to be dif-
ferent from the controls. Indeed, they are likely to be sicker—that is why they
are taking aspirin. The study would be biased against finding a protective effect.
Randomized experiments are harder to do, but they provide better evidence. It
is the experiments that demonstrate a protective effect.?’

In summary, data from a treatment group without a control group generally
reveal very little and can be misleading. Comparisons are essential. If subjects are
assigned to treatment and control groups at random, a difference in the outcomes
between the two groups can usually be accepted, within the limits of statistical
error (infra Section IV), as a good measure of the treatment effect. However, if
the groups are created in any other way, differences that existed before treatment
may contribute to differences in the outcomes or mask differences that otherwise
would become manifest. Observational studies succeed to the extent that the treat-
ment and control groups are comparable—apart from the treatment.

3. Observational studies

The bulk of the statistical studies seen in court are observational, not experi-
mental. Take the question of whether capital punishment deters murder. To
conduct a randomized controlled experiment, people would need to be assigned
randomly to a treatment group or a control group. People in the treatment
group would know they were subject to the death penalty for murder; the

19. Randomization of subjects to treatment or control groups puts statistical tests of significance
on a secure footing. Freedman et al., supra note 12, at 50322, 545—-63; see infra Section IV.

20. In other instances, experiments have banished strongly held beliefs. E.g., Scott M. Lippman
et al., Effect of Selenium and Vitamin E on Risk of Prostate Cancer and Other Cancers: The Selenium
and Vitamin E Cancer Prevention Trial (SELECT), 301 JAMA 39 (2009).
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controls would know that they were exempt. Conducting such an experiment
is not possible.

Many studies of the deterrent eftect of the death penalty have been conducted,
all observational, and some have attracted judicial attention. Researchers have cata-
logued differences in the incidence of murder in states with and without the death
penalty and have analyzed changes in homicide rates and execution rates over the
years. When reporting on such observational studies, investigators may speak of’
“control groups” (e.g., the states without capital punishment) or claim they are “con-
trolling for” confounding variables by statistical methods.?! However, association is
not causation. The causal inferences that can be drawn from analysis of observational
data—no matter how complex the statistical technique—usually rest on a foundation
that is less secure than that provided by randomized controlled experiments.

That said, observational studies can be very useful. For example, there is strong
observational evidence that smoking causes lung cancer (supra Section I1I.A.1). Gen-
erally, observational studies provide good evidence in the following circumstances:

e The association is seen in studies with different designs, on difterent kinds of
subjects, and done by different research groups.?> That reduces the chance
that the association is due to a defect in one type of study, a peculiarity in
one group of subjects, or the idiosyncrasies of one research group.

e The association holds when effects of confounding variables are taken into
account by appropriate methods, for example, comparing smaller groups
that are relatively homogeneous with respect to the confounders.?

e There is a plausible explanation for the effect of the independent variable;
alternative explanations in terms of confounding should be less plausible
than the proposed causal link.>*

21. A procedure often used to control for confounding in observational studies is regression
analysis. The underlying logic is described infra Section V.D and in Daniel L. Rubinfeld, Reference
Guide on Multiple Regression, Section II, in this manual. But see Richard A. Berk, Regression
Analysis: A Constructive Critique (2004); Rethinking Social Inquiry: Diverse Tools, Shared Standards
(Henry E. Brady & David Collier eds., 2004); David A. Freedman, Statistical Models: Theory and
Practice (2005); David A. Freedman, Ouasis or Mirage, Chance, Spring 2008, at 59.

22. For example, case-control studies are designed one way and cohort studies another, with
many variations. See, e.g., Leon Gordis, Epidemiology (4th ed. 2008); supra note 16.

23. The idea is to control for the influence of a confounder by stratification—making compari-
sons separately within groups for which the confounding variable is nearly constant and therefore has
little influence over the variables of primary interest. For example, smokers are more likely to get lung
cancer than nonsmokers. Age, gender, social class, and region of residence are all confounders, but
controlling for such variables does not materially change the relationship between smoking and cancer
rates. Furthermore, many different studies—of different types and on different populations—confirm
the causal link. That is why most experts believe that smoking causes lung cancer and many other
discases. For a review of the literature, see International Agency for Research on Cancer, supra note 16.

24. A. Bradford Hill, The Environment and Disease: Association or Causation?, 58 Proc. Royal
Soc’y Med. 295 (1965); Alfred S. Evans, Causation and Disease: A Chronological Journey 187 (1993).

Plausibility, however, is a function of time and circumstances.
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Thus, evidence for the causal link does not depend on observed associations alone.

Observational studies can produce legitimate disagreement among experts,
and there is no mechanical procedure for resolving such differences of opinion.
In the end, deciding whether associations are causal typically is not a matter of
statistics alone, but also rests on scientific judgment. There are, however, some
basic questions to ask when appraising causal inferences based on empirical studies:

e Was there a control group? Unless comparisons can be made, the study
has little to say about causation.

e If there was a control group, how were subjects assigned to treatment
or control: through a process under the control of the investigator (a
controlled experiment) or through a process outside the control of the
investigator (an observational study)?

e If the study was a controlled experiment, was the assignment made using
a chance mechanism (randomization), or did it depend on the judgment
of the investigator?

If the data came from an observational study or a nonrandomized controlled
experiment,

* How did the subjects come to be in treatment or in control groups?
e Are the treatment and control groups comparable?

e If not, what adjustments were made to address confounding?

s Were the adjustments sensible and sufficient??®

4. Can the results be generalized?

Internal validity is about the specifics of a particular study: Threats to internal valid-
ity include confounding and chance differences between treatment and control
groups. External validity is about using a particular study or set of studies to reach
more general conclusions. A careful randomized controlled experiment on a large
but unrepresentative group of subjects will have high internal validity but low
external validity.

Any study must be conducted on certain subjects, at certain times and places,
and using certain treatments. To extrapolate from the conditions of a study to
more general conditions raises questions of external validity. For example, studies
suggest that definitions of insanity given to jurors influence decisions in cases
of incest. Would the definitions have a similar effect in cases of murder? Other
studies indicate that recidivism rates for ex-convicts are not affected by provid-

25. Many courts have noted the importance of confounding variables. E.g., People Who Care v.
Rockford Bd. of Educ., 111 E.3d 528, 537-38 (7th Cir. 1997) (educational achievement); Hollander
v. Sandoz Pharms. Corp., 289 F.3d 1193, 1213 (10th Cir. 2002) (stroke); In re Proportionality Review
Project (II), 757 A.2d 168 (N.J. 2000) (capital sentences).
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ing them with temporary financial support after release. Would similar results be
obtained if conditions in the labor market were different?

Confidence in the appropriateness of an extrapolation cannot come from
the experiment itself. It comes from knowledge about outside factors that would
or would not affect the outcome.?® Sometimes, several studies, each having dif-
ferent limitations, all point in the same direction. This is the case, for example,
with studies indicating that jurors who approve of the death penalty are more
likely to convict in a capital case.”’” Convergent results support the validity of
generalizations.

B. Descriptive Surveys and Censuses

‘We now turn to a second topic—choosing units for study. A census tries to measure
some characteristic of every unit in a population. This is often impractical. Then
investigators use sample surveys, which measure characteristics for only part of a
population. The accuracy of the information collected in a census or survey depends
on how the units are selected for study and how the measurements are made.?®

1. What method is used to select the units?

By definition, a census seeks to measure some characteristic of every unit in
a whole population. It may fall short of this goal, in which case one must ask

26. Such judgments are easiest in the physical and life sciences, but even here, there are prob-
lems. For example, it may be difficult to infer human responses to substances that affect animals. First,
there are often inconsistencies across test species: A chemical may be carcinogenic in mice but not
in rats. Extrapolation from rodents to humans is even more problematic. Second, to get measurable
effects in animal experiments, chemicals are administered at very high doses. Results are extrapolated—
using mathematical models—to the very low doses of concern in humans. However, there are many
dose—response models to use and few grounds for choosing among them. Generally, different models
produce radically different estimates of the “virtually safe dose” in humans. David A. Freedman &
Hans Zeisel, From Mouse to Man: The Quantitative Assessment of Cancer Risks, 3 Stat. Sci. 3 (1988).
For these reasons, many experts—and some courts in toxic tort cases—have concluded that evidence
from animal experiments is generally insufficient by itself to establish causation. See, e.g., Bruce N.
Ames et al., The Causes and Prevention of Cancer, 92 Proc. Nat’l Acad. Sci. USA 5258 (1995); National
Research Council, Science and Judgment in Risk Assessment 59 (1994) (“There are reasons based
on both biologic principles and empirical observations to support the hypothesis that many forms of
biologic responses, including toxic responses, can be extrapolated across mammalian species, including
Homo sapiens, but the scientific basis of such extrapolation is not established with sufficient rigor to
allow broad and definitive generalizations to be made.”).

27. Phoebe C. Ellsworth, Some Steps Between Attitudes and Verdicts, in Inside the Juror 42, 46
(Reid Hastie ed., 1993). Nonetheless, in Lockhart v. McCree, 476 U.S. 162 (1986), the Supreme Court
held that the exclusion of opponents of the death penalty in the guilt phase of a capital trial does not
violate the constitutional requirement of an impartial jury.

28. See Shari Seidman Diamond, Reference Guide on Survey Research, Sections III, IV, in
this manual.
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whether the missing data are likely to differ in some systematic way from the data
that are collected.?” The methodological framework of a scientific survey is dif-
ferent. With probability methods, a sampling frame (i.e., an explicit list of units in
the population) must be created. Individual units then are selected by an objective,
well-defined chance procedure, and measurements are made on the sampled units.

To illustrate the idea of a sampling frame, suppose that a defendant in a
criminal case seeks a change of venue: According to him, popular opinion is so
adverse that it would be difficult to impanel an unbiased jury. To prove the state
of popular opinion, the defendant commissions a survey. The relevant popula-
tion consists of all persons in the jurisdiction who might be called for jury duty.
The sampling frame is the list of all potential jurors, which is maintained by court
officials and is made available to the defendant. In this hypothetical case, the fit
between the sampling frame and the population would be excellent.

In other situations, the sampling frame is more problematic. In an obscenity
case, for example, the defendant can offer a survey of community standards.’
The population comprises all adults in the legally relevant district, but obtain-
ing a full list of such people may not be possible. Suppose the survey is done by
telephone, but cell phones are excluded from the sampling frame. (This is usual
practice.) Suppose too that cell phone users, as a group, hold different opinions
from landline users. In this second hypothetical, the poll is unlikely to reflect the
opinions of the cell phone users, no matter how many individuals are sampled and
no matter how carefully the interviewing is done.

Many surveys do not use probability methods. In commercial disputes involv-
ing trademarks or advertising, the population of all potential purchasers of a prod-
uct is hard to identify. Pollsters may resort to an easily accessible subgroup of the
population, for example, shoppers in a mall.! Such convenience samples may be
biased by the interviewer’s discretion in deciding whom to approach—a form of

29. The U.S. Decennial Census generally does not count everyone that it should, and it counts
some people who should not be counted. There is evidence that net undercount is greater in some
demographic groups than others. Supplemental studies may enable statisticians to adjust for errors and
omissions, but the adjustments rest on uncertain assumptions. See Lawrence D. Brown et al., Statistical
Controversies in Census 2000, 39 Jurimetrics J. 347 (2007); David A. Freedman & Kenneth W. Wachter,
Methods for Census 2000 and Statistical Adjustments, in Social Science Methodology 232 (Steven Turner
& William Outhwaite eds., 2007) (reviewing technical issues and litigation surrounding census adjust-
ment in 1990 and 2000); 9 Stat. Sci. 458 (1994) (symposium presenting arguments for and against
adjusting the 1990 census).

30. On the admissibility of such polls, see State v. Midwest Pride IV, Inc., 721 N.E.2d 458 (Ohio
Ct. App. 1998) (holding one such poll to have been properly excluded and collecting cases from
other jurisdictions).

31. E.g., Smith v. Wal-Mart Stores, Inc., 537 F. Supp. 2d 1302, 1333 (N.D. Ga. 2008) (treat-
ing a small mall-intercept survey as entitled to much less weight than a survey based on a probability
sample); R.J. Reynolds Tobacco Co. v. Loew’s Theatres, Inc., 511 E. Supp. 867, 876 (S.D.N.Y. 1980)
(questioning the propriety of basing a “nationally projectable statistical percentage” on a suburban
mall intercept study).
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selection bias—and the refusal of some of those approached to participate—non-
response bias (infra Section I1.B.2). Selection bias is acute when constituents write

their representatives, listeners call into radio talk shows, interest groups collect

information from their members, or attorneys choose cases for trial >

There are procedures that attempt to correct for selection bias. In quota sam-
pling, for example, the interviewer is instructed to interview so many women, so
many older people, so many ethnic minorities, and the like. But quotas still leave
discretion to the interviewers in selecting members of each demographic group
and therefore do not solve the problem of selection bias.>?

Probability methods are designed to avoid selection bias. Once the population
is reduced to a sampling frame, the units to be measured are selected by a lottery
that gives each unit in the sampling frame a known, nonzero probability of being
chosen. Random numbers leave no room for selection bias.** Such procedures
are used to select individuals for jury duty. They also have been used to choose

“bellwether” cases for representative trials to resolve issues in a large group of

similar cases.

32. E.g., Pittsburgh Press Club v. United States, 579 F.2d 751, 759 (3d Cir. 1978) (tax-exempt
club’s mail survey of its members to show little sponsorship of income-producing uses of facilities was
held to be inadmissible hearsay because it “was neither objective, scientific, nor impartial”), rev’d on
other grounds, 615 F.2d 600 (3d Cir. 1980). Cf. In re Chevron U.S.A., Inc., 109 F.3d 1016 (5th Cir.
1997). In that case, the district court decided to try 30 cases to resolve common issues or to ascertain
damages in 3000 claims arising from Chevron’s allegedly improper disposal of hazardous substances.
The court asked the opposing parties to select 15 cases each. Selecting 30 extreme cases, however,
is quite different from drawing a random sample of 30 cases. Thus, the court of appeals wrote that
although random sampling would have been acceptable, the trial court could not use the results in
the 30 extreme cases to resolve issues of fact or ascertain damages in the untried cases. Id. at 1020.
Those cases, it warned, were “not cases calculated to represent the group of 3000 claimants.” Id. See
infra note 35.

A well-known example of selection bias 1s the 1936 Literary Digest poll. After successfully pre-
dicting the winner of every U.S. presidential election since 1916, the Digest used the replies from 2.4
million respondents to predict that Alf Landon would win the popular vote, 57% to 43%. In fact,
Franklin Roosevelt won by a landslide vote of 62% to 38%. See Freedman et al., supra note 12, at
334-35. The Digest was so far off, in part, because it chose names from telephone books, rosters of
clubs and associations, city directories, lists of registered voters, and mail order listings. Id. at 335, A-20
n.6. In 1936, when only one houschold in four had a telephone, the people whose names appeared on
such lists tended to be more affluent. Lists that overrepresented the affluent had worked well in earlier
elections, when rich and poor voted along similar lines, but the bias in the sampling frame proved fatal
when the Great Depression made economics a salient consideration for voters.

33. See Freedman et al., supra note 12, at 337-39.

34. In simple random sampling, units are drawn at random without replacement. In particular,
each unit has the same probability of being chosen for the sample. Id. at 339-41. More complicated
methods, such as stratified sampling and cluster sampling, have advantages in certain applications. In
systematic sampling, every fifth, tenth, or hundredth (in mathematical jargon, every nth) unit in the
sampling frame is selected. If the units are not in any special order, then systematic sampling is often
comparable to simple random sampling.

35. E.g., In re Simon II Litig., 211 FR.D. 86 (E.D.N.Y. 2002), vacated, 407 F.3d 125 (2d Cir.
2005), dismissed, 233 FR.D. 123 (E.D.N.Y. 2006); In re Estate of Marcus Human Rights Litig., 910
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2. Of the units selected, which are measured?

Probability sampling ensures that within the limits of chance (infra Section 1V), the
sample will be representative of the sampling frame. The question remains regard-
ing which units actually get measured. When documents are sampled for audit,
all the selected ones can be examined, at least in principle. Human beings are less
easily managed, and some will refuse to cooperate. Surveys should therefore report
nonresponse rates. A large nonresponse rate warns of bias, although supplemental

studies may establish that nonrespondents are similar to respondents with respect

to characteristics of interest.>°

In short, a good survey defines an appropriate population, uses a probability
method for selecting the sample, has a high response rate, and gathers accurate
information on the sample units. When these goals are met, the sample tends to
be representative of the population. Data from the sample can be extrapolated

F. Supp. 1460 (D. Haw. 1995), aff’d sub nom. Hilao v. Estate of Marcos, 103 F.3d 767 (9th Cir. 1996);
Cimino v. Raymark Indus., Inc., 751 F. Supp. 649 (E.D. Tex. 1990), rev’d, 151 F.3d 297 (5th Cir.
1998); of. In re Chevron U.S.A., Inc., 109 E.3d 1016 (5th Cir. 1997) (discussed supra note 32). Although
trials in a suitable random sample of cases can produce reasonable estimates of average damages, the
propriety of precluding individual trials raises questions of due process and the right to trial by jury. See
Thomas E. Willging, Mass Torts Problems and Proposals: A Report to the Mass Torts Working Group
(Fed. Judicial Ctr. 1999); cf. Wal-Mart Stores, Inc. v. Dukes, 131 S. Ct. 2541, 2560—61 (2011). The
cases and the views of commentators are described more fully in David H. Kaye & David A. Freed-
man, Statistical Proof, in 1 Modern Scientific Evidence: The Law and Science of Expert Testimony §
6:16 (David L. Faigman et al. eds., 2009-2010).

36. For discussions of nonresponse rates and admissibility of surveys conducted for litigation,
see _Johnson v. Big Lots Stores, Inc., 561 F. Supp. 2d 567 (E.D. La. 2008) (fair labor standards); United
States v. Dentsply Int’l, Inc., 277 F. Supp. 2d 387, 437 (D. Del. 2003), rev’d on other grounds, 399 F.3d
181 (3d Cir. 2005) (antitrust).

The 1936 Literary Digest election poll (supra note 32) illustrates the dangers in nonresponse. Only
24% of the 10 million people who received questionnaires returned them. Most of the respondents
probably had strong views on the candidates and objected to President Roosevelt’s economic program.
This self-selection is likely to have biased the poll. Maurice C. Bryson, The Literary Digest Poll: Making
of a Statistical Myth, 30 Am. Statistician 184 (1976); Freedman et al., supra note 12, at 335-36. Even
when demographic characteristics of the sample match those of the population, caution is indicated. See
David Streitfeld, Shere Hite and the Trouble with Numbers, 1 Chance 26 (1988); Chamont Wang, Sense
and Nonsense of Statistical Inference: Controversy, Misuse, and Subtlety 174-76 (1993).

In United States v. Gometz, 730 F.2d 475, 478 (7th Cir. 1984) (en banc), the Seventh Circuit
recognized that “a low rate of response to juror questionnaires could lead to the underrepresentation of
a group that is entitled to be represented on the qualified jury wheel.” Nonetheless, the court held that
under the Jury Selection and Service Act of 1968, 28 U.S.C. §§ 1861-1878 (1988), the clerk did not
abuse his discretion by failing to take steps to increase a response rate of 30%. According to the court,
“Congress wanted to make it possible for all qualified persons to serve on juries, which is different
from forcing all qualified persons to be available for jury service.” Gometz, 730 F.2d at 480. Although
it might “be a good thing to follow up on persons who do not respond to a jury questionnaire,” the
court concluded that Congress “was not concerned with anything so esoteric as nonresponse bias.” Id.
at 479, 482; ¢f. In re United States, 426 F.3d 1 (1st Cir. 2005) (reaching the same result with respect to

underrepresentation of African Americans resulting in part from nonresponse bias).
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to describe the characteristics of the population. Of course, surveys may be useful
even if they fail to meet these criteria. But then, additional arguments are needed
to justify the inferences.

C. Individual Measurements

1. Is the measurement process reliable?

Reliability and validity are two aspects of accuracy in measurement. In statistics,
reliability refers to reproducibility of results.’” A reliable measuring instrument
returns consistent measurements. A scale, for example, is perfectly reliable if
it reports the same weight for the same object time and again. It may not be
accurate—it may always report a weight that is too high or one that is too low—
but the perfectly reliable scale always reports the same weight for the same object.
Its errors, if any, are systematic: They always point in the same direction.

Reliability can be ascertained by measuring the same quantity several times;
the measurements must be made independently to avoid bias. Given indepen-
dence, the correlation coefficient (infra Section V.B) between repeated measure-
ments can be used as a measure of reliability. This is sometimes called a test-retest
correlation or a reliability coefficient.

A courtroom example is DNA identification. An early method of identifi-
cation required laboratories to determine the lengths of fragments of DNA. By
making independent replicate measurements of the fragments, laboratories deter-
mined the likelihood that two measurements differed by specified amounts.*® Such
results were needed to decide whether a discrepancy between a crime sample and
a suspect sample was sufficient to exclude the suspect.®”

Coding provides another example. In many studies, descriptive information
is obtained on the subjects. For statistical purposes, the information usually has to
be reduced to numbers. The process of reducing information to numbers is called
“coding,” and the reliability of the process should be evaluated. For example, in
a study of death sentencing in Georgia, legally trained evaluators examined short
summaries of cases and ranked them according to the defendant’s culpability.*’

37. Courts often use “reliable” to mean “that which can be relied on” for some purpose, such
as establishing probable cause or crediting a hearsay statement when the declarant is not produced
for confrontation. Daubert v. Merrell Dow Pharms., Inc., 509 U.S. 579, 590 n.9 (1993), for example,
distinguishes “evidentiary reliability” from reliability in the technical sense of giving consistent results.
‘We use “reliability” to denote the latter.

38. See National Research Council, The Evaluation of Forensic DNA Evidence 139-41 (1996).

39. Id.; National Research Council, DNA Technology in Forensic Science 61-62 (1992).
Current methods are discussed in David H. Kaye & George Sensabaugh, Reference Guide on DNA
Identification Evidence, Section II, in this manual.

40. David C. Baldus et al., Equal Justice and the Death Penalty: A Legal and Empirical Analysis
49-50 (1990).
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Two different aspects of reliability should be considered. First, the “within-
observer variability” of judgments should be small—the same evaluator should
rate essentially identical cases in similar ways. Second, the “between-observer
variability” should be small—different evaluators should rate the same cases in
essentially the same way.

2. Is the measurement process valid?

Reliability is necessary but not sufficient to ensure accuracy. In addition to reli-
ability, validity is needed. A valid measuring instrument measures what it is sup-
posed to. Thus, a polygraph measures certain physiological responses to stimuli,
for example, in pulse rate or blood pressure. The measurements may be reliable.
Nonetheless, the polygraph is not valid as a lie detector unless the measurements
it makes are well correlated with lying.*!

‘When there is an established way of measuring a variable, a new measurement
process can be validated by comparison with the established one. Breathalyzer
readings can be validated against alcohol levels found in blood samples. LSAT
scores used for law school admissions can be validated against grades carned in law
school. A common measure of validity is the correlation coefficient between the
predictor and the criterion (e.g., test scores and later performance).*?

Employment discrimination cases illustrate some of the difficulties. Thus,
plaintiffs suing under Title VII of the Civil Rights Act may challenge an employ-
ment test that has a disparate impact on a protected group, and defendants may
try to justify the use of a test as valid, reliable, and a business necessity.** For
validation, the most appropriate criterion variable is clear enough: job perfor-
mance. However, plaintiffs may then turn around and challenge the validity
of performance ratings. For reliability, administering the test twice to the same
group of people may be impractical. Even if repeated testing 1s practical, it may be
statistically inadvisable, because subjects may learn something from the first round
of testing that affects their scores on the second round. Such “practice effects” are
likely to compromise the independence of the two measurements, and indepen-
dence is needed to estimate reliability. Statisticians therefore use internal evidence

41. See United States v. Henderson, 409 F.3d 1293, 1303 (11th Cir. 2005) (“while the physical
responses recorded by a polygraph machine may be tested, ‘there is no available data to prove that
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those specific responses are attributable to lying.””); National Research Council, The Polygraph and
Lie Detection (2003) (reviewing the scientific literature).

42. As the discussion of the correlation coefficient indicates, infra Section V.B, the closer the
coefficient is to 1, the greater the validity. For a review of data on test reliability and validity, see Paul
R. Sackett et al., High-Stakes Testing in Higher Education and Employment: Appraising the Evidence for
Validity and Fairness, 63 Am. Psychologist 215 (2008).

43. See, e.g., Washington v. Davis, 426 U.S. 229, 252 (1976); Albemarle Paper Co. v. Moody,
422 U.S. 405, 430-32 (1975); Griggs v. Duke Power Co., 401 U.S. 424 (1971); Lanning v. S.E. Penn.
Transp. Auth., 308 F.3d 286 (3d Cir. 2002).
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from the test itself. For example, if scores on the first half of the test correlate well
with scores from the second half, then that is evidence of reliability.

A further problem is that test-takers are likely to be a select group. The ones
who get the jobs are even more highly selected. Generally, selection attenuates
(weakens) the correlations. There are methods for using internal measures of reli-
ability to estimate test-retest correlations; there are other methods that correct for
attenuation. However, such methods depend on assumptions about the nature of
the test and the procedures used to select the test-takers and are therefore open
to challenge.**

3. Are the measurements recorded correctly?

Judging the adequacy of data collection involves an examination of the process
by which measurements are taken. Are responses to interviews coded correctly?
Do mistakes distort the results? How much data are missing? What was done to
compensate for gaps in the data? These days, data are stored in computer files.
Cross-checking the files against the original sources (e.g., paper records), at least
on a sample basis, can be informative.

Data quality 1s a pervasive issue in litigation and in applied statistics more gen-
erally. A programmer moves a file from one computer to another, and half the data
disappear. The definitions of crucial variables are lost in the sands of time. Values
get corrupted: Social security numbers come to have eight digits instead of nine,
and vehicle identification numbers fail the most elementary consistency checks.
Everybody in the company, from the CEO to the rawest mailroom trainee, turns
out to have been hired on the same day. Many of the residential customers have
last names that indicate commercial activity (“Happy Valley Farriers”). These
problems seem humdrum by comparison with those of reliability and validity,
but—unless caught in time—they can be fatal to statistical arguments.*>

44. See Thad Dunning & David A. Freedman, Modeling Selection Effects, in Social Science Meth-
odology 225 (Steven Turner & William Outhwaite eds., 2007); Howard Wainer & David Thissen,
True Score Theory: The Traditional Method, in Test Scoring 23 (David Thissen & Howard Wainer eds.,
2001).

45. See, e.g., Malletier v. Dooney & Bourke, Inc., 525 F. Supp. 2d 558, 630 (S.D.N.Y. 2007)
(coding errors contributed “to the cumulative effect of the methodological errors” that warranted
exclusion of a consumer confusion survey); EEOC v. Sears, Roebuck & Co., 628 F. Supp. 1264, 1304,
1305 (N.D. Ill. 1986) (“[E]rrors in EEOC’s mechanical coding of information from applications in its
hired and nonhired samples also make EEOC’s statistical analysis based on this data less reliable.” The
EEOC “consistently coded prior experience in such a way that less experienced women are considered
to have the same experience as more experienced men” and “has made so many general coding errors
that its data base does not fairly reflect the characteristics of applicants for commission sales positions
at Sears.”), aff’d, 839 F.2d 302 (7th Cir. 1988). But see Dalley v. Mich. Blue Cross-Blue Shield, Inc.,
612 F. Supp. 1444, 1456 (E.D. Mich. 1985) (“although plaintiffs show that there were some mistakes
in coding, plaintiffs still fail to demonstrate that these errors were so generalized and so pervasive that
the entire study is invalid.”).
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D. What Is Random?

In the law, a selection process sometimes is called “random,” provided that it does
not exclude identifiable segments of the population. Statisticians use the term
in a far more technical sense. For example, if we were to choose one person at
random from a population, in the strict statistical sense, we would have to ensure
that everybody in the population is chosen with exactly the same probability.
With a randomized controlled experiment, subjects are assigned to treatment or
control at random in the strict sense—Dby tossing coins, throwing dice, looking
at tables of random numbers, or more commonly these days, by using a random
number generator on a computer. The same rigorous definition applies to ran-
dom sampling. It is randomness in the technical sense that provides assurance of
unbiased estimates from a randomized controlled experiment or a probability
sample. Randomness in the technical sense also justifies calculations of standard
errors, confidence intervals, and p-values (infra Sections IV=V). Looser definitions
of randomness are inadequate for statistical purposes.

III. How Have the Data Been Presented?

After data have been collected, they should be presented in a way that makes
them intelligible. Data can be summarized with a few numbers or with graphi-
cal displays. However, the wrong summary can mislead.*® Section ITI.A discusses
rates or percentages and provides some cautionary examples of misleading sum-
maries, indicating the kinds of questions that might be considered when summa-
ries are presented in court. Percentages are often used to demonstrate statistical
association, which is the topic of Section III.B. Section III.C considers graphical
summaries of data, while Sections III1.D and III.E discuss some of the basic descrip-
tive statistics that are likely to be encountered in litigation, including the mean,
median, and standard deviation.

A. Are Rates or Percentages Properly Interpreted?

1. Have appropriate benchmarks been provided?

The selective presentation of numerical information is like quoting someone out

)

of context. Is a fact that “over the past three years,” a particular index fund of

large-cap stocks “gained a paltry 1.9% a year” indicative of poor management?
Considering that “the average large-cap value fund has returned just 1.3% a year,”

46. See generally Freedman et al., supra note 12; Huff, supra note 12; Moore & Notz, supra note
12; Zeisel, supra note 12.
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a growth rate of 1.9% is hardly an indictment.*’ In this example and many others,
it is helpful to find a benchmark that puts the figures into perspective.

2. Have the data collection procedures changed?

Changes in the process of collecting data can create problems of interpreta-
tion. Statistics on crime provide many examples. The number of petty larcenies
reported in Chicago more than doubled one year—not because of an abrupt crime
wave, but because a new police commissioner introduced an improved reporting
system.*® For a time, police officials in Washington, D.C., “demonstrated” the
success of a law-and-order campaign by valuing stolen goods at $49, just below
the $50 threshold then used for inclusion in the Federal Bureau of Investigation’s
Uniform Crime Reports.* Allegations of manipulation in the reporting of crime
from one time period to another are legion.*

Changes in data collection procedures are by no means limited to crime
statistics. Indeed, almost all series of numbers that cover many years are affected
by changes in definitions and collection methods. When a study includes such
time-series data, it is useful to inquire about changes and to look for any sudden
jumps, which may signal such changes.

3. Are the categories appropriate?

Misleading summaries also can be produced by the choice of categories to be used
for comparison. In Philip Morris, Inc. v. Loew’s Theatres, Inc.,>' and R.J. Reynolds
Tobacco Co. v. Loew’s Theatres, Inc.,>> Philip Morris and R.J. Reynolds sought
an injunction to stop the maker of Triumph low-tar cigarettes from running
advertisements claiming that participants in a national taste test preferred Tri-
umph to other brands. Plaintiffs alleged that claims that Triumph was a “national
taste test winner” or Triumph “beats” other brands were false and misleading.
An exhibit introduced by the defendant contained the data shown in Table 1.3
Only 14% + 22% = 36% of the sample preferred Triumph to Merit, whereas

47. Paul J. Lim, In a Downturn, Buy and Hold or Quit and Fold?, N.Y. Times, July 27, 2008.

48. James P. Levine et al., Criminal Justice in America: Law in Action 99 (1986) (referring to
a change from 1959 to 1960).

49. D. Seidman & M. Couzens, Getting the Crime Rate Down: Political Pressure and Crime Report-
ing, 8 Law & Soc’y Rev. 457 (1974).

50. Michael D. Maltz, Missing UCR Data and Divergence of the NCVS and UCR Trends, in
Understanding Crime Statistics: Revisiting the Divergence of the NCVS and UCR 269, 280 (James
P. Lynch & Lynn A. Addington eds., 2007) (citing newspaper reports in Boca Raton, Atlanta, New
York, Philadelphia, Broward County (Florida), and Saint Louis); Michael Vasquez, Miami Police: FBI:
Crime Stats Accurate, Miami Herald, May 1, 2008.

51. 511 F. Supp. 855 (S.D.N.Y. 1980).

52. 511 F. Supp. 867 (S.D.N.Y. 1980).

53. Philip Morris, 511 F. Supp. at 866.
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29% + 11% = 40% preferred Merit to Triumph. By selectively combining catego-
ries, however, the defendant attempted to create a different impression. Because
24% found the brands to be about the same, and 36% preferred Triumph, the
defendant claimed that a clear majority (36% + 24% = 60%) found Triumph “as
good [as] or better than Merit.”>* The court resisted this chicanery, finding that

defendant’s test results did not support the advertising claims.?

Table 1. Data Used by a Defendant to Refute Plaintiffs’ False Advertising Claim

Triumph Triumph Triumph Triumph Triumph

Much Somewhat  About the Somewhat  Much

Better Better Same Worse Worse

Than Merit Than Merit as Merit Than Merit Than Merit
Number 45 73 77 93 36
Percentage 14 22 24 29 11

There was a similar distortion in claims for the accuracy of a home pregnancy
test. The manufacturer advertised the test as 99.5% accurate under laboratory con-
ditions. The data underlying this claim are summarized in Table 2.

Table 2. Home Pregnancy Test Results

Actually Pregnant Actually not Pregnant
Test says pregnant 197 0
Test says not pregnant 1 2
Total 198 2

Table 2 does indicate that only one error occurred in 200 assessments, or
99.5% overall accuracy, but the table also shows that the test can make two types
of errors: It can tell a pregnant woman that she is not pregnant (a false negative),
and it can tell a woman who is not pregnant that she is (a false positive). The
reported 99.5% accuracy rate conceals a crucial fact—the company had virtually

no data with which to measure the rate of false positives.>

54. Id.

55. Id. at 856-57.

56. Only two women in the sample were not pregnant; the test gave correct results for both of
them. Although a false-positive rate of 0 is ideal, an estimate based on a sample of only two women
is not. These data are reported in Arnold Barnett, How Numbers Can Trick You, Tech. Rev., Oct.
1994, at 38, 44-45.
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4. How big is the base of a percentage?

Rates and percentages often provide effective summaries of data, but these sta-
tistics can be misinterpreted. A percentage makes a comparison between two
numbers: One number is the base, and the other number is compared to that base.
Putting them on the same base (100) makes it casy to compare them.

When the base is small, however, a small change in absolute terms can gener-
ate a large percentage gain or loss. This could lead to newspaper headlines such
as “Increase in Thefts Alarming,” even when the total number of thefts is small.?’
Conversely, a large base will make for small percentage increases. In these situa-

tions, actual numbers may be more revealing than percentages.

5. What comparisons are made?

Finally, there is the issue of which numbers to compare. Researchers sometimes
choose among alternative comparisons. It may be worthwhile to ask why they
chose the one they did. Would another comparison give a different view? A
government agency, for example, may want to compare the amount of service
now being given with that of earlier years—but what earlier year should be the
baseline? If the first year of operation is used, a large percentage increase should
be expected because of startup problems. If last year is used as the base, was it
also part of the trend, or was it an unusually poor year? If the base year is not
representative of other years, the percentage may not portray the trend fairly. No
single question can be formulated to detect such distortions, but it may help to
ask for the numbers from which the percentages were obtained; asking about the

base can also be helpful.>®

B. Is an Appropriate Measure of Association Used?

Many cases involve statistical association. Does a test for employee promotion
have an exclusionary effect that depends on race or gender? Does the incidence
of murder vary with the rate of executions for convicted murderers? Do consumer
purchases of a product depend on the presence or absence of a product warning?
This section discusses tables and percentage-based statistics that are frequently
presented to answer such questions.>’

Percentages often are used to describe the association between two variables.

Suppose that a university alleged to discriminate against women in admitting

57. Lyda Longa, Increase in Thefts Alarming, Daytona News-]J. June 8, 2008 (reporting a 35%
increase in armed robberies in Daytona Beach, Florida, in a 5-month period, but not indicating
whether the number had gone up by 6 (from 17 to 23), by 300 (from 850 to 1150), or by some other
amount).

58. For assistance in coping with percentages, see Zeisel, supra note 12, at 1-24.

59. Correlation and regression are discussed infra Section V.
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students consists of only two colleges—engineering and business. The university
admits 350 out of 800 male applicants; by comparison, it admits only 200 out of
600 female applicants. Such data commonly are displayed as in Table 3.%

As Table 3 indicates, 350/800 = 44% of the males are admitted, compared
with only 200/600 = 33% of the females. One way to express the disparity is
to subtract the two percentages: 44% — 33% = 11 percentage points. Although
such subtraction is commonly seen in jury discrimination cases,’! the difference is
inevitably small when the two percentages are both close to zero. If the selection
rate for males is 5% and that for females is 1%, the difference is only 4 percentage
points. Yet, females have only one-fifth the chance of males of being admitted,
and that may be of real concern.

Table 3. Admissions by Gender

Decision Male Female Total
Admit 350 200 550
Deny 450 400 850
Total 800 600 1400

For Table 3, the selection ratio (used by the Equal Employment Opportu-
nity Commission in its “80% rule”) is 33/44 = 75%, meaning that, on average,
women have 75% the chance of admission that men have.? However, the selec-
tion ratio has its own problems. In the last example, if the selection rates are 5%
and 1%, then the exclusion rates are 95% and 99%. The ratio is 99/95 = 104%,
meaning that females have, on average, 104% the risk of males of being rejected.
The underlying facts are the same, of course, but this formulation sounds much
less disturbing.

60. A table of this sort is called a “cross-tab” or a “contingency table.” Table 3 is “two-by-two”
because it has two rows and two columns, not counting rows or columns containing totals.

61. See, e.g., State v. Gibbs, 758 A.2d 327, 337 (Conn. 2000); Primeaux v. Dooley, 747 N.W.2d
137, 141 (S.D. 2008); D.H. Kaye, Statistical Evidence of Discrimination in Jury Selection, in Statistical
Methods in Discrimination Litigation 13 (David H. Kaye & Mikel Aickin eds., 1986).

62. A procedure that selects candidates from the least successful group at a rate less than 80% of
the rate for the most successful group “will generally be regarded by the Federal enforcement agencies
as evidence of adverse impact.” EEOC Uniform Guidelines on Employee Selection Procedures, 29
C.ER. § 1607.4(D) (2008). The rule is designed to help spot instances of substantially discriminatory
practices, and the commission usually asks employers to justify any procedures that produce selection
ratios of 80% or less.

The analogous statistic used in epidemiology is called the relative risk. See Green et al., supra
note 13, Section III.A. Relative risks are usually quoted as decimals; for example, a selection ratio of
75% corresponds to a relative risk of 0.75.
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The odds ratio is more symmetric. If 5% of male applicants are admitted,
the odds on a man being admitted are 5/95 = 1/19; the odds on a woman being
admitted are 1/99. The odds ratio is (1/99)/(1/19) = 19/99. The odds ratio for
rejection instead of acceptance is the same, except that the order is reversed.®
Although the odds ratio has desirable mathematical properties, its meaning may
be less clear than that of the selection ratio or the simple difference.

Data showing disparate impact are generally obtained by aggregating—putting
together—statistics from a variety of sources. Unless the source material is fairly
homogeneous, aggregation can distort patterns in the data. We illustrate the prob-
lem with the hypothetical admission data in Table 3. Applicants can be classified
not only by gender and admission but also by the college to which they applied,
as in Table 4.

Table 4. Admissions by Gender and College

Engineering Business
Decision Male Female Male Female
Admit 300 100 50 100
Deny 300 100 150 300

The entries in Table 4 add up to the entries in Table 3. Expressed in a more
technical manner, Table 3 is obtained by aggregating the data in Table 4. Yet
there is no association between gender and admission in either college; men and
women are admitted at identical rates. Combining two colleges with no associa-
tion produces a university in which gender is associated strongly with admission.
The explanation for this paradox is that the business college, to which most of the
women applied, admits relatively few applicants. It is casier to be accepted at the
engineering college, the college to which most of the men applied. This example
illustrates a common issue: Association can result from combining heterogeneous

statistical material.®*

63. For women, the odds on rejection are 99 to 1; for men, 19 to 1. The ratio of these odds is
99/19. Likewise, the odds ratio for an admitted applicant being a man as opposed to a denied applicant
being a man is also 99/19.

64. Tables 3 and 4 are hypothetical, but closely patterned on a real example. See P.J. Bickel
et al., Sex Bias in Graduate Admissions: Data from Berkeley, 187 Science 398 (1975). The tables are an
instance of Simpson’s Paradox.
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C. Does a Graph Portray Data Fairly?

Graphs are useful for revealing key characteristics of a batch of numbers, trends
over time, and the relationships among variables.

1. How are trends displayed?

Graphs that plot values over time are useful for seeing trends. However, the scales
on the axes matter. In Figure 1, the rate of all crimes of domestic violence in
Florida (per 100,000 people) appears to decline rapidly over the 10 years from
1998 through 2007; in Figure 2, the same rate appears to drop slowly.®> The
moral is simple: Pay attention to the markings on the axes to determine whether

the scale is appropriate.

Figure 1 Figure 2

2. How are distributions displayed?

A graph commonly used to display the distribution of data is the histogram. One
axis denotes the numbers, and the other indicates how often those fall within

65. Florida Statistical Analysis Center, Florida Department of Law Enforcement, Florida’s Crime
Rate at a Glance, available at http://www.fdle.state.fl.us/FSAC/Crime_Trends/domestic_violence/
index.asp. The data are from the Florida Uniform Crime Report statistics on crimes ranging from
simple stalking and forcible fondling to murder and arson. The Web page with the numbers graphed
in Figures 1 and 2 is no longer posted, but similar data for all violent crime is available at http://www.
fdle.state.fl.us/FSAC/Crime_Trends/Violent-Crime.aspx.
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specified intervals (called “bins” or “class intervals”). For example, we flipped a
quarter 10 times in a row and counted the number of heads in this “batch” of 10
tosses. With 50 batches, we obtained the following counts:*

77568 42365 43474 68474 74543
44253 54244 57235 46491055664

The histogram is shown in Figure 3.%” A histogram shows how the data are
distributed over the range of possible values. The spread can be made to appear
larger or smaller, however, by changing the scale of the horizontal axis. Likewise,
the shape can be altered somewhat by changing the size of the bins.®® It may be
worth inquiring how the analyst chose the bin widths.

Figure 3. Histogram showing how frequently various numbers of heads
appeared in 50 batches of 10 tosses of a quarter.

66. The coin landed heads 7 times in the first 10 tosses; by coincidence, there were also 7 heads
in the next 10 tosses; there were 5 heads in the third batch of 10 tosses; and so forth.

67. In Figure 3, the bin width is 1. There were no Os or 1s in the data, so the bars over 0 and 1
disappear. There is a bin from 1.5 to 2.5; the four 2s in the data fall into this bin, so the bar over the
interval from 1.5 to 2.5 has height 4. There is another bin from 2.5 to 3.5, which catches five 3s;
the height of the corresponding bar is 5. And so forth.

All the bins in Figure 3 have the same width, so this histogram is just like a bar graph. However,
data are often published in tables with unequal intervals. The resulting histograms will have unequal
bin widths; bar heights should be calculated so that the areas (height X width) are proportional to the
frequencies. In general, a histogram differs from a bar graph in that it represents frequencies by area,
not height. See Freedman et al., supra note 12, at 31-41.

68. As the width of the bins decreases, the graph becomes more detailed, but the appearance
becomes more ragged until finally the graph is effectively a plot of each datum. The optimal bin width
depends on the subject matter and the goal of the analysis.
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D. Is an Appropriate Measure Used for the Center of a
Distribution?

Perhaps the most familiar descriptive statistic is the mean (or “arithmetic mean”).
The mean can be found by adding all the numbers and dividing the total by how
many numbers were added. By comparison, the median cuts the numbers into
halves: half the numbers are larger than the median and half are smaller.®” Yet
a third statistic is the mode, which is the most common number in the dataset.
These statistics are different, although they are not always clearly distinguished.””
The mean takes account of all the data—it involves the total of all the numbers;
however, particularly with small datasets, a few unusually large or small observa-
tions may have too much influence on the mean. The median is resistant to such
outliers.

Thus, studies of damage awards in tort cases find that the mean is larger than
the median.”! This is because the mean takes into account (indeed, is heavily
influenced by) the magnitudes of the relatively few very large awards, whereas
the median merely counts their number. If one is seeking a single, representative
number for the awards, the median may be more useful than the mean.”? Still, if
the issue is whether insurers were experiencing more costs from jury verdicts, the
mean is the more appropriate statistic: The total of the awards is directly related
to the mean, not to the median.”?

69. Technically, at least half the numbers are at the median or larger; at least half are at the
median or smaller. When the distribution is symmetric, the mean equals the median. The values
diverge, however, when the distribution is asymmetric, or skewed.

70. In ordinary language, the arithmetic mean, the median, and the mode seem to be referred to
interchangeably as “the average.” In statistical parlance, however, the average is the arithmetic mean.
The mode is rarely used by statisticians, because it is unstable: Small changes to the data often result
in large changes to the mode.

71. In a study using a probability sample of cases, the median compensatory award in wrongful
death cases was $961,000, whereas the mean award was around $3.75 million for the 162 cases in
which the plaintiff prevailed. Thomas H. Cohen & Steven K. Smith, U.S. Dep’t of Justice, Bureau
of Justice Statistics Bulletin NCJ 202803, Civil Trial Cases and Verdicts in Large Counties 2001, 10
(2004). In TXO Production Corp. v. Alliance Resources Corp., 509 U.S. 443 (1993), briefs portraying the
punitive damage system as out of control pointed to mean punitive awards. These were some 10 times
larger than the median awards described in briefs defending the system of punitive damages. Michael
Rustad & Thomas Koenig, The Supreme Court and Junk Social Science: Selective Distortion in Amicus Briefs,
72 N.C. L. Rev. 91, 145-47 (1993).

72. In passing on proposed settlements in class-action lawsuits, courts have been advised to look
to the magnitude of the settlements negotiated by the parties. But the mean settlement will be large
if a higher number of meritorious, high-cost cases are resolved early in the life cycle of the litigation.
This possibility led the court in In re Educational Testing Service Praxis Principles of Learning and Teaching,
Grades 7-12 Litig., 447 F. Supp. 2d 612, 625 (E.D. La. 2006), to regard the smaller median settlement
as “more representative of the value of a typical claim than the mean value” and to use this median
in extrapolating to the entire class of pending claims.

73. To get the total award, just multiply the mean by the number of awards; by contrast, the
total cannot be computed from the median. (The more pertinent figure for the insurance industry is
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Research also has shown that there is considerable stability in the ratio of
punitive to compensatory damage awards, and the Supreme Court has placed
great weight on this ratio in deciding whether punitive damages are excessive
in a particular case. In Exxon Shipping Co. v. Baker,”* Exxon contended that an
award of $2.5 billion in punitive damages for a catastrophic oil spill in Alaska was
unreasonable under federal maritime law. The Court looked to a “comprehen-
sive study of punitive damages awarded by juries in state civil trials [that] found
a median ratio of punitive to compensatory awards of just 0.62:1, but a mean
ratio of 2.90:1.”7> The higher mean could reflect a relatively small but disturbing
proportion of unjustifiably large punitive awards.”® Looking to the median ratio as
“the line near which cases like this one largely should be grouped,” the majority
concluded that “a 1:1 ratio, which is above the median award, is a fair upper limit

in such maritime cases [of reckless conduct].”””

E. Is an Appropriate Measure of Variability Used?

The location of the center of a batch of numbers reveals nothing about the varia-
tions exhibited by these numbers.”® Statistical measures of variability include the
range, the interquartile range, and the standard deviation. The range is the differ-
ence between the largest number in the batch and the smallest. The range seems
natural, and it indicates the maximum spread in the numbers, but the range is
unstable because it depends entirely on the most extreme values.”” The interquar-
tile range is the difference between the 25th and 75th percentiles.’’ The inter-

quartile range contains 50% of the numbers and is resistant to changes in extreme

values. The standard deviation is a sort of mean deviation from the mean.?!

not the total of jury awards, but actual claims experience including settlements; of course, even the
risk of large punitive damage awards may have considerable impact.)

74. 128 S. Ct. 2605 (2008).

75. Id. at 2625.

76. According to the Court, “the outlier cases subject defendants to punitive damages that
dwarf the corresponding compensatories,” and the “stark unpredictability” of these rare awards is the
“real problem.” Id. This perceived unpredictability has been the subject of various statistical studies
and much debate. See Anthony J. Sebok, Punitive Damages: From Myth to Theory, 92 Iowa L. Rev.
957 (2007).

77. 128 S. Ct. at 2633.

78. The numbers 1, 2, 5, 8, 9 have 5 as their mean and median. So do the numbers 5, 5, 5,
5, 5. In the first batch, the numbers vary considerably about their mean; in the second, the numbers
do not vary at all.

79. Moreover, the range typically depends on the number of units in the sample.

80. By definition, 25% of the data fall below the 25th percentile, 90% fall below the 90th per-
centile, and so on. The median is the 50th percentile.

81. When the distribution follows the normal curve, about 68% of the data will be within 1
standard deviation of the mean, and about 95% will be within 2 standard deviations of the mean. For
other distributions, the proportions will be different.
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There are no hard and fast rules about which statistic is the best. In general,
the bigger the measures of spread are, the more the numbers are dispersed.®?
Particularly in small datasets, the standard deviation can be influenced heavily by
a few outlying values. To assess the extent of this influence, the mean and the
standard deviation can be recomputed with the outliers discarded. Beyond this,
any of the statistics can (and often should) be supplemented with a figure that
displays much of the data.

IV. What Inferences Can Be Drawn from
the Data?

The inferences that may be drawn from a study depend on the design of the study
and the quality of the data (supra Section II). The data might not address the issue
of interest, might be systematically in error, or might be difficult to interpret
because of confounding. Statisticians would group these concerns together under
the rubric of “bias.” In this context, bias means systematic error, with no con-

notation of prejudice. We turn now to another concern, namely, the impact of

random chance on study results (“random error”).%3

If a pattern in the data is the result of chance, it is likely to wash out when
more data are collected. By applying the laws of probability, a statistician can assess
the likelihood that random error will create spurious patterns of certain kinds.
Such assessments are often viewed as essential when making inferences from data.

Technically, the standard deviation is the square root of the variance; the variance is the mean
square deviation from the mean. For example, if the mean is 100, then 120 deviates from the mean
by 20, and the square of 20 is 20> = 400. If the variance (i.e., the mean of the squared deviations) is
900, then the standard deviation is the square root of 900, that is, \/%:3(), Taking the square root
gets back to the original scale of the measurements. For example, if the measurements are of length in
inches, the variance is in square inches; taking the square root changes back to inches.

82. In Exxon Shipping Co. v. Baker, 554 U.S. 471 (2008), along with the mean and median ratios
of punitive to compensatory awards of 0.62 and 2.90, the Court referred to a standard deviation of
13.81. Id. at 498. These numbers led the Court to remark that “[e]ven to those of us unsophisticated
in statistics, the thrust of these figures is clear: the spread is great, and the outlier cases subject defen-
dants to punitive damages that dwarf the corresponding compensatories.” Id. at 499-500. The size of
the standard deviation compared to the mean supports the observation that ratios in the cases of jury
award studies are dispersed. A graph of each pair of punitive and compensatory damages offers more
insight into how scattered these figures are. See Theodore Eisenberg et al., The Predictability of Punitive
Damages, 26 J. Legal Stud. 623 (1997); infra Section V.A (explaining scatter diagrams).

83. Random error is also called sampling error, chance error, or statistical error. Econometricians
use the parallel concept of random disturbance terms. See Rubinfeld, supra note 21. Randomness and
cognate terms have precise technical meanings; it is randomness in the technical sense that justifies the
probability calculations behind standard errors, confidence intervals, and p-values (supra Section I1.D,
infra Sections IV.A-B). For a discussion of samples and populations, see supra Section I1.B.
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Thus, statistical inference typically involves tasks such as the following, which will

be discussed in the rest of this guide.

Estimation. A statistician draws a sample from a population (supra Sec-
tion II.B) and estimates a parameter—that is, a numerical characteristic of
the population. (The average value of a large group of claims is a parameter
of perennial interest.) Random error will throw the estimate off the mark.
The question is, by how much? The precision of an estimate is usually
reported in terms of the standard error and a confidence interval.
Significance testing. A “null hypothesis” is formulated—for example, that
a parameter takes a particular value. Because of random error, an esti-
mated value for the parameter is likely to differ from the value specified
by the null—even if the null is right. (“Null hypothesis” is often short-
ened to “null.”) How likely is it to get a difference as large as, or larger
than, the one observed in the data? This chance is known as a p-value.
Small p-values argue against the null hypothesis. Statistical significance is
determined by reference to the p-value; significance testing (also called
hypothesis testing) is the technique for computing p-values and determin-
ing statistical significance.

Developing a statistical model. Statistical inferences often depend on the valid-
ity of statistical models for the data. If the data are collected on the basis of
a probability sample or a randomized experiment, there will be statistical
models that suit the occasion, and inferences based on these models will be
secure. Otherwise, calculations are generally based on analogy: This group of’
people is like a random sample; that observational study is like a randomized
experiment. The fit between the statistical model and the data collection
process may then require examination—how good is the analogy? If the
model breaks down, that will bias the analysis.

Computing posterior probabilities. Given the sample data, what is the prob-
ability of the null hypothesis? The question might be of direct interest to
the courts, especially when translated into English; for example, the null
hypothesis might be the innocence of the defendant in a criminal case.
Posterior probabilities can be computed using a formula called Bayes’ rule.
However, the computation often depends on prior beliefs about the statis-
tical model and its parameters; such prior beliefs almost necessarily require
subjective judgment. According to the frequentist theory of statistics,3*

84. The frequentist theory is also called objectivist, by contrast with the subjectivist version of

Bayesian theory. In brief, frequentist methods treat probabilities as objective properties of the system

being studied. Subjectivist Bayesians view probabilities as measuring subjective degrees of belief. See
infra Section IV.D and Appendix, Section A, for discussion of the two positions. The Bayesian position

is named after the Reverend Thomas Bayes (England, c. 1701-1761). His essay on the subject was
published after his death: An Essay Toward Solving a Problem in the Doctrine of Chances, 53 Phil. Trans.
Royal Soc’y London 370 (1763—1764). For discussion of the foundations and varieties of Bayesian and
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prior probabilities rarely have meaning and neither do posterior
probabilities.

Key ideas of estimation and testing will be illustrated by courtroom exam-
ples, with some complications omitted for ease of presentation and some details
postponed (see infra Section V.D on statistical models, and the Appendix on the
calculations).

The first example, on estimation, concerns the Nixon papers. Under the Pres-
idential Recordings and Materials Preservation Act of 1974, Congress impounded
Nixon’s presidential papers after he resigned. Nixon sued, seeking compensation
on the theory that the materials belonged to him personally. Courts ruled in his
favor: Nixon was entitled to the fair market value of the papers, with the amount
to be proved at trial

The Nixon papers were stored in 20,000 boxes at the National Archives in
Alexandria, Virginia. It was plainly impossible to value this entire population of
material. Appraisers for the plaintift therefore took a random sample of 500 boxes.
(From this point on, details are simplified; thus, the example becomes somewhat
hypothetical.) The appraisers determined the fair market value of each sample
box. The average of the 500 sample values turned out to be $2000. The standard
deviation (supra Section III.E) of the 500 sample values was $2200. Many boxes
had low appraised values whereas some boxes were considered to be extremely
valuable; this spread explains the large standard deviation.

A. Estimation
1. What estimator should be used?

With the Nixon papers, it is natural to use the average value of the 500 sample
boxes to estimate the average value of all 20,000 boxes comprising the population.

other forms of statistical inference, see, e.g., Richard M. Royall, Statistical Inference: A Likelihood
Paradigm (1997); James Berger, The Case for Objective Bayesian Analysis, 1 Bayesian Analysis 385 (2006),
available at http://ba.stat.cmu.edu/journal/2006/vol01/issuc03/berger.pdf; Stephen E. Fienberg, Does
It Make Sense to be an “Objective Bayesian”? (Comment on Articles by Berger and by Goldstein), 1 Bayesian
Analysis 429 (2006); David Freedman, Some Issues in the Foundation of Statistics, 1 Found. Sci. 19
(1995), reprinted in Topics in the Foundation of Statistics 19 (Bas C. van Fraasen ed., 1997); see also
D.H. Kaye, What Is Bayesianism? in Probability and Inference in the Law of Evidence: The Uses and
Limits of Bayesianism (Peter Tillers & Eric Green eds., 1988), reprinted in 28 Jurimetrics J. 161 (1988)
(distinguishing between “Bayesian probability,” “Bayesian statistical inference,” “Bayesian inference
writ large,” and “Bayesian decision theory”).

85. Prior probabilities of repeatable events (but not hypotheses) can be defined within the fre-
quentist framework. See infra note 122. When this happens, prior and posterior probabilities for these
events are meaningful according to both schools of thought.

86. Nixon v. United States, 978 F.2d 1269 (D.C. Cir. 1992); Griffin v. United States, 935 F.
Supp. 1 (D.D.C. 1995).
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With the average value for each box having been estimated as $2000, the plaintiff
demanded compensation in the amount of’

20,000 x $2,000 = $40,000,000.

In more complex problems, statisticians may have to choose among several
estimators. Generally, estimators that tend to make smaller errors are preferred;
however, “error” might be quantified in more than one way. Moreover, the
advantage of one estimator over another may depend on features of the population
that are largely unknown, at least before the data are collected and analyzed. For
complicated problems, professional skill and judgment may therefore be required
when choosing a sample design and an estimator. In such cases, the choices and
the rationale for them should be documented.

2. What is the standard error? The confidence interval?

An estimate based on a sample is likely to be off the mark, at least by a small
amount, because of random error. The standard error gives the likely magnitude
of this random error, with smaller standard errors indicating better estimates.®”
In our example of the Nixon papers, the standard error for the sample aver-
age can be computed from (1) the size of the sample—500 boxes—and (2) the
standard deviation of the sample values; see infra Appendix. Bigger samples give
estimates that are more precise. Accordingly, the standard error should go down
as the sample size grows, although the rate of improvement slows as the sample
gets bigger. (“Sample size” and “the size of the sample” just mean the number
of items in the sample; the “sample average” is the average value of the items in
the sample.) The standard deviation of the sample comes into play by measuring
heterogeneity. The less heterogeneity in the values, the smaller the standard error.
For example, if all the values were about the same, a tiny sample would give an
accurate estimate. Conversely, if the values are quite different from one another,
a larger sample would be needed.

With a random sample of 500 boxes and a standard deviation of $§2200, the
standard error for the sample average is about $100. The plaintiff’s total demand
was figured as the number of boxes (20,000) times the sample average ($2000).
Therefore, the standard error for the total demand can be computed as 20,000
times the standard error for the sample average®:

87. We distinguish between (1) the standard deviation of the sample, which measures the spread
in the sample data and (2) the standard error of the sample average, which measures the likely size of
the random error in the sample average. The standard error is often called the standard deviation, and
courts generally use the latter term. See, ¢.¢., Castaneda v. Partida, 430 U.S. 482 (1977).

88. We are assuming a simple random sample. Generally, the formula for the standard error must
take into account the method used to draw the sample and the nature of the estimator. In fact, the

Nixon appraisers used more elaborate statistical procedures. Moreover, they valued the material as of
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20,000 X $100 = $2,000,000.

How is the standard error to be interpreted? Just by the luck of the draw, a
few too many high-value boxes may have come into the sample, in which case
the estimate of $40,000,000 is too high. Or, a few too many low-value boxes may
have been drawn, in which case the estimate is too low. This is random error.
The net effect of random error is unknown, because data are available only on
the sample, not on the full population. However, the net effect is likely to be
something close to the standard error of $2,000,000. Random error throws the
estimate off, one way or the other, by something close to the standard error. The
role of the standard error is to gauge the likely size of the random error.

The plaintiff’s argument may be open to a variety of objections, particularly
regarding appraisal methods. However, the sampling plan is sound, as is the
extrapolation from the sample to the population. And there is no need for a larger
sample: The standard error is quite small relative to the total claim.

Random errors larger in magnitude than the standard error are common-
place. Random errors larger in magnitude than two or three times the standard
error are unusual. Confidence intervals make these ideas more precise. Usually,
a confidence interval for the population average is centered at the sample aver-
age; the desired confidence level is obtained by adding and subtracting a suitable
multiple of the standard error. Statisticians who say that the population average
falls within 1 standard error of the sample average will be correct about 68% of
the time. Those who say “within 2 standard errors” will be correct about 95%
of the time, and those who say “within 3 standard errors” will be correct about
99.7% of the time, and so forth. (We are assuming a large sample; the confidence
levels correspond to areas under the normal curve and are approximations; the
“population average” just means the average value of all the items in the popu-
lation.??) In summary,

e To get a 68% confidence interval, start at the sample average, then add and
subtract 1 standard error.

e To get a 95% confidence interval, start at the sample average, then add and
subtract twice the standard error.

1995, extrapolated backward to the time of taking (1974), and then added interest. The text ignores
these complications.

89. See infra Appendix. The area under the normal curve between —1 and +1 is close to 68.3%.
Likewise, the area between —2 and +2 is close to 95.4%. Many academic statisticians would use
+1.96 SE for a 95% confidence interval. However, the normal curve only gives an approximation to
the relevant chances, and the error in that approximation will often be larger than a few tenths of a
percent. For simplicity, we use 1 SE for the 68% confidence level, and £2 SE for 95% confidence.
The normal curve gives good approximations when the sample size is reasonably large; for small
samples, other techniques should be used. See infra notes 106-07.

244

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Guide on Statistics

e To get a 99.7% confidence interval, start at the sample average, then add
and subtract three times the standard error.

With the Nixon papers, the 68% confidence interval for plaintiff’s total
demand runs

from $40,000,000 — $2,000,000 = $38,000,000
to $40,000,000 + $2,000,000 = $42,000,000.

The 95% confidence interval runs

from $40,000,000 — (2 X $2,000,000) = $36,000,000
to $40,000,000 + (2 X $2,000,000) = $44,000,000.

The 99.7% confidence interval runs

from $40,000,000 — (3 X $2,000,000) = $34,000,000
to $40,000,000 + (3 X $2,000,000) = $46,000,000.

To write this more compactly, we abbreviate standard error as SE. Thus, 1
SE is one standard error, 2 SE is twice the standard error, and so forth. With a
large sample and an estimate like the sample average, a 68% confidence interval
is the range

estimate — 1 SE to estimate + 1 SE.
A 95% confidence interval is the range

estimate — 2 SE to estimate + 2 SE.
The 99.7% confidence interval is the range

estimate — 3 SE to estimate + 3 SE.

For a given sample size, increased confidence can be attained only by widen-
ing the interval. The 95% confidence level is the most popular, but some authors
use 99%, and 90% i1s seen on occasion. (The corresponding multipliers on the SE
are about 2, 2.6, and 1.6, respectively; see infra Appendix.) The phrase “margin of

error” generally means twice the standard error. In medical journals, “confidence
interval” is often abbreviated as “CIL.”
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The main point is that an estimate based on a sample will differ from the exact
population value, because of random error. The standard error gives the likely
size of the random error. If the standard error is small, random error probably has
little effect. If the standard error is large, the estimate may be seriously wrong.
Confidence intervals are a technical refinement, and bias is a separate issue to
consider (infra Section IV.A.4).

3. How big should the sample be?

There 1s no easy answer to this sensible question. Much depends on the level of
error that is tolerable and the nature of the material being sampled. Generally,
increasing the size of the sample will reduce the level of random error (“sampling
error’). Bias (“nonsampling error”) cannot be reduced that way. Indeed, beyond
some point, large samples are harder to manage and more vulnerable to non-
sampling error. To reduce bias, the researcher must improve the design of the
study or use a statistical model more tightly linked to the data collection process.

If the material being sampled is heterogeneous, random error will be large;
a larger sample will be needed to offset the heterogeneity (supra Section IV.A.1).
A pilot sample may be useful to estimate heterogeneity and determine the final
sample size. Probability samples require some effort in the design phase, and it
will rarely be sensible to draw a sample with fewer than, say, two or three dozen
items. Moreover, with such small samples, methods based on the normal curve
(supra Section IV.A.2) will not apply.

Population size (i.e., the number of items in the population) usually has little
bearing on the precision of estimates for the population average. This is surpris-
ing. On the other hand, population size has a direct bearing on estimated totals.
Both points are illustrated by the Nixon papers (see supra Section IV.A.2 and infra
Appendix). To be sure, drawing a probability sample from a large population may
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involve a lot of work. Samples presented in the courtroom have ranged from 5

(tiny) to 1.7 million (huge).”®

4. What are the technical difficulties?

To begin with, “confidence” 1s a term of art. The confidence level indicates the
percentage of the time that intervals from repeated samples would cover the true
value. The confidence level does not express the chance that repeated estimates
would fall into the confidence interval.”! With the Nixon papers, the 95% confi-
dence interval should not be interpreted as saying that 95% of all random samples
will produce estimates in the range from $36 million to $44 million. Moreover,
the confidence level does not give the probability that the unknown parameter lies
within the confidence interval.”? For example, the 95% confidence level should
not be translated to a 95% probability that the total value of the papers is in the
range from $36 million to $44 million. According to the frequentist theory of
statistics, probability statements cannot be made about population characteristics:
Probability statements apply to the behavior of samples. That is why the different
term “confidence” is used.

The next point to make is that for a given confidence level, a narrower
interval indicates a more precise estimate, whereas a broader interval indicates less

90. See Lebrilla v. Farmers Group, Inc., No. 00-CC-017185 (Cal. Super. Ct., Orange County,
Dec. 5, 2006) (preliminary approval of settlement), a class action lawsuit on behalf of plaintiffs who
were insured by Farmers and had automobile accidents. Plaintiffs alleged that replacement parts rec-
ommended by Farmers did not meet specifications: Small samples were used to evaluate these allega-
tions. At the other extreme, it was proposed to adjust Census 2000 for undercount and overcount by
reviewing a sample of 1.7 million persons. See Brown et al., supra note 29, at 353.

91. Opinions reflecting this misinterpretation include In re Silicone Gel Breast Implants Prods.
Liab. Litig, 318 F. Supp. 2d 879, 897 (C.D. Cal. 2004) (“a margin of error between 0.5 and 8.0 at
the 95% confidence level . . . means that 95 times out of 100 a study of that type would yield a rela-
tive risk value somewhere between 0.5 and 8.0.7); United States ex rel. Free v. Peters, 806 F. Supp.
705, 713 n.6 (N.D. IIl. 1992) (“A 99% confidence interval, for instance, is an indication that if we
repeated our measurement 100 times under identical conditions, 99 times out of 100 the point estimate
derived from the repeated experimentation will fall within the initial interval estimate. . . .”), rev’d
in part, 12 E.3d 700 (7th Cir. 1993). The more technically correct statement in the Silicone Gel case,
for example, would be that “the confidence interval of 0.5 to 8.0 means that the relative risk in the
population could fall within this wide range and that in roughly 95 times out of 100, random samples
from the same population, the confidence intervals (however wide they might be) would include the
population value (whatever it is).”

92. See, e.g., Freedman et al., supra note 12, at 383-86; infra Section IV.B.1. Consequently, it is
misleading to suggest that “[a] 95% confidence interval means that there is a 95% probability that the
‘true’ relative risk falls within the interval” or that “the probability that the true value was . . . within
two standard deviations of the mean . . . would be 95 percent.” DeLuca v. Merrell Dow Pharms.,
Inc., 791 E. Supp. 1042, 1046 (D.NJ. 1992), aff’d, 6 F.3d 778 (3d Cir. 1993); SmithKline Beecham
Corp. v. Apotex Corp., 247 F. Supp. 2d 1011, 1037 (N.D. IIl. 2003), aff’d on other grounds, 403 F.3d
1331 (Fed. Cir. 2005).
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precision.”® A high confidence level with a broad interval means very little, but a
high confidence level for a small interval is impressive, indicating that the random
error in the sample estimate is low. For example, take a 95% confidence interval
for a damage claim. An interval that runs from $34 million to $44 million is one
thing, but —=$10 million to $90 million is something else entirely. Statements about
confidence without mention of an interval are practically meaningless.”*

Standard errors and confidence intervals are often derived from statistical
models for the process that generated the data. The model usually has parameters—
numerical constants describing the population from which samples were drawn.
When the values of the parameters are not known, the statistician must work
backward, using the sample data to make estimates. That was the case here.”
Generally, the chances needed for statistical inference are computed from a model
and estimated parameter values.

If the data come from a probability sample or a randomized controlled experi-
ment (supra Sections II.A-B), the statistical model may be connected tightly to
the actual data collection process. In other situations, using the model may be
tantamount to assuming that a sample of convenience is like a random sample,
or that an observational study is like a randomized experiment. With the Nixon
papers, the appraisers drew a random sample, and that justified the statistical

93. In Cimino v. Raymark Industries, Inc., 751 F. Supp. 649 (E.D. Tex. 1990), rev’d, 151 F.3d 297
(5th Cir. 1998), the district court drew certain random samples from more than 6000 pending asbestos
cases, tried these cases, and used the results to estimate the total award to be given to all plaintiffs
in the pending cases. The court then held a hearing to determine whether the samples were large
enough to provide accurate estimates. The court’s expert, an educational psychologist, testified that
the estimates were accurate because the samples matched the population on such characteristics as race
and the percentage of plaintiffs still alive. Id. at 664. However, the matches occurred only in the sense
that population characteristics fell within 99% confidence intervals computed from the samples. The
court thought that matches within the 99% confidence intervals proved more than matches within 95%
intervals. Id. This is backward. To be correct in a few instances with a 99% confidence interval is not
very impressive—Dby definition, such intervals are broad enough to ensure coverage 99% of the time.

94. In Hilao v. Estate of Marcos, 103 F.3d 767 (9th Cir. 1996), for example, “an expert on sta-
tistics . . . testified that . . . a random sample of 137 claims would achieve ‘a 95% statistical probability
that the same percentage determined to be valid among the examined claims would be applicable to
the totality of [9541 facially valid] claims filed.”” Id. at 782. There is no 95% “statistical probability”
that a percentage computed from a sample will be “applicable” to a population. One can compute
a confidence interval from a random sample and be 95% confident that the interval covers some
parameter. The computation can be done for a sample of virtually any size, with larger samples giv-
ing smaller intervals. What is missing from the opinion is a discussion of the widths of the relevant
intervals. For the same reason, it is meaningless to testify, as an expert did in Ayyad v. Sprint Spectrum,
L.P., No. RG03-121510 (Cal. Super. Ct., Alameda County) (transcript, May 28, 2008, at 730), that
a simple regression equation is trustworthy because the coefficient of the explanatory variable has “an
extremely high indication of reliability to more than 99% confidence level.”

95. With the Nixon papers, one parameter is the average value of all 20,000 boxes, and another
parameter is the standard deviation of the 20,000 values. These parameters can be used to approximate
the distribution of the sample average. See infra Appendix. Regression models and their parameters are
discussed infra Section V and in Rubinfeld, supra note 21.
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calculations—if not the appraised values themselves. In many contexts, the choice
of an appropriate statistical model is less than obvious. When a model does not
fit the data collection process, estimates and standard errors will not be probative.

Standard errors and confidence intervals generally ignore systematic errors
such as selection bias or nonresponse bias (supra Sections I1.B.1-2). For example,
after reviewing studies to see whether a particular drug caused birth defects, a
court observed that mothers of children with birth defects may be more likely to
remember taking a drug during pregnancy than mothers with normal children.
This selective recall would bias comparisons between samples from the two groups
of women. The standard error for the estimated difference in drug usage between

the groups would ignore this bias, as would the confidence interval.”®

B. Significance Levels and Hypothesis Tests
1. What Is the p-value?

In 1969, Dr. Benjamin Spock came to trial in the U.S. District Court for Massa-
chusetts. The charge was conspiracy to violate the Military Service Act. The jury
was drawn from a panel of 350 persons selected by the clerk of the court. The
panel included only 102 women—substantially less than 50%—although a major-
ity of the eligible jurors in the community were female. The shortfall in women
was especially poignant in this case: “Of all defendants, Dr. Spock, who had given
wise and welcome advice on child-rearing to millions of mothers, would have
liked women on his jury.”?’

Can the shortfall in women be explained by the mere play of random chance?
To approach the problem, a statistician would formulate and test a null hypothesis.
Here, the null hypothesis says that the panel is like 350 persons drawn at random
from a large population that 1s 50% female. The expected number of women drawn
would then be 50% of 350, which is 175. The observed number of women is 102.
The shortfall is 175 — 102 = 73. How likely is it to find a disparity this large or
larger, between observed and expected values? The probability is called p, or the
p-value.

96. Brock v. Merrell Dow Pharms., Inc., 874 E.2d 307, 311-12 (5th Cir.), modified, 884 F.2d
166 (5th Cir. 1989). In Brock, the court stated that the confidence interval took account of bias (in
the form of selective recall) as well as random error. 874 F.2d at 311-12. This is wrong. Even if the
sampling error were nonexistent—which would be the case if one could interview every woman who
had a child during the period that the drug was available—selective recall would produce a difference
in the percentages of reported drug exposure between mothers of children with birth defects and those
with normal children. In this hypothetical situation, the standard error would vanish. Therefore, the
standard error could disclose nothing about the impact of selective recall.

97. Hans Zeisel, Dr. Spock and the Case of the Vanishing Women Jurors, 37 U. Chi. L. Rev. 1
(1969). Zeisel’s reasoning was different from that presented in this text. The conviction was reversed
on appeal without reaching the issue of jury selection. United States v. Spock, 416 F.2d 165 (1st Cir.
1965).
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The p-value is the probability of getting data as extreme as, or more extreme
than, the actual data—given that the null hypothesis is true. In the example, p
turns out to be essentially zero. The discrepancy between the observed and the
expected is far too large to explain by random chance. Indeed, even if the panel
had included 155 women, the p-value would only be around 0.02, or 2%.%8 (If
the population is more than 50% female, p will be even smaller.) In short, the jury
panel was nothing like a random sample from the community.

Large p-values indicate that a disparity can easily be explained by the play
of chance: The data fall within the range likely to be produced by chance varia-
tion. On the other hand, if p i1s very small, something other than chance must
be involved: The data are far away from the values expected under the null
hypothesis. Significance testing often seems to involve multiple negatives. This is
because a statistical test is an argument by contradiction.

With the Dr. Spock example, the null hypothesis asserts that the jury panel is
like a random sample from a population that is 50% female. The data contradict
this null hypothesis because the disparity between what is observed and what is
expected (according to the null) is too large to be explained as the product of ran-
dom chance. In a typical jury discrimination case, small p-values help a defendant
appealing a conviction by showing that the jury panel is not like a random sample
from the relevant population; large p-values hurt. In the usual employment con-
text, small p-values help plaintiffs who complain of discrimination—for example,
by showing that a disparity in promotion rates is too large to be explained by
chance; conversely, large p-values would be consistent with the defense argument
that the disparity is just due to chance.

Because p is calculated by assuming that the null hypothesis is correct, p does
not give the chance that the null is true. The p-value merely gives the chance
of getting evidence against the null hypothesis as strong as or stronger than the
evidence at hand. Chance affects the data, not the hypothesis. According to the
frequency theory of statistics, there is no meaningful way to assign a numerical
probability to the null hypothesis. The correct interpretation of the p-value can
therefore be summarized in two lines:

p is the probability of extreme data given the null hypothesis.
p is not the probability of the null hypothesis given extreme data.”

98. With 102 women out of 350, the p-value is about 2/10', where 10" is 1 followed by
15 zeros, that is, a quadrillion. See infra Appendix for the calculations.

99. Some opinions present a contrary view. E.g., Vasquez v. Hillery, 474 U.S. 254, 259 n.3
(1986) (“the District Court . . . ultimately accepted . . . a probability of 2 in 1000 that the phenomenon
was attributable to chance”); Nat’l Abortion Fed. v. Ashcroft, 330 F. Supp. 2d 436 (S.D.N.Y. 2004),
aff’d in part, 437 F.3d 278 (2d Cir. 2006), vacated, 224 Fed. App’x. 88 (2d Cir. 2007) (“According to Dr.

Howell, . . . a ‘P value’ of 0.30 . . . indicates that there is a thirty percent probability that the results
of the . . . [s]tudy were merely due to chance alone.”). Such statements confuse the probability of the
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To recapitulate the logic of significance testing: If p is small, the observed
data are far from what is expected under the null hypothesis—too far to be readily
explained by the operations of chance. That discredits the null hypothesis.

Computing p-values requires statistical expertise. Many methods are available,
but only some will fit the occasion. Sometimes standard errors will be part of the
analysis; other times they will not be. Sometimes a difference of two standard
errors will imply a p-value of about 5%; other times it will not. In general, the
p-value depends on the model, the size of the sample, and the sample statistics.

2. Is a difference statistically significant?

If an observed difference is in the middle of the distribution that would be
expected under the null hypothesis, there 1s no surprise. The sample data are of the
type that often would be seen when the null hypothesis is true. The difference 1s
not significant, as statisticians say, and the null hypothesis cannot be rejected. On
the other hand, if the sample difference is far from the expected value—according
to the null hypothesis—then the sample 1s unusual. The difference is significant,
and the null hypothesis is rejected. Statistical significance is determined by com-
paring p to a preset value, called the significance level.!”” The null hypothesis is
rejected when p falls below this level.

In practice, statistical analysts typically use levels of 5% and 1%.!1°! The
5% level is the most common in social science, and an analyst who speaks of sig-
nificant results without specifying the threshold probably is using this figure. An
unexplained reference to highly significant results probably means that p is less

kind of outcome observed, which is computed under some model of chance, with the probability that
chance is the explanation for the outcome—the “transposition fallacy.”

Instances of the transposition fallacy in criminal cases are collected in David H. Kaye et al., The
New Wigmore: A Treatise on Evidence: Expert Evidence §§ 12.8.2(b) & 14.1.2 (2d ed. 2011). In
McDaniel v. Brown, 130 S. Ct. 665 (2010), for example, a DNA analyst suggested that a random match
probability of 1/3,000,000 implied a .000033 probability that the DNA was not the source of the
DNA found on the victim’s clothing. See David H. Kaye, “False But Highly Persuasive”: How Wrong
Were the Probability Estimates in McDaniel v. Brown? 108 Mich. L. Rev. First Impressions 1 (2009).

100. Statisticians use the Greek letter alpha (o) to denote the significance level; o gives the
chance of getting a significant result, assuming that the null hypothesis is true. Thus, o represents the
chance of a false rejection of the null hypothesis (also called a false positive, a false alarm, or a Type I
error). For example, suppose o0 = 5%. If investigators do many studies, and the null hypothesis hap-
pens to be true in each case, then about 5% of the time they would obtain significant results—and
falsely reject the null hypothesis.

101. The Supreme Court implicitly referred to this practice in Castaneda v. Partida, 430 U.S.
482, 496 n.17 (1977), and Hazelwood School District v. United States, 433 U.S. 299, 311 n.17 (1977).
In these footnotes, the Court described the null hypothesis as “suspect to a social scientist” when a
statistic from “large samples” falls more than “two or three standard deviations” from its expected value
under the null hypothesis. Although the Court did not say so, these differences produce p-values of
about 5% and 0.3% when the statistic is normally distributed. The Court’s standard deviation is our
standard error.
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than 1%. These levels of 5% and 1% have become icons of science and the legal
process. In truth, however, such levels are at best useful conventions.

Because the term “significant” is merely a label for a certain kind of p-value,
significance is subject to the same limitations as the underlying p-value. Thus,
significant differences may be evidence that something besides random error is at
work. They are not evidence that this something is legally or practically impor-
tant. Statisticians distinguish between statistical and practical significance to make
the point. When practical significance is lacking—when the size of a disparity is
negligible—there is no reason to worry about statistical significance.!"?

It is easy to mistake the p-value for the probability of the null hypothesis given
the data (supra Section IV.B.1). Likewise, if results are significant at the 5% level,
it is tempting to conclude that the null hypothesis has only a 5% chance of being
correct.'% This temptation should be resisted. From the frequentist perspective,
statistical hypotheses are either true or false. Probabilities govern the samples, not
the models and hypotheses. The significance level tells us what is likely to happen
when the null hypothesis is correct; it does not tell us the probability that the
hypothesis is true. Significance comes no closer to expressing the probability that
the null hypothesis is true than does the underlying p-value.

3. Tests or interval estimates?

How can a highly significant difference be practically insignificant? The reason
is simple: p depends not only on the magnitude of the effect, but also on the
sample size (among other things). With a huge sample, even a tiny effect will be

102. E.g., Waisome v. Port Auth., 948 F.2d 1370, 1376 (2d Cir. 1991) (“though the disparity
was found to be statistically significant, it was of limited magnitude.”); United States v. Henderson,
409 F.3d 1293, 1306 (11th Cir. 2005) (regardless of statistical significance, excluding law enforcement
officers from jury service does not have a large enough impact on the composition of grand juries
to violate the Jury Selection and Service Act); ¢f. Thornburg v. Gingles, 478 U.S. 30, 53-54 (1986)
(repeating the district court’s explanation of why “the correlation between the race of the voter and
the voter’s choice of certain candidates was [not only] statistically significant,” but also “so marked
as to be substantively significant, in the sense that the results of the individual election would have
been different depending upon whether it had been held among only the white voters or only the
black voters.”).

103. E.g., Waisome, 948 F.2d at 1376 (“Social scientists consider a finding of two standard
deviations significant, meaning there is about one chance in 20 that the explanation for a deviation
could be random . . . .”); Adams v. Ameritech Serv., Inc., 231 F.3d 414, 424 (7th Cir. 2000) (“Two
standard deviations is normally enough to show that it is extremely unlikely (. . . less than a 5%
probability) that the disparity is due to chance”); Magistrini v. One Hour Martinizing Dry Cleaning,
180 F. Supp. 2d 584, 605 n.26 (D.N.J. 2002) (a “statistically significant . . . study shows that there
is only 5% probability that an observed association is due to chance.”); ¢f. Giles v. Wyeth, Inc., 500
F. Supp. 2d 1048, 1056 (S.D. Ill. 2007) (“While [plaintiff] admits that a p-value of .15 is three times
higher than what scientists generally consider statistically significant—that is, a p-value of .05 or
lower—she maintains that this “represents 85% certainty, which meets any conceivable concept of

preponderance of the evidence.”).
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highly significant.!” For example, suppose that a company hires 52% of male job
applicants and 49% of female applicants. With a large enough sample, a statisti-
cian could compute an impressively small p-value. This p-value would confirm
that the difference does not result from chance, but it would not convert a trivial
difference (52% versus 49% ) into a substantial one.'% In short, the p-value does
not measure the strength or importance of an association.

A “significant” effect can be small. Conversely, an effect that is “not signifi-
cant” can be large. By inquiring into the magnitude of an effect, courts can avoid
being misled by p-values. To focus attention on more substantive concerns—the
size of the effect and the precision of the statistical analysis—interval estimates
(e.g., confidence intervals) may be more valuable than tests. Seeing a plausible
range of values for the quantity of interest helps describe the statistical uncertainty
in the estimate.

4. Is the sample statistically significant?

Many a sample has been praised for its statistical significance or blamed for its lack
thereof. Technically, this makes little sense. Statistical significance is about the
difference between observations and expectations. Significance therefore applies
to statistics computed from the sample, but not to the sample itself, and certainly
not to the size of the sample. Findings can be statistically significant. Differences
can be statistically significant (supra Section IV.B.2). Estimates can be statistically
significant (infra Section V.D.2). By contrast, samples can be representative or
unrepresentative. They can be chosen well or badly (supra Section I11.B.1). They
can be large enough to give reliable results or too small to bother with (supra
Section IV.A.3). But samples cannot be “statistically significant,” if this technical
phrase 1s to be used as statisticians use it.

C. Evaluating Hypothesis Tests
1. What is the power of the test?

‘When a p-value is high, findings are not significant, and the null hypothesis is not
rejected. This could happen for at least two reasons:

104. See supra Section IV.B.2. Although some opinions seem to equate small p-values with
“gross” or “substantial” disparities, most courts recognize the need to decide whether the underlying
sample statistics reveal that a disparity is large. E.g., Washington v. People, 186 P.3d 594 (Colo. 2008)
(jury selection).

105. Cf. Frazier v. Garrison Indep. Sch. Dist., 980 F.2d 1514, 1526 (5th Cir. 1993) (rejecting
claims of intentional discrimination in the use of a teacher competency examination that resulted in
retention rates exceeding 95% for all groups); Washington, 186 P.2d 594 (although a jury seclection
practice that reduced the representation of “African-Americans [from] 7.7 percent of the population
[to] 7.4 percent of the county’s jury panels produced a highly statistically significant disparity, the small

degree of exclusion was not constitutionally significant.”).
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1. The null hypothesis is true.
2. The null is false—but, by chance, the data happened to be of the kind
expected under the null.

If the power of a statistical study is low, the second explanation may be plau-
sible. Power is the chance that a statistical test will declare an effect when there
is an effect to be declared.'”® This chance depends on the size of the effect and
the size of the sample. Discerning subtle differences requires large samples; small
samples may fail to detect substantial differences.

When a study with low power fails to show a significant effect, the results
may therefore be more fairly described as inconclusive than negative. The proof
is weak because power is low. On the other hand, when studies have a good
chance of detecting a meaningful association, failure to obtain significance can be
persuasive evidence that there is nothing much to be found.!"”

2. What about small samples?

For simplicity, the examples of statistical inference discussed here (supra Sec-
tions IV.A-B) were based on large samples. Small samples also can provide useful

106. More precisely, power is the probability of rejecting the null hypothesis when the alterna-
tive hypothesis (infra Section IV.C.5) is right. Typically, this probability will depend on the values of
unknown parameters, as well as the preset significance level 0. The power can be computed for any
value of o and any choice of parameters satisfying the alternative hypothesis. See infra Appendix for
an example. Frequentist hypothesis testing keeps the risk of a false positive to a specified level (such
as o0 = 5%) and then tries to maximize power.

Statisticians usually denote power by the Greek letter beta (B). However, some authors use  to
denote the probability of accepting the null hypothesis when the alternative hypothesis is true; this usage
is fairly standard in epidemiology. Accepting the null hypothesis when the alternative holds true is a
false negative (also called a Type II error, a missed signal, or a false acceptance of the null hypothesis).

The chance of a false negative may be computed from the power. Some commentators have
claimed that the cutoff for significance should be chosen to equalize the chance of a false positive and
a false negative, on the ground that this criterion corresponds to the more-probable-than-not burden
of proof. The argument is fallacious, because ot and B do not give the probabilities of the null and
alternative hypotheses; see supra Sections IV.B.1-2; supra note 34. See also D.H. Kaye, Hypothesis Testing
in the Courtroom, in Contributions to the Theory and Application of Statistics: A Volume in Honor of
Herbert Solomon 331, 341-43 (Alan E. Gelfand ed., 1987).

107. Some formal procedures (meta-analysis) are available to aggregate results across studies.
See, e.g., In re Bextra and Celebrex Marketing Sales Practices and Prod. Liab. Litig., 524 E. Supp.
2d 1166, 1174, 1184 (N.D. Cal. 2007) (holding that “[a] meta-analysis of all available published and
unpublished randomized clinical trials” of certain pain-relief medicine was admissible). In principle,
the power of the collective results will be greater than the power of each study. However, these
procedures have their own weakness. See, e.¢., Richard A. Berk & David A. Freedman, Statistical
Assumptions as Empirical Commitments, in Punishment and Social Control: Essays in Honor of Sheldon
Messinger 235, 244—48 (T.G. Blomberg & S. Cohen eds., 2d ed. 2003); Michael Oakes, Statistical
Inference: A Commentary for the Social and Behavioral Sciences (1986); Diana B. Petitti, Meta-
Analysis, Decision Analysis, and Cost-Effectiveness Analysis Methods for Quantitative Synthesis in
Medicine (2d ed. 2000).
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information. Indeed, when confidence intervals and p-values can be computed,
the interpretation is the same with small samples as with large ones.'”® The con-
cern with small samples is not that they are beyond the ken of statistical theory,
but that

1 The underlying assumptions are hard to validate.

2. Because approximations based on the normal curve generally cannot be
used, confidence intervals may be difticult to compute for parameters of
interest. Likewise, p-values may be difficult to compute for hypotheses
of interest.'"?

3. Small samples may be unreliable, with large standard errors, broad confi-
dence intervals, and tests having low power.

3. One tail or two?

In many cases, a statistical test can be done either one-tailed or two-tailed; the
second method often produces a p-value twice as big as the first method. The
methods are easily explained with a hypothetical example. Suppose we toss a coin
1000 times and get 532 heads. The null hypothesis to be tested asserts that the
coin is fair. If the null is correct, the chance of getting 532 or more heads is 2.3%.
That is a one-tailed test, whose p-value is 2.3%. To make a two-tailed test, the
statistician computes the chance of getting 532 or more heads—or 500 — 32 = 468
heads or fewer. This is 4.6%. In other words, the two-tailed p-value is 4.6%.
Because small p-values are evidence against the null hypothesis, the one-tailed test
seems to produce stronger evidence than its two-tailed counterpart. However,
the advantage is largely illusory, as the example suggests. (The two-tailed test may
seem artificial, but it offers some protection against possible artifacts resulting from
multiple testing—the topic of the next section.)

Some courts and commentators have argued for one or the other type of test,
but a rigid rule is not required if significance levels are used as guidelines rather
than as mechanical rules for statistical proof.!'” One-tailed tests often make it

108. Advocates sometimes contend that samples are “too small to allow for meaningful statistical
analysis,” United States v. New York City Bd. of Educ., 487 F. Supp. 2d 220, 229 (E.D.N.Y. 2007),
and courts often look to the size of samples from earlier cases to determine whether the sample data
before them are admissible or convincing. Id. at 230; Timmerman v. U.S. Bank, 483 F.3d 1106, 1116
n.4 (10th Cir. 2007). However, a meaningful statistical analysis yielding a significant result can be based
on a small sample, and reliability does not depend on sample size alone (see supra Section IV.A.3, infra
Section V.C.1). Well-known small-sample techniques include the sign test and Fisher’s exact test.
E.g., Michael O. Finkelstein & Bruce Levin, Statistics for Lawyers 154-56, 339—41 (2d ed. 2001); see
generally E.L. Lehmann & H.J.M. d’Abrera, Nonparametrics (2d ed. 20006).

109. With large samples, approximate inferences (e.g., based on the central limit theorem, see
infra Appendix) may be quite adequate. These approximations will not be satisfactory for small samples.

110. See, e.¢., United States v. State of Delaware, 93 Fair Empl. Prac. Cas. (BNA) 1248, 2004
WL 609331, *10 n.4 (D. Del. 2004). According to formal statistical theory, the choice between one
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casier to reach a threshold such as 5%, at least in terms of appearance. However,
if we recognize that 5% is not a magic line, then the choice between one tail
and two is less important—as long as the choice and its effect on the p-value are
made explicit.

4. How many tests have been done?

Repeated testing complicates the interpretation of significance levels. If enough
comparisons are made, random error almost guarantees that some will yield “sig-
nificant” findings, even when there is no real effect. To illustrate the point, con-
sider the problem of deciding whether a coin is biased. The probability that a fair
coin will produce 10 heads when tossed 10 times is (1/2)! = 1/1024. Observing
10 heads in the first 10 tosses, therefore, would be strong evidence that the coin
is biased. Nonetheless, if a fair coin is tossed a few thousand times, it is likely that
at least one string of ten consecutive heads will appear. Ten heads in the first ten
tosses means one thing; a run of ten heads somewhere along the way to a few
thousand tosses of a coin means quite another. A test—looking for a run of ten
heads—can be repeated too often.

Artifacts from multiple testing are commonplace. Because research that fails to
uncover significance often is not published, reviews of the literature may produce
an unduly large number of studies finding statistical significance.!'" Even a single
resecarcher may examine so many different relationships that a few will achieve
statistical significance by mere happenstance. Almost any large dataset—even pages
from a table of random digits—will contain some unusual pattern that can be
uncovered by diligent search. Having detected the pattern, the analyst can perform
a statistical test for it, blandly ignoring the search effort. Statistical significance is
bound to follow.

There are statistical methods for dealing with multiple looks at the data,
which permit the calculation of meaningful p-values in certain cases.!'> However,
no general solution is available, and the existing methods would be of little help
in the typical case where analysts have tested and rejected a variety of models
before arriving at the one considered the most satisfactory (see infra Section V on
regression models). In these situations, courts should not be overly impressed with

tail or two can sometimes be made by considering the exact form of the alternative hypothesis (infra
Section IV.C.5). But see Freedman et al., supra note 12, at 547-50. One-tailed tests at the 5% level
are viewed as weak evidence—no weaker standard is commonly used in the technical literature.
One-tailed tests are also called one-sided (with no pejorative intent); two-tailed tests are two-sided.

111. E.g., Philippa J. Easterbrook et al., Publication Bias in Clinical Research, 337 Lancet 867
(1991); John P.A. loannidis, Effect of the Statistical Significance of Results on the Time to Completion and
Publication of Randomized Efficacy Trials, 279 JAMA 281 (1998); Stuart J. Pocock et al., Statistical Problems
in the Reporting of Clinical Trials: A Survey of Three Medical Journals, 317 New Eng. J. Med. 426 (1987).

112. See, e.g., Sandrine Dudoit & Mark J. van der Laan, Multiple Testing Procedures with
Applications to Genomics (2008).
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claims that estimates are significant. Instead, they should be asking how analysts

developed their models.!'?

5. What are the rival hypotheses?

The p-value of a statistical test is computed on the basis of a model for the data:
the null hypothesis. Usually, the test is made in order to argue for the alternative
hypothesis: another model. However, on closer examination, both models may
prove to be unreasonable. A small p-value means something is going on besides
random error. The alternative hypothesis should be viewed as one possible expla-
nation, out of many, for the data.

In Mapes Casino, Inc. v. Maryland Casualty Co.,''*

the court recognized the
importance of explanations that the proponent of the statistical evidence had failed
to consider. In this action to collect on an insurance policy, Mapes sought to quan-
tify its loss from theft. It argued that employees were using an intermediary to cash
in chips at other casinos. The casino established that over an 18-month period,
the win percentage at its craps tables was 6%, compared to an expected value of
20%. The statistics proved that something was wrong at the craps tables—the dis-
crepancy was too big to explain as the product of random chance. But the court
was not convinced by plaintiff’s alternative hypothesis. The court pointed to other
possible explanations (Runyonesque activities such as skimming, scamming, and
crossroading) that might have accounted for the discrepancy without implicating

the suspect employees.!' In short, rejection of the null hypothesis does not leave

the proffered alternative hypothesis as the only viable explanation for the data.'!®

113. Intuition may suggest that the more variables included in the model, the better. However,
this idea often turns out to be wrong. Complex models may reflect only accidental features of the data.
Standard statistical tests offer little protection against this possibility when the analyst has tried a variety
of models before settling on the final specification. See authorities cited, supra note 21.

114. 290 F. Supp. 186 (D. Nev. 1968).

115. Id. at 193. Skimming consists of “taking off the top before counting the drop,” scamming
is “cheating by collusion between dealer and player,” and crossroading involves “professional cheaters
among the players.” Id. In plainer language, the court seems to have ruled that the casino itself might
be cheating, or there could have been cheaters other than the particular employees identified in the
case. At the least, plaintiff’s statistical evidence did not rule out such possibilities. Compare EEOC v.
Sears, Roebuck & Co., 839 F.2d 302, 312 & n.9, 313 (7th Cir. 1988) (EEOC’s regression studies
showing significant differences did not establish liability because surveys and testimony supported the
rival hypothesis that women generally had less interest in commission sales positions), with EEOC v.
General Tel. Co., 885 F.2d 575 (9th Cir. 1989) (unsubstantiated rival hypothesis of “lack of interest”
in “nontraditional” jobs insufficient to rebut prima facie case of gender discrimination); ¢f. supra Sec-
tion II.A (problem of confounding).

116. E.g., Coleman v. Quaker Oats Co., 232 E.3d 1271, 1283 (9th Cir. 2000) (a disparity with
a p-value of “3 in 100 billion” did not demonstrate age discrimination because “Quaker never con-
tends that the disparity occurred by chance, just that it did not occur for discriminatory reasons. When
other pertinent variables were factored in, the statistical disparity diminished and finally disappeared.”).
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D. Posterior Probabilities

Standard errors, p-values, and significance tests are common techniques for assess-
ing random error. These procedures rely on sample data and are justified in terms

of the operating characteristics of statistical procedures.'!”

However, frequentist
statisticians generally will not compute the probability that a particular hypothesis
is correct, given the data.'!® For example, a frequentist may postulate that a coin is
fair: There is a 50-50 chance of landing heads, and successive tosses are indepen-
dent. This is viewed as an empirical statement—potentially falsifiable—about the
coin. It is easy to calculate the chance that a fair coin will turn up heads in the next
10 tosses: The answer (see supra Section IV.C.4) is 1/1024. Therefore, observing
10 heads in a row brings into serious doubt the initial hypothesis of fairness.

But what of the converse probability: If the coin does land heads 10 times,
what is the chance that it is fair?!'” To compute such converse probabilities, it is
necessary to postulate initial probabilities that the coin is fair, as well as probabili-
ties of unfairness to various degrees. In the frequentist theory of inference, such
postulates are untenable: Probabilities are objective features of the situation that
specify the chances of events or effects, not hypotheses or causes.

By contrast, in the Bayesian approach, probabilities represent subjective
degrees of belief about hypotheses or causes rather than objective facts about
observations. The observer must quantify beliefs about the chance that the coin
is unfair to various degrees—in advance of seeing the data.'?® These subjective
probabilities, like the probabilities governing the tosses of the coin, are set up to
obey the axioms of probability theory. The probabilities for the various hypotheses
about the coin, specified before data collection, are called prior probabilities.

117. Operating characteristics include the expected value and standard error of estimators, prob-
abilities of error for statistical tests, and the like.

118. In speaking of “frequentist statisticians” or “Bayesian statisticians,” we do not mean to sug-
gest that all statisticians fall on one side of the philosophical divide or the other. These are archetypes.
Many practicing statisticians are pragmatists, using whatever procedure they think is appropriate for
the occasion, and not concerning themselves greatly with what the numbers they obtain really mean.

119. We call this a converse probability because it is of the form P(H“|data) rather than
P(data| H,); an equivalent phrase, “inverse probability,” also is used. Treating P(data|H,) as if it were
the converse probability P(H, | data) is the transposition fallacy. For example, most U.S. senators are
men, but few men are senators. Consequently, there is a high probability that an individual who is a
senator is a man, but the probability that an individual who is a man is a senator is practically zero.
For examples of the transposition fallacy in court opinions, see cases cited supra notes 98, 102. The
frequentist p-value, P(datal H,), is generally not a good approximation to the Bayesian P(H, | data); the
latter includes considerations of power and base rates.

120. For example, let p be the unknown probability that the coin lands heads. What is the
chance that p exceeds 0.1? 0.62 The Bayesian statistician must be prepared to answer such questions.
Bayesian procedures are sometimes defended on the ground that the beliefs of any rational observer
must conform to the Bayesian rules. However, the definition of “rational” is purely formal. See Peter
C. Fishburn, The Axioms of Subjective Probability, 1 Stat. Sci. 335 (1986); Freedman, supra note 84;
David Kaye, The Laws of Probability and the Law of the Land, 47 U. Chi. L. Rev. 34 (1979).
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Prior probabilities can be updated, using Bayes’ rule, given data on how the
coin actually falls. (The Appendix explains the rule.) In short, a Bayesian statisti-
clan can compute posterior probabilities for various hypotheses about the coin,
given the data. These posterior probabilities quantify the statistician’s confidence
in the hypothesis that a coin is fair.!?! Although such posterior probabilities relate
directly to hypotheses of legal interest, they are necessarily subjective, for they
reflect not just the data but also the subjective prior probabilities—that is, degrees
of belief about hypotheses formulated prior to obtaining data.

Such analyses have rarely been used in court, and the question of their
forensic value has been aired primarily in the academic literature. Some statisti-
cians favor Bayesian methods, and some commentators have proposed using these

methods in some kinds of cases.'?> The frequentist view of statistics is more con-

ventional; subjective Bayesians are a well-established minority.!?

121. Here, confidence has the meaning ordinarily ascribed to it, rather than the technical inter-
pretation applicable to a frequentist confidence interval. Consequently, it can be related to the burden
of persuasion. See D.H. Kaye, Apples and Oranges: Confidence Coefficients and the Burden of Persuasion,
73 Cornell L. Rev. 54 (1987).

122. See David H. Kaye et al., The New Wigmore: A Treatise on Evidence: Expert Evidence
§§ 12.8.5, 14.3.2 (2d ed. 2010); David H. Kaye, Rounding Up the Usual Suspects: A Legal and Logical
Analysis of DNA Database Trawls, 87 N.C. L. Rev. 425 (2009). In addition, as indicated in the Appen-
dix, Bayes’ rule is crucial in solving certain problems involving conditional probabilities of related
events. For example, if the proportion of women with breast cancer in a region is known, along with
the probability that a mammogram of an affected woman will be positive for cancer and that the
mammogram of an unaffected woman will be negative, then one can compute the numbers of false-
positive and false-negative mammography results that would be expected to arise in a population-wide
screening program. Using Bayes’ rule to diagnose a specific patient, however, is more problematic,
because the prior probability that the patient has breast cancer may not equal the population propor-
tion. Nevertheless, to overcome the tendency to focus on a test result without considering the “base
rate” at which a condition occurs, a diagnostician can apply Bayes’ rule to plausible base rates before
making a diagnosis. Finally, Bayes’ rule also is valuable as a device to explicate the meaning of concepts
such as error rates, probative value, and transposition. See, e.¢., David H. Kaye, The Double Helix
and the Law of Evidence (2010); Wigmore, supra, § 7.3.2; David H. Kaye & Jonathan J. Kochler, The
Misquantification of Probative Value, 27 Law & Hum. Behav. 645 (2003).

123. “Objective Bayesians” use Bayes’ rule without eliciting prior probabilities from subjective
beliefs. One strategy is to use preliminary data to estimate the prior probabilities and then apply Bayes’
rule to that empirical distribution. This “empirical Bayes” procedure avoids the charge of subjectiv-
ism at the cost of departing from a fully Bayesian framework. With ample data, however, it can be
effective and the estimates or inferences can be understood in frequentist terms. Another “objective”
approach is to use “noninformative” priors that are supposed to be independent of all data and prior
beliefs. However, the choice of such priors can be questioned, and the approach has been attacked by
frequentists and subjective Bayesians. E.g., Joseph B. Kadane, Is “Objective Bayesian Analysis” Objective,
Bayesian, or Wise?, 1 Bayesian Analysis 433 (2006), available at http://ba.stat.cmu.edu/journal/2006/
vol01/issue03/kadane.pdf; Jon Williamson, Philosophies of Probability, in Philosophy of Mathematics
493 (Andrew Irvine ed., 2009) (discussing the challenges to objective Bayesianism).
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7. Correlation and Regression

Regression models are used by many social scientists to infer causation from
association. Such models have been offered in court to prove disparate impact in
discrimination cases, to estimate damages in antitrust actions, and for many other
purposes. Sections V.A, V.B, and V.C cover some preliminary material, showing
how scatter diagrams, correlation coefficients, and regression lines can be used to
summarize relationships between variables.!?* Section V.D explains the ideas and
some of the pitfalls.

A. Scatter Diagrams

The relationship between two variables can be graphed in a scatter diagram (also
called a scatterplot or scattergram). We begin with data on income and education
for a sample of 178 men, ages 25 to 34, residing in Kansas.!?® Each person in
the sample corresponds to one dot in the diagram. As indicated in Figure 5, the
horizontal axis shows education, and the vertical axis shows income. Person A
completed 12 years of schooling (high school) and had an income of $20,000.
Person B completed 16 years of schooling (college) and had an income of $40,000.

Figure 5. Plotting a scatter diagram. The horizontal axis shows educational level
and the vertical axis shows income.

124. The focus is on simple linear regression. See also Rubinfeld, supra note 21, and the Appen-
dix, infra, and Section II, supra, for further discussion of these ideas with an emphasis on econometrics.

125. These data are from a public-use CD, Bureau of the Census, U.S. Department of Com-
merce, for the March 2005 Current Population Survey. Income and education are self-reported.
Income is censored at $100,000. For additional details, see Freedman et al., supra note 12, at A-11.
Both variables in a scatter diagram have to be quantitative (with numerical values) rather than qualita-
tive (nonnumerical).
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Figure 6 is the scatter diagram for the Kansas data. The diagram confirms an
obvious point. There is a positive association between income and education. In
general, persons with a higher educational level have higher incomes. However,
there are many exceptions to this rule, and the association is not as strong as one
might expect.

Figure 6. Scatter diagram for income and education: men ages 25 to 34 in Kansas.

B. Correlation Coefficients

Two variables are positively correlated when their values tend to go up or down
together, such as income and education in Figure 5. The correlation coefficient
(usually denoted by the letter 7) is a single number that reflects the sign of an asso-
ciation and its strength. Figure 7 shows r for three scatter diagrams: In the first,
there is no association; in the second, the association is positive and moderate; in
the third, the association is positive and strong.

A correlation coefticient of 0 indicates no linear association between the
variables. The maximum value for the coefficient 1s +1, indicating a perfect linear
relationship: The dots in the scatter diagram fall on a straight line that slopes up.
Sometimes, there is a negative association between two variables: Large values
of one tend to go with small values of the other. The age of a car and its fuel
economy in miles per gallon illustrate the idea. Negative association is indicated by
negative values for r. The extreme case is an r of —1, indicating that all the points
in the scatter diagram lie on a straight line that slopes down.

Weak associations are the rule in the social sciences. In Figure 5, the correla-
tion between income and education is about 0.4. The correlation between college
grades and first-year law school grades 1s under 0.3 at most law schools, while the
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Figure 7. The correlation coefficient measures the sign of a linear association
and its strength.

correlation between LSAT scores and first-year grades is generally about 0.4.12°
The correlation between heights of fraternal twins is about 0.5. By contrast, the
correlation between heights of identical twins is about 0.95.

1. Is the association linear?

The correlation coefficient has a number of limitations, to be considered in turn.
The correlation coefficient is designed to measure linear association. Figure 8
shows a strong nonlinear pattern with a correlation close to zero. The correlation
coefticient is of limited use with nonlinear data.

2. Do outliers influence the correlation coefficient?

The correlation coefficient can be distorted by outliers—a few points that are far
removed from the bulk of the data. The left-hand panel in Figure 9 shows that
one outlier (lower right-hand corner) can reduce a perfect correlation to nearly
nothing. Conversely, the right-hand panel shows that one outlier (upper right-
hand corner) can raise a correlation of zero to nearly one. If there are extreme
outliers in the data, the correlation coefficient is unlikely to be meaningful.

3. Does a confounding variable influence the coefficient?

The correlation coefficient measures the association between two variables.
Researchers—and the courts—are usually more interested in causation. Causa-
tion is not the same as association. The association between two variables may
be driven by a lurking variable that has been omitted from the analysis (supra

126. Lisa Anthony Stilwell et al., Predictive Validity of the LSAT: A National Summary of the
2001-2002 Correlation Studies 5, 8 (2003).

262

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Guide on Statistics

Figure 8. The scatter diagram shows a strong nonlinear association with a cor-
relation coefficient close to zero. The correlation coefficient only
measures the degree of linear association.

Figure 9. The correlation coefficient can be distorted by outliers.

Section II.A). For an casy example, there is an association between shoe size and
vocabulary among schoolchildren. However, learning more words does not cause
the feet to get bigger, and swollen feet do not make children more articulate. In
this case, the lurking variable is easy to spot—age. In more realistic examples, the
lurking variable is harder to identify.'?’

127. Green et al., supra note 13, Section IV.C, provides one such example.
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In statistics, lurking variables are called confounders or confounding variables.
Association often does reflect causation, but a large correlation coefticient is not
enough to warrant causal inference. A large value of r only means that the depen-
dent variable marches in step with the independent one: Possible reasons include
causation, confounding, and coincidence. Multiple regression is one method that
attempts to deal with confounders (infra Section V.D).'%8

C. Regression Lines

The regression line can be used to describe a linear trend in the data. The regres-
sion line for income on education in the Kansas sample is shown in Figure 10.
The height of the line estimates the average income for a given educational level.
For example, the average income for people with 8 years of education is estimated
at $21,100, indicated by the height of the line at 8 years. The average income for
people with 16 years of education is estimated at $34,700.

Figure 10. The regression line for income on education and its estimates.

Figure 11 combines the data in Figures 5 and 10: it shows the scatter diagram
for income and education, with the regression line superimposed. The line shows
the average trend of income as education increases. Thus, the regression line
indicates the extent to which a change in one variable (income) is associated with
a change in another variable (education).

128. See also Rubinfeld, supra note 21. The difference between experiments and observational
studies is discussed supra Section 1L.B.
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Figure 11. Scatter diagram for income and education, with the regression line
indicating the trend.

1. What are the slope and intercept?

The regression line can be described in terms of its intercept and slope. Often, the
slope is the more interesting statistic. In Figure 11, the slope is $1700 per year. On
average, each additional year of education is associated with an additional $1700
of income. Next, the intercept is $7500. This is an estimate of the average income
for (hypothetical) persons with zero years of education.'? Figure 10 suggests this
estimate may not be especially good. In general, estimates based on the regression
line become less trustworthy as we move away from the bulk of the data.

The slope of the regression line has the same limitations as the correlation
coefficient: (1) The slope may be misleading if the relationship is strongly non-
linear and (2) the slope may be affected by confounders. With respect to (1), the
slope of $1700 per year in Figure 10 presents each additional year of education
as having the same value, but some years of schooling surely are worth more and

129. The regression line, like any straight line, has an equation of the form y = a + bx. Here,
a is the intercept (the value of y when x = 0), and b is the slope (the change in y per unit change in
x). In Figure 9, the intercept of the regression line is $7500 and the slope is $1700 per year. The line
estimates an average income of $34,700 for people with 16 years of education. This may be computed
from the intercept and slope as follows:

$7500 + ($1700 per year) X 16 years = $7500 + §22,200 = §34,700.

The slope b is the same anywhere along the line. Mathematically, that is what distinguishes straight
lines from other curves. If the association is negative, the slope will be negative too. The slope is
like the grade of a road, and it is negative if the road goes downhill. The intercept is like the starting
elevation of a road, and it is computed from the data so that the line goes through the center of the
scatter diagram, rather than being generally too high or too low.
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others less. With respect to (2), the association between education and income is
no doubt causal, but there are other factors to consider, including family back-
ground. Compared to individuals who did not graduate from high school, people
with college degrees usually come from richer and better educated families. Thus,
college graduates have advantages besides education. As statisticians might say,
the effects of family background are confounded with the effects of education.
Statisticians often use the guarded phrases “on average” and “associated with”
when talking about the slope of the regression line. This is because the slope has
limited utility when it comes to making causal inferences.

2. What is the unit of analysis?

If association between characteristics of individuals is of interest, these character-
istics should be measured on individuals. Sometimes individual-level data are not
to be had, but rates or averages for groups are available. “Ecological” correlations
are computed from such rates or averages. These correlations generally overstate
the strength of an association. For example, average income and average education
can be determined for men living in each state and in Washington, D.C. The cor-
relation coefficient for these 51 pairs of averages turns out to be 0.70. However,
states do not go to school and do not earn incomes. People do. The correlation for
income and education for men in the United States is only 0.42. The correlation
for state averages overstates the correlation for individuals—a common tendency
for ecological correlations.'3"

Ecological analysis is often seen in cases claiming dilution in voting strength
of minorities. In this type of voting rights case, plaintiffs must prove three things:
(1) the minority group constitutes a majority in at least one district of a proposed
plan; (2) the minority group is politically cohesive, that is, votes fairly solidly for
its preferred candidate; and (3) the majority group votes sufficiently as a bloc to
defeat the minority-preferred candidate.'®! The first requirement is compactness;
the second and third define polarized voting.

130. Correlations are computed from the March 2005 Current Population Survey for men
ages 25—64. Freedman et al., supra note 12, at 149. The ecological correlation uses only the average
figures, but within each state there is a lot of spread about the average. The ecological correlation
smoothes away this individual variation. Cf. Green et al., supra note 13, Section I1.B.4 (suggesting
that ecological studies of exposure and disease are “far from conclusive” because of the lack of data on
confounding variables (a much more general problem) as well as the possible aggregation bias described
here); David A. Freedman, Ecological Inference and the Ecological Fallacy, in 6 Int’l Encyclopedia of the
Social and Behavioral Sciences 4027 (Neil J. Smelser & Paul B. Baltes eds., 2001).

131. See Thornburg v. Gingles, 478 U.S. 30, 50-51 (1986) (“First, the minority group must be
able to demonstrate that it is sufficiently large and geographically compact to constitute a majority in
a single-member district. . . . Second, the minority group must be able to show that it is politically
cohesive. . . . Third, the minority must be able to demonstrate that the white majority votes sufficiently
as a bloc to enable it . . . usually to defeat the minority’s preferred candidate.”). In subsequent cases,
the Court has emphasized that these factors are not sufficient to make out a violation of section 2 of
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The secrecy of the ballot box means that polarized voting cannot be directly
observed. Instead, plaintiffs in voting rights cases rely on ecological regression,
with scatter diagrams, correlations, and regression lines to estimate voting behavior
by groups and demonstrate polarization. The unit of analysis typically is the pre-
cinct. For each precinct, public records can be used to determine the percentage of
registrants in each demographic group of interest, as well as the percentage of the
total vote for each candidate—by voters from all demographic groups combined.
Plaintiffs’ burden is to determine the vote by each demographic group separately.

Figure 12 shows how the argument unfolds. Each point in the scatter diagram
represents data for one precinct in the 1982 Democratic primary election for audi-
tor in Lee County, South Carolina. The horizontal axis shows the percentage of
registrants who are white. The vertical axis shows the turnout rate for the white
candidate. The regression line is plotted too. The slope would be interpreted as
the difference between the white turnout rate and the black turnout rate for the
white candidate. Furthermore, the intercept would be interpreted as the black

turnout rate for the white candidate.’?? The validity of such estimates is contested

in the statistical literature.!3?

the Voting Rights Act. E.g., Johnson v. De Grandy, 512 U.S. 997, 1011 (1994) (“Gingles . . . clearly
declined to hold [these factors] sufficient in combination, either in the sense that a court’s examination
of relevant circumstances was complete once the three factors were found to exist, or in the sense that
the three in combination necessarily and in all circumstances demonstrated dilution.”).

132. By definition, the turnout rate equals the number of votes for the candidate, divided by the
number of registrants; the rate is computed separately for each precinct. The intercept of the line in
Figure 11 is 4%, and the slope is 0.52. Plaintifts would conclude that only 4% of the black registrants
voted for the white candidate, while 4% + 52% = 56% of the white registrants voted for the white
candidate, which demonstrates polarization.

133. For further discussion of ecological regression in this context, see D. James Greiner, Eco-
logical Inference in Voting Rights Act Disputes: Where Are We Now, and Where Do We Want to Be?, 47
Jurimetrics J. 115 (2007); Bernard Grofman & Chandler Davidson, Controversies in Minority Vot-
ing: The Voting Rights Act in Perspective (1992); Stephen P. Klein & David A. Freedman, Ecologi-
cal Regression in Voting Rights Cases, 6 Chance 38 (Summer 1993). The use of ecological regression
increased considerably after the Supreme Court noted in Thomburg v. Gingles, 478 U.S. 30, 53 n.20
(1986), that “[t]he District Court found both methods [extreme case analysis and bivariate ecological
regression analysis| standard in the literature for the analysis of racially polarized voting.” See, e.g.,
Cottier v. City of Martin, 445 F.3d 1113, 1118 (8th Cir. 2006) (ecological regression is one of the
“proven approaches to evaluating elections”); Bruce M. Clarke & Robert Timothy Reagan, Fed.
Judicial Ctr., Redistricting Litigation: An Overview of Legal, Statistical, and Case-Management Issues
(2002); Greiner, supra, at 117, 121. Nevertheless, courts have cautioned against “overreliance on
bivariate ecological regression” in light of the inherent limitations of the technique. Lewis v. Alamance
County, 99 F.3d 600, 604 n.3 (4th Cir. 1996); Johnson v. Hamrick, 296 F.3d 1065, 1080 n.4 (11th
Cir. 2002) (*“as a general rule, homogenous precinct analysis may be more reliable than ecological
regression.”). However, there are problems with both methods. See, e.g., Greiner, supra, at 123-39
(arguing that homogeneous precinct analysis is fundamentally flawed and that courts need to be more
discerning in dealing with ecological regression).

Redistricting plans based predominantly on racial considerations are unconstitutional unless
narrowly tailored to meet a compelling state interest. Shaw v. Reno, 509 U.S. 630 (1993). Whether
compliance with the Voting Rights Act can be considered a compelling interest is an open ques-
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Figure 12. Turnout rate for the white candidate plotted against the percentage
of registrants who are white. Precinct-level data, 1982 Democratic
Primary for Auditor, Lee County, South Carolina.

Source: Data from James W. Loewen & Bernard Grofman, Recent Developments in Methods Used in Vote
Dilution Litigation, 21 Urb. Law. 589, 591 tbl.1 (1989).

D. Statistical Models

Statistical models are widely used in the social sciences and in litigation. For
example, the census suffers an undercount, more severe in certain places than
others. If some statistical models are to be believed, the undercount can be
corrected—moving seats in Congress and millions of dollars a year in tax funds.!3*
Other models purport to lift the veil of secrecy from the ballot box, enabling the
experts to determine how minority groups have voted—a crucial step in voting
rights litigation (supra Section V.C). This section discusses the statistical logic of
regression models.

A regression model attempts to combine the values of certain variables (the
independent variables) to get expected values for another variable (the dependent
variable). The model can be expressed in the form of a regression equation. A
simple regression equation has only one independent variable; a multiple regres-
sion equation has several independent variables. Coefficients in the equation will
be interpreted as showing the effects of changing the corresponding variables. This
is justified in some situations, as the next example demonstrates.

tion, but efforts to sustain racially motivated redistricting on this basis have not fared well before the
Supreme Court. See Abrams v. Johnson, 521 U.S. 74 (1997); Shaw v. Hunt, 517 U.S. 899 (1996);
Bush v. Vera, 517 U.S. 952 (1996).

134. See Brown et al., supra note 29; supra note 89.
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Hooke’s law (named after Robert Hooke, England, 1653—1703) describes
how a spring stretches in response to a load: Strain is proportional to stress. To
verify Hooke’s law experimentally, a physicist will make a number of observations
on a spring. For each observation, the physicist hangs a weight on the spring and
measures its length. A statistician could develop a regression model for these data:

length = a + b X weight + €. (1)

The error term, denoted by the Greek letter epsilon €, is needed because measured
length will not be exactly equal to a + b X weight. If nothing else, measurement
error must be reckoned with. The model takes € as “random error’—behaving
like draws made at random with replacement from a box of tickets. Each ticket
shows a potential error, which will be realized if that ticket is drawn. The average
of the potential errors in the box is assumed to be zero.

Equation (1) has two parameters, a and b. These constants of nature char-
acterize the behavior of the spring: a is length under no load, and b is elasticity
(the increase in length per unit increase in weight). By way of numerical illustra-
tion, suppose a is 400 and b is 0.05. If the weight is 1, the length of the spring is
expected to be

400 + 0.05 = 400.05.
If the weight is 3, the expected length is
400 + 3 X 0.05 = 400 + 0.15 = 400.15.

In either case, the actual length will differ from expected, by a random error €.

In standard statistical terminology, the €’s for different observations on the
spring are assumed to be independent and identically distributed, with a mean of
zero. Take the €'s for the first two observations. Independence means that the
chances for the second € do not depend on outcomes for the first. If the errors are
like draws made at random with replacement from a box of tickets, as we assumed
earlier, that box will not change from one draw to the next—independence.
“Identically distributed” means that the chance behavior of the two €’s is the
same: They are drawn at random from the same box. (See infra Appendix for
additional discussion.)

The parameters a and b in equation (1) are not directly observable, but they

135

can be estimated by the method of least squares.'~> Statisticians often denote esti-

135. It might seem that a is observable; after all, we can measure the length of the spring with
no load. However, the measurement is subject to error, so we observe not a, but a + €. See equa-
tion (1). The parameters a and b can be estimated, even estimated very well, but they cannot be
observed directly. The least squares estimates of a and b are the intercept and slope of the regression
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mates by bats. Thus, a is the estimate for a, and [; is the estimate for b. The values
of aand b are chosen to minimize the sum of the squared prediction errors. These
errors are also called residuals. They measure the difference between the actual
length of the spring and the predicted length, the latter being a + b X weight:

actual length = a4 + b x weight + residual. (2)

Of course, no one really imagines there to be a box of tickets hidden in the
spring. However, the variability of physical measurements (under many but by
no means all circumstances) does secem to be remarkably like the variability in
draws from a box.!3¢ In short, the statistical model corresponds rather closely to
the empirical phenomenon.

Equation (1) is a statistical model for the data, with unknown parameters a
and b. The error term € is not observable. The model is a theory—and a good
one—about how the data are generated. By contrast, equation (2) is a regression
equation that is fitted to the data: The intercept 4, the slope b, and the residual can
all be computed from the data. The results are useful because d is a good estimate
for a, and b is a good estimate for b. (Similarly, the residual is a good approxi-
mation to €.) Without the theory, these estimates would be less useful. Is there a
theoretical model behind the data processing? Is the model justifiable? These ques-
tions can be critical when it comes to making statistical inferences from the data.

In social science applications, statistical models often are invoked without an
independent theoretical basis. We give an example involving salary discrimination
in the Appendix.'3” The main ideas of such regression modeling can be captured
in a hypothetical exchange between a plaintiff seeking to prove salary discrimi-
nation and a company denying the allegation. Such a dialog might proceed as
follows:

1. Plaintiff argues that the defendant company pays male employees more
than females, which establishes a prima facie case of discrimination.

2. The company responds that the men are paid more because they are better
educated and have more experience.

3. Plaintiff refutes the company’s theory by fitting a regression equation that
includes a particular, presupposed relationship between salary (the depen-
dent variable) and some measures of education and experience. Plaintiff’s
expert reports that even after adjusting for differences in education and

line. See supra Section V.C.1; Freedman et al., supra note 12, at 208-10. The method of least squares
was developed by Adrien-Marie Legendre (France, 1752—1833) and Carl Friedrich Gauss (Germany,
1777-1855) to fit astronomical orbits.

136. This is the Gauss model for measurement error. See Freedman et al., supra note 12, at
450-52.

137. The Reference Guide to Multiple Regression in this manual describes a comparable
example.
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experience in this specific manner, men earn more than women. This
remaining difference in pay shows discrimination.

4. The company argues that the difference could be the result of chance, not
discrimination.

5. Plaintiff replies that because the coefficient for gender in the model is

statistically significant, chance is not a good explanation for the data.'3

In step 3, the three explanatory variables are education (years of schooling
completed), experience (years with the firm), and a dummy variable for gender
(1 for men and 0 for women). These are supposed to predict salaries (dollars per
year). The equation is a formal analog of Hooke’s law (equation 1). According to
the model, an employee’s salary is determined as if by computing

a+ (b X education) + (¢ X experience) + (d X gender), (3)

and then adding an error € drawn at random from a box of tickets.!®® The
parameters a, b, ¢, and d, are estimated from the data by the method of least squares.

In step 5, the estimated coefficient d for the dummy variable turns out to be
positive and statistically significant and is offered as evidence of disparate impact.
Men earn more than women, even after adjusting for differences in background
factors that might affect productivity. This showing depends on many assump-
tions built into the model.’*” Hooke’s law—equation (1)—is relatively easy to test
experimentally. For the salary discrimination model, validation would be difficult.
When expert testimony relies on statistical models, the court may well inquire,
what are the assumptions behind the model, and why do they apply to the case at
hand? It might then be important to distinguish between two situations:

e The nature of the relationship between the variables is known and regres-
sion is being used to make quantitative estimates of parameters in that
relationship, or

e The nature of the relationship is largely unknown and regression is being
used to determine the nature of the relationship—or indeed whether any
relationship exists at all.

138. In some cases, the p-value has been interpreted as the probability that defendants are inno-
cent of discrimination. However, as noted earlier, such an interpretation is wrong: p merely represents
the probability of getting a large test statistic, given that the model is correct and the true coefficient
for gender is zero (see supra Section IV.B, infra Appendix, Section D.2). Therefore, even if we grant
the model, a p-value less than 50% does not demonstrate a preponderance of the evidence against the
null hypothesis.

139. Expression (3) is the expected value for salary, given the explanatory variables (education,
experience, gender). The error term is needed to account for deviations from expected: Salaries are not
going to be predicted very well by linear combinations of variables such as education and experience.

140. See infra Appendix.
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Regression was developed to handle situations of the first type, with Hooke’s law
being an example. The basis for the second type of application is analogical, and
the tightness of the analogy is an issue worth exploration.

In employment discrimination cases, and other contexts too, a wide variety
of models can be used. This is only to be expected, because the science does not
dictate specific equations. In a strongly contested case, each side will have its own
model, presented by its own expert. The experts will reach opposite conclusions
about discrimination. The dialog might continue with an exchange about which
model is better. Although statistical assumptions are challenged in court from time
to time, arguments more commonly revolve around the choice of variables. One
model may be questioned because it omits variables that should be included—for
example, skill levels or prior evaluations."*! Another model may be challenged
because it includes tainted variables reflecting past discriminatory behavior by
the firm."*? The court must decide which model—if either—fits the occasion.'*

The frequency with which regression models are used is no guarantee that
they are the best choice for any particular problem. Indeed, from one perspective,
a regression or other statistical model may seem to be a marvel of mathematical
rigor. From another perspective, the model is a set of assumptions, supported only

by the say-so of the testifying expert. Intermediate judgments are also possible.!**

141. E.g., Bazemore v. Friday, 478 U.S. 385 (1986); In re Linerboard Antitrust Litig., 497 F.
Supp. 2d 666 (E.D. Pa. 2007).

142. E.g., McLaurin v. Nat’l R.R. Passenger Corp., 311 E. Supp. 2d 61, 65-66 (D.D.C. 2004)
(holding that the inclusion of two allegedly tainted variables was reasonable in light of an earlier
consent decree).

143. E.g., Chang v. Univ. of R.I., 606 F. Supp. 1161, 1207 (D.R.I. 1985) (“it is plain to the
court that [defendant’s] model comprises a better, more useful, more reliable tool than [plaintiff’s]
counterpart.”); Presseisen v. Swarthmore College, 442 F. Supp. 593, 619 (E.D. Pa. 1977) (“[E]ach
side has done a superior job in challenging the other’s regression analysis, but only a mediocre job in
supporting their own . . . and the Court is . . . left with nothing.”), aff’d, 582 F.2d 1275 (3d Cir. 1978).

144. See, e.g., David W. Peterson, Reference Guide on Multiple Regression, 36 Jurimetrics J. 213,
214-15 (1996) (review essay); see supra note 21 for references to a range of academic opinion. More
recently, some investigators have turned to graphical models. However, these models have serious
weaknesses of their own. See, e.g., David A. Freedman, On Specifying Graphical Models for Causation,
and the Identification Problem, 26 Evaluation Rev. 267 (2004).
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Appendix

A. Frequentists and Bayesians

The mathematical theory of probability consists of theorems derived from axioms
and definitions. Mathematical reasoning is seldom controversial, but there may be
disagreement as to how the theory should be applied. For example, statisticians
may differ on the interpretation of data in specific applications. Moreover, there
are two main schools of thought about the foundations of statistics: frequentist
and Bayesian (also called objectivist and subjectivist).'*

Frequentists see probabilities as empirical facts. When a fair coin is tossed,
the probability of heads is 1/2; if the experiment is repeated a large number of
times, the coin will land heads about one-half the time. If a fair die is rolled, the
probability of getting an ace (one spot) is 1/6. If the die is rolled many times, an
ace will turn up about one-sixth of the time.'*® Generally, if a chance experiment
can be repeated, the relative frequency of an event approaches (in the long run)
its probability. By contrast, a Bayesian considers probabilities as representing not
facts but degrees of belief: In whole or in part, probabilities are subjective.

Statisticians of both schools use conditional probability—that is, the prob-
ability of one event given that another has occurred. For example, suppose a coin
is tossed twice. One event is that the coin will land HH. Another event is that at
least one H will be seen. Before the coin is tossed, there are four possible, equally
likely, outcomes: HH, HT, TH, TT. So the probability of HH is 1/4. However, if
we know that at least one head has been obtained, then we can rule out two tails
TT. In other words, given that at least one H has been obtained, the conditional
probability of TT is 0, and the first three outcomes have conditional probability
1/3 each. In particular, the conditional probability of HH is 1/3. This is usually
written as P(HH | at least one H) = 1/3. More generally, the probability of an event
C is denoted P(C); the conditional probability of D given C is written as P(D | C).

Two events C and D are independent if the conditional probability of D
given that C occurs is equal to the conditional probability of D given that C does
not occur. Statisticians use “~C” to denote the event that C does not occur. Thus
C and D are independent if P(D|C) = P(D|~C). If C and D are independent,
then the probability that both occur is equal to the product of the probabilities:

P(C and D) = P(C ) x P(D). (A1)

145. But see supra note 123 (on “objective Bayesianism”).

146. Probabilities may be estimated from relative frequencies, but probability itself is a subtler
idea. For example, suppose a computer prints out a sequence of 10 letters H and T (for heads and
tails), which alternate between the two possibilities H and T as follows HTHTH TH TH T.
The relative frequency of heads is 5/10 or 50%, but it is not at all obvious that the chance of an H
at the next position is 50%. There are difficulties in both the subjectivist and objectivist positions. See
Freedman, supra note 84.
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This is the multiplication rule (or product rule) for independent events. If events
are dependent, then conditional probabilities must be used:

P(C and D) = P(C) X P(D| Q). (A2)

This is the multiplication rule for dependent events.

Bayesian statisticians assign probabilities to hypotheses as well as to events;
indeed, for them, the distinction between hypotheses and events may not be
a sharp one. We turn now to Bayes’ rule. If H, and H, are two hypotheses'#
that govern the probability of an event A, a Bayesian can use the multiplication

rule (A2) to find that

P(A and H) = P(AIH)P(H,) (A3)
and
P(A and H,) = P(AIH,)P(H,). (A4)
Moreover,
P(A) = P(A and H)) + P(A and H,). (A5)

The multiplication rule (A2) also shows that

P(A and H, )

P(H,|A)= 0

(A6)
We use (A4) to evaluate P(A and H,) in the numerator of (A6), and (A3), (A4),
and (A5) to evaluate P(A) in the denominator:

P(H, |A)= P(A[H, )P(H,)
), e, e o)

(A7)

This is a special case of Bayes’ rule. It yields the conditional probability of hypoth-
esis H, given that event A has occurred.

For a stylized example in a criminal case, H, is the hypothesis that blood
found at the scene of a crime came from a person other than the defendant; H, is
the hypothesis that the blood came from the defendant; A is the event that blood
from the crime scene and blood from the defendant are both type A. Then P(H,)
is the prior probability of H ), based on subjective judgment, while P(H,, |A) is the
posterior probability—updated from the prior using the data.

147. H, is read “H-sub-zero,” while H, is “H-sub-one.”
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Type A blood occurs in 42% of the population. So P(A|H0) = 0.42.148
Because the defendant has type A blood, P(A|H1) = 1. Suppose the prior prob-
abilities are P(H) = P(H,) = 0.5. According to (A7), the posterior probability
that the blood is from the defendant is

~ 1% 05 _
042 X 05+1 X 05

P(H,|A) 0.70. (A8)
Thus, the data increase the likelihood that the blood is the defendant’s. The prob-
ability went up from the prior value of P(H;) = 0.50 to the posterior value of
P(H,|A) = 0.70.

More generally, H, and H, refer to parameters in a statistical model. For a styl-
ized example in an employment discrimination case, H, asserts equal selection rates
in a population of male and female applicants; H, asserts that the selection rates are
not equal; A is the event that a test statistic exceeds 2 in absolute value. In such situ-
ations, the Bayesian proceeds much as before. However, the frequentist computes
P(A H,), and rejects H, if this probability falls below 5%. Frequentists have to stop
there, because they view P(H,, | A) as poorly defined at best. In their setup, P(H,)
and P(H,) rarely make sense, and these prior probabilities are needed to compute
P(H, [ A): See supra equation (A7).

Assessing probabilities, conditional probabilities, and independence is not
entirely straightforward, either for frequentists or Bayesians. Inquiry into the basis
for expert judgment may be useful, and casual assumptions about independence

should be questioned.!*

B. The Spock Jury: Technical Details

The rest of this Appendix provides some technical backup for the examples in Sec-
tions IV and V, supra. We begin with the Spock jury case. On the null hypothesis,
a sample of 350 people was drawn at random from a large population that was
50% male and 50% female. The number of women in the sample follows the
binomial distribution. For example, the chance of getting exactly 102 women in

the sample is given by the binomial formula'>”
n! : n—j
— (=) (A9)
ji (n— ])!

148. Not all statisticians would accept the identification of a population frequency with P(A H).
Indeed, H has been translated into a hypothesis that the true donor has been selected from the popula-
tion at random (i.e., in a manner that is uncorrelated with blood type). This step needs justification.
See supra note 123.

149. For problematic assumptions of independence in litigation, see, e.g., Wilson v. State, 803
A.2d 1034 (Md. 2002) (error to admit multiplied probabilities in a case involving two deaths of infants
in same family); 1 McCormick, supra note 2, § 210; see also supra note 29 (on census litigation).

150. The binomial formula is discussed in, e.g., Freedman et al., supra note 12, at 255-61.
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In the formula, n stands for the sample size, and so n = 350; and j = 102. The
f1is the fraction of women in the population; thus, f = 0.50. The exclamation
point denotes factorials: 1! = 1,21 =2 X 1 =2,31 =3 X 2 X 1 = 6, and so forth.
The chance of 102 women works out to 107", In the same way, we can com-
pute the chance of getting 101 women, or 100, or any other particular number.
The chance of getting 102 women or fewer is then computed by addition. The
chance is p =2 X 10713, as reported supra note 98. This is very bad news for the
null hypothess.

With the binomial distribution given by (9), the expected the number of
women in the sample is

nf=30 X 05=175. (A10)

The standard error is

Vx| £ x(1- £) =430 x1J05x05 =935, (A11)

The observed value of 102 is nearly 8 SEs below the expected value, which is a
lot of SEs.

Figure 13 shows the probability histogram for the number of women in the
sample.'®' The graph is drawn so that the area between two values is proportional
to the chance that the number of women will fall in that range. For example, take
the rectangle over 175; its base covers the interval from 174.5 to 175.5. The area
of this rectangle is 4.26% of the total area. So the chance of getting exactly 175
women is 4.26%. Next, take the range from 165 to 185 (inclusive): 73.84% of the
area falls into this range. This means there is a 73.84% chance that the number of
women in the sample will be in the range from 165 to 185 (inclusive).

According to a fundamental theorem in statistics (the central limit theorem),
the histogram follows the normal curve.'>> Figure 13 shows the curve for com-
parison: The normal curve is almost indistinguishable from the top of the histo-
gram. For a numerical example, suppose the jury panel had included 155 women.
On the null hypothesis, there is about a 1.85% chance of getting 155 women or
fewer. The normal curve gives 1.86%. The error is nil. Ordinarily, we would just
report p = 2%, as in the text (supra Section IV.B.1).

Finally, we consider power. Suppose we reject the null hypothesis when the
number of women in the sample is 155 or less. Let us assume a particular alterna-
tive hypothesis that quantifies the degree of discrimination against women: The
jury panel is selected at random from a population that is 40% female, rather than
50%. Figure 14 shows the probability histogram for the number of women, but
now the histogram is computed according to the alternative hypothesis. Again,

151. Probability histograms are discussed in, e.g., id. at 310-13.
152. The central limit theorem is discussed in, e.g., id. at 315-27.
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Figure 13. Probability histogram for the number of women in a random sample
of 350 people drawn from a large population that is 50% female and
50% male. The normal curve is shown for comparison. About 2% of
the area under the histogram is to the left of 155 (marked by a heavy
vertical line).

50 1~

25 A

r T T T T T T T T T 1
150 155 160 165 170 175 180 185 190 195 200
Number of Women
Note: The vertical line is placed at 155.5, and so the area to the left of it includes the rectangles over

155, 154, . . . ; the area represents the chance of getting 155 women or fewer. Cf. Freedman et al.,
supra note 12, at 317. The units on the vertical axis are “percent per standard unit”; ¢f. id. at 80, 315.

Figure 14. Probability histogram for the number of women in a random sample
of 350 people drawn from a large population that is 40% female and
60% male. The normal curve is shown for comparison. The area to
the left of 155 (marked by a heavy vertical line) is about 95%.
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the histogram follows the normal curve. About 95% of the area is to the left of
155, and so power is about 95%. The area can be computed exactly by using the
binomial distribution, or to an excellent approximation using the normal curve.

Figures 13 and 14 have the same shape: The central limit theorem is at work.
However, the histograms are centered differently. Figure 13 is centered at 175,
according to requirements of the null hypothesis. Figure 14 is centered at 140,
because the alternative hypothesis is used to determine the center, not the null
hypothesis. Thus, 155 is well to the left of center in Figure 13, and well to the
right in Figure 14: The figures have different centers. The main point of Figures 13
and 14 is that chances can often be approximated by areas under the normal curve,
justifying the large-sample theory presented supra Sections IV.A-B.

C. The Nixon Papers: Technical Details

With the Nixon papers, the population consists of 20,000 boxes. A random sample
of 500 boxes is drawn and each sample box is appraised. Statistical theory enables
us to make some precise statements about the behavior of the sample average.

e The expected value of the sample average equals the population aver-
age. Even more tersely, the sample average is an unbiased estimate of the
population average.

e The standard error for the sample average equals

N-n O (A12)

N-1"J,

In (A12), the N stands for the size of the population, which is 20,000; and n stands
for the size of the sample, which is 500. The first factor in (A12), with the square
root, is the finite sample correction factor. Here, as in many other such examples,
the correction factor is so close to 1 that it can safely be ignored. (This is why the
size of population usually has no bearing on the precision of the sample average as
an estimator for the population average.) Next, G is the population standard devia-
tion. This is unknown, but it can be estimated by the sample standard deviation,
which is $2200. The SE for the sample mean is therefore estimated from the data as
$2200/ \/ﬁ) , which is nearly $100. Plaintift’s total claim is 20,000 times the sam-
ple average. The SE for the total claim is therefore 20,000 X $100 = $2,000,000.
(Here, the size of the population comes into the formula.)

With a large sample, the probability histogram for the sample average follows
the normal curve quite closely. That is a consequence of the central limit theorem.
The center of the histogram is the population average. The SE is given by (A12),
and is about $100.
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e What is the chance that the sample average differs from the popula-
tion average by 1 SE or less? This chance is equal to the area under the
probability histogram within 1 SE of average, which by the central limit
theorem is almost equal to the area under the standard normal curve
between —1 and 1; that normal area is about 68%.

e What is the chance that the sample average differs from the population
average by 2 SE or less? By the same reasoning, this chance is about equal
to the area under the standard normal curve between —2 and 2, which is
about 95%.

e What is the chance that the sample average differs from the population
average by 3 SE or less? This chance is about equal to the area under the
standard normal curve between —3 and 3, which is about 99.7%.

To sum up, the probability histogram for the sample average is centered at
the population average. The spread is given by the standard error. The histogram
follows the normal curve. That is why confidence levels can be based on the stan-
dard error, with confidence levels read off the normal curve—for estimators that
are essentially unbiased, and obey the central limit theorem (supra Section IV.A.2,
Appendix Section B).'>® These large-sample methods generally work for sums,
averages, and rates, although much depends on the design of the sample.

More technically, the normal curve is the density of a normal distribution.
The standard normal density has mean equal to 0 and standard error equal to 1.
Its equation is

y:e*xz/z/\/;

where e = 2.71828... and ® = 3.14159... . This density can be rescaled to have
any desired mean and standard error. The resulting densities are the famous
“normal curves” or “bell-shaped curves” of statistical theory. In Figure 12, the
density is scaled to match the probability histogram in terms of the mean and
standard error; likewise in Figure 13.

D. A Social Science Example of Regression: Gender Discrimination
in Salaries

1. The regression model

To illustrate social science applications of the kind that might be seen in litigation,
Section V referred to a stylized example on salary discrimination. A particular

153. See, e.g., id. at 409—24. On the standard deviation, see supra Section IIL.E; Freedman et al.,

supra note 12, at 67—72. The finite sample correction factor is discussed in id. at 367-70.
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regression model was used to predict salaries (dollars per year) of employees in a
firm. It had three explanatory variables: education (years of schooling completed),
experience (years with the firm), and a dummy variable for gender (1 for men and
0 for women). The regression equation is

salary = a + b X education + ¢ X experience + d X gender + €. (A13)

Equation (A13) is a statistical model for the data, with unknown parameters a, b, ¢,
and d. Here, a is the intercept and the other parameters are regression coefficients.
The € at the end of the equation is an unobservable error term. In the right-hand
side of (A3) and similar expressions, by convention, the multiplications are done
before the additions.

As noted in Section V, the equation is a formal analog of Hooke’s law (1).
According to the model, an employee’s salary is determined as if by computing

a+ b X education + ¢ X experience + d X gender (A14)

and then adding an error € drawn at random from a box of tickets. Expres-
sion (A14) is the expected value for salary, given the explanatory variables (educa-
tion, experience, gender). The error term is needed to account for deviations from
expected: Salaries are not going to be predicted very well by linear combinations
of variables such as education and experience.

The parameters are estimated from the data using least squares. If the esti-
mated coefficient for the dummy variable turns out to be positive and statistically
significant, that would be evidence of disparate impact. Men earn more than
women, even after adjusting for differences in background factors that might affect
productivity. Suppose the estimated equation turns out as follows:

predicted salary = $7100 + $1300 X education + $2200
X experience + $700 X gender. (A15)

According to (A15), the estimated value for the intercept a in (A14) is $7100; the
estimated value for the coefficient b is $1300, and so forth. According to equation
(A15), every extra year of education is worth $1300. Similarly, every extra year
of experience is worth $2200. And, most important, the company gives men a
salary premium of $700 over women with the same education and experience.

A male employee with 12 years of education (high school) and 10 years of
experience, for example, would have a predicted salary of

$7100 + $1300 X 12 + $2200 X 10 + $700 X 1
= $7100 + $15,600 + $22,000 + $§700 = $45,400. (A16)

A similarly situated female employee has a predicted salary of only
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$7100 + $1300 x 12 + $2200 X 10 + $700 X O
= $7100 + $15,600 + $22,000 + $0 = $44,700. (A17)

Notice the impact of the gender variable in the model: $700 is added to equation
(A16), but not to equation (A17).

A major step in proving discrimination is showing that the estimated
coefhicient of the gender variable—$700 in the numerical illustration—is statisti-
cally significant. This showing depends on the assumptions built into the model.
Thus, each extra year of education is assumed to be worth the same across all levels
of experience. Similarly, each extra year of experience is worth the same across all
levels of education. Furthermore, the premium paid to men does not depend sys-
tematically on education or experience. Omitted variables such as ability, quality
of education, or quality of experience do not make any systematic difference to
the predictions of the model.'>* These are all assumptions made going into the
analysis, rather than conclusions coming out of the data.

Assumptions are also made about the error term—the mysterious € at the end
of (A13). The errors are assumed to be independent and identically distributed
from person to person in the dataset. Such assumptions are critical when comput-
ing p-values and demonstrating statistical significance. Regression modeling that
does not produce statistically significant coefficients will not be good evidence
of discrimination, and statistical significance cannot be established unless stylized
assumptions are made about unobservable error terms.

The typical regression model, like the one sketched above, therefore involves a
host of assumptions. As noted in Section V, Hooke’s law—equation (1)—is relatively
easy to test experimentally. For the salary discrimination model—equation (A13)—
validation would be difficult. That is why we suggested that when expert testimony
relies on statistical models, the court may well inquire about the assumptions behind
the model and why they apply to the case at hand.

2. Standard errors, t-statistics, and statistical significance

Statistical proof of discrimination depends on the significance of the estimated
coefficient for the gender variable. Significance is determined by the f-test, using
the standard error. The standard error measures the likely difference between
the estimated value for the coefticient and its true value. The estimated value is
$700—the coefticient of the gender variable in equation (A5); the true value d
in (A13), remains unknown. According to the model, the difference between
the estimated value and the true value is due to the action of the error term € in
(A3). Without €, observed values would line up perfectly with expected values,

154. Technically, these omitted variables are assumed to be independent of the error term in
the equation.
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and estimated values for parameters would be exactly equal to true values. This
does not happen.

The t-statistic is the estimated value divided by its standard error. For exam-
ple, in (A15), the estimate for d is $700. If the standard error is $325, then ¢ is
$700/$325 = 2.15. This is significant—that is, hard to explain as the product
of random error. Under the null hypothesis that d is zero, there is only about a
5% chance that the absolute value of f is greater than 2. (We are assuming the
sample is large.) Thus, statistical significance is achieved (supra Section IV.B.2).
Significance would be taken as evidence that d—the true parameter in the model
(A13)—does not vanish. According to a viewpoint often presented in the social
science journals and the courtroom, here is statistical proof that gender matters
in determining salaries. On the other hand, if the standard error is $1400, then ¢
is $700/$1400 = 0.5. The difference between the estimated value of d and zero
could easily result from chance. So the true value of d could well be zero, in which
case gender does not affect salaries.

Of course, the parameter d is only a construct in a model. If the model is
wrong, the standard error, f-statistic, and significance level are rather difficult to
interpret. Even if the model is granted, there is a further issue. The 5% is the
chance that the absolute value of f exceeds 2, given the model and given the null
hypothesis that d is zero. However, the 5% is often taken to be the chance of the
null hypothesis given the data. This misinterpretation is commonplace in the social
science literature, and it appears in some opinions describing expert testimony. '
For a frequentist statistician, the chance that d is zero given the data makes no
sense: Parameters do not exhibit chance variation. For a Bayesian statistician, the
chance that d is zero given the data makes good sense, but the computation via
the t-test could be seriously in error, because the prior probability that d is zero
has not been taken into account.'>

The mathematical terminology in the previous paragraph may need to be
deciphered: The “absolute value” of ¢ is the magnitude, ignoring sign. Thus, the
absolute value of both +3 and —3 is 3.

155. See supra Section IV.B & notes 102 & 116.
156. See supra Section IV & supra Appendix.
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Glossary of Terms

The following definitions are adapted from a variety of sources, including Michael
O. Finkelstein & Bruce Levin, Statistics for Lawyers (2d ed. 2001), and David A.
Freedman et al., Statistics (4th ed. 2007).

absolute value. Size, neglecting sign. The absolute value of +2.7 is 2.7; so is the
absolute value of —2.7.

adjust for. See control for.

alpha (o). A symbol often used to denote the probability of a Type I error. See
Type I error; size. Compare beta.

alternative hypothesis. A statistical hypothesis that is contrasted with the null
hypothesis in a significance test. See statistical hypothesis; significance test.

area sample. A probability sample in which the sampling frame is a list of geo-
graphical areas. That is, the researchers make a list of areas, choose some at
random, and interview people in the selected areas. This is a cost-effective
way to draw a sample of people. See probability sample; sampling frame.

arithmetic mean. See mean.
average. Sce mean.

Bayes’ rule. In its simplest form, an equation involving conditional probabilities
that relates a “prior probability” known or estimated before collecting cer-
tain data to a “posterior probability” that reflects the impact of the data on
the prior probability. In Bayesian statistical inference, “the prior” expresses
degrees of belief about various hypotheses. Data are collected according to
some statistical model; at least, the model represents the investigator’s beliefs.
Bayes’ rule combines the prior with the data to yield the posterior probability,
which expresses the investigator’s beliefs about the parameters, given the data.
See Appendix A. Compare frequentist.

beta (B). A symbol sometimes used to denote power, and sometimes to denote
the probability of a Type II error. See Type II error; power. Compare alpha.

between-observer variability. Differences that occur when two observers
measure the same thing. Compare within-observer variability.

bias. Also called systematic error. A systematic tendency for an estimate to be
too high or too low. An estimate is unbiased if the bias is zero. (Bias does not
mean prejudice, partiality, or discriminatory intent.) See nonsampling error.
Compare sampling error.

bin. A class interval in a histogram. See class interval; histogram.

binary variable. A variable that has only two possible values (e.g., gender).
Called a dummy variable when the two possible values are 0 and 1.

binomial distribution. A distribution for the number of occurrences in repeated,
independent “trials” where the probabilities are fixed. For example, the num-
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ber of heads in 100 tosses of a coin follows a binomial distribution. When
the probability is not too close to 0 or 1 and the number of trials is large, the
binomial distribution has about the same shape as the normal distribution. See
normal distribution; Poisson distribution.

blind. Sce double-blind experiment.

bootstrap. Also called resampling; Monte Carlo method. A procedure for esti-
mating sampling error by constructing a simulated population on the basis of
the sample, then repeatedly drawing samples from the simulated population.

categorical data; categorical variable. Sce qualitative variable. Compare quan-
titative variable.

central limit theorem. Shows that under suitable conditions, the probability
histogram for a sum (or average or rate) will follow the normal curve. See
histogram; normal curve.

chance error. See random error; sampling error.

chi-squared (x?). The chi-squared statistic measures the distance between the
data and expected values computed from a statistical model. If the chi-squared
statistic 1s too large to explain by chance, the data contradict the model. The
definition of “large” depends on the context. See statistical hypothesis; sig-
nificance test.

class interval. Also, bin. The base of a rectangle in a histogram; the area of
the rectangle shows the percentage of observations in the class interval. See
histogram.

cluster sample. A type of random sample. For example, investigators might take
households at random, then interview all people in the selected households.
This is a cluster sample of people: A cluster consists of all the people in a
selected household. Generally, clustering reduces the cost of interviewing.
See multistage cluster sample.

coefficient of determination. A statistic (more commonly known as R-squared)
that describes how well a regression equation fits the data. See R-squared.

coefficient of variation. A statistic that measures spread relative to the mean:
SD/mean, or SE/expected value. See expected value; mean; standard devia-
tion; standard error.

collinearity. See multicollinearity.

conditional probability. The probability that one event will occur given that
another has occurred.

confidence coefficient. See confidence interval.

confidence interval. An estimate, expressed as a range, for a parameter. For
estimates such as averages or rates computed from large samples, a 95% con-
fidence interval is the range from about two standard errors below to two
standard errors above the estimate. Intervals obtained this way cover the true
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value about 95% of the time, and 95% is the confidence level or the confi-
dence coefficient. See central limit theorem; standard error.

confidence level. See confidence interval.

confounding variable; confounder. A confounder is correlated with the inde-
pendent variable and the dependent variable. An association between the
dependent and independent variables in an observational study may not be
causal, but may instead be due to confounding. See controlled experiment;
observational study.

consistent estimator. An estimator that tends to become more and more accu-
rate as the sample size grows. Inconsistent estimators, which do not become
more accurate as the sample gets larger, are frowned upon by statisticians.

content validity. The extent to which a skills test 1s appropriate to its intended
purpose, as evidenced by a set of questions that adequately reflect the domain
being tested. See validity. Compare reliability.

continuous variable. A variable that has arbitrarily fine gradations, such as a
person’s height. Compare discrete variable.

control for. Statisticians may control for the effects of confounding variables in
nonexperimental data by making comparisons for smaller and more homo-
geneous groups of subjects, or by entering the confounders as explanatory
variables in a regression model. To “adjust for” is perhaps a better phrase
in the regression context, because in an observational study the confound-
ing factors are not under experimental control; statistical adjustments are an
imperfect substitute. See regression model.

control group. Sce controlled experiment.

controlled experiment. An experiment in which the investigators determine
which subjects are put into the treatment group and which are put into the
control group. Subjects in the treatment group are exposed by the investiga-
tors to some influence—the treatment; those in the control group are not so
exposed. For example, in an experiment to evaluate a new drug, subjects in
the treatment group are given the drug, and subjects in the control group are
given some other therapy; the outcomes in the two groups are compared to
see whether the new drug works.

Randomization—that is, randomly assigning subjects to each group—is
usually the best way to ensure that any observed difference between the two
groups comes from the treatment rather than from preexisting differences. Of
course, in many situations, a randomized controlled experiment is impractical,
and investigators must then rely on observational studies. Compare observa-
tional study.

convenience sample. A nonrandom sample of units, also called a grab sample.
Such samples are casy to take but may sufter from serious bias. Typically, mall
samples are convenience samples.
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correlation coefficient. A number between —1 and 1 that indicates the extent of
the linear association between two variables. Often, the correlation coefficient
is abbreviated as r.

covariance. A quantity that describes the statistical interrelationship of two vari-
ables. Compare correlation coefficient; standard error; variance.

covariate. A variable that is related to other variables of primary interest in a
study; a measured confounder; a statistical control in a regression equation.

criterion. The variable against which an examination or other selection proce-
dure is validated. See validity.

data. Observations or measurements, usually of units in a sample taken from a
larger population.

degrees of freedom. Sce t-test.

dependence. Two events are dependent when the probability of one is affected
by the occurrence or non-occurrence of the other. Compare independence;
dependent variable.

dependent variable. Also called outcome variable. Compare independent variable.

descriptive statistics. Like the mean or standard deviation, used to summarize
data.

differential validity. Differences in validity across different groups of subjects.
See validity.

discrete variable. A variable that has only a small number of possible values,
such as the number of automobiles owned by a household. Compare con-
tinuous variable.

distribution. Sce frequency distribution; probability distribution; sampling
distribution.

disturbance term. A synonym for error term.

double-blind experiment. An experiment with human subjects in which
neither the diagnosticians nor the subjects know who is in the treatment
group or the control group. This is accomplished by giving a placebo treat-
ment to patients in the control group. In a single-blind experiment, the
patients do not know whether they are in treatment or control; the diagnosti-
cians have this information.

dummy variable. Generally, a dummy variable takes only the values O or 1,
and distinguishes one group of interest from another. See binary variable;
regression model.

econometrics. Statistical study of economic issues.

epidemiology. Statistical study of disease or injury in human populations.
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error term. The part of a statistical model that describes random error, i.e., the
impact of chance factors unrelated to variables in the model. In econometrics,
the error term is called a disturbance term.

estimator. A sample statistic used to estimate the value of a population parameter.
For example, the sample average commonly is used to estimate the population
average. The term “estimator” connotes a statistical procedure, whereas an
“estimate” connotes a particular numerical result.

expected value. See random variable.

experiment. Sce controlled experiment; randomized controlled experiment.
Compare observational study.

explanatory variable. See independent variable; regression model.
external validity. See validity.
factors. See independent variable.

Fisher’s exact test. A statistical test for comparing two sample proportions. For
example, take the proportions of white and black employees getting a promo-
tion. An investigator may wish to test the null hypothesis that promotion does
not depend on race. Fisher’s exact test is one way to arrive at a p-value. The
calculation is based on the hypergeometric distribution. For details, see Michael
O. Finkelstein and Bruce Levin, Statistics for Lawyers 154-56 (2d ed. 2001).
See hypergeometric distribution; p-value; significance test; statistical hypothesis.

fitted value. Sce residual.

fixed significance level. Also alpha; size. A preset level, such as 5% or 1%; if
the p-value of a test falls below this level, the result is deemed statistically sig-
nificant. See significance test. Compare observed significance level; p-value.

frequency; relative frequency. Frequency is the number of times that some-
thing occurs; relative frequency is the number of occurrences, relative to a
total. For example, if a coin is tossed 1000 times and lands heads 517 times,
the frequency of heads is 517; the relative frequency is 0.517, or 51.7%.

frequency distribution. Shows how often specified values occur in a dataset.

frequentist. Also called objectivist. Describes statisticians who view probabilities
as objective properties of a system that can be measured or estimated. Com-
pare Bayesian. See Appendix.

Gaussian distribution. A synonym for the normal distribution. See normal
distribution.

general linear model. Expresses the dependent variable as a linear combination
of the independent variables plus an error term whose components may be
dependent and have differing variances. See error term; linear combination;
variance. Compare regression model.

grab sample. See convenience sample.
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heteroscedastic. See scatter diagram.
highly significant. Sec p-value; practical significance; significance test.

histogram. A plot showing how observed values fall within specified intervals,
called bins or class intervals. Generally, matters are arranged so that the area
under the histogram, but over a class interval, gives the frequency or rela-
tive frequency of data in that interval. With a probability histogram, the area
gives the chance of observing a value that falls in the corresponding interval.

homoscedastic. Sce scatter diagram.

hypergeometric distribution. Suppose a sample is drawn at random, without
replacement, from a finite population. How many times will items of a certain
type come into the sample? The hypergeometric distribution gives the proba-
bilities. For more details, see 1 William Feller, An Introduction to Probability
Theory and Its Applications 41—42 (2d ed. 1957). Compare Fisher’s exact test.

hypothesis. Sce alternative hypothesis; null hypothesis; one-sided hypothesis;
significance test; statistical hypothesis; two-sided hypothesis.

hypothesis test. See significance test.

identically distributed. Random variables are identically distributed when they
have the same probability distribution. For example, consider a box of num-
bered tickets. Draw tickets at random with replacement from the box. The
draws will be independent and identically distributed.

independence. Also, statistical independence. Events are independent when
the probability of one is unaffected by the occurrence or non-occurrence
of the other. Compare conditional probability; dependence; independent
variable; dependent variable.

independent variable. Independent variables (also called explanatory variables,
predictors, or risk factors) represent the causes and potential confounders in
a statistical study of causation; the dependent variable represents the effect.
In an observational study, independent variables may be used to divide the
population up into smaller and more homogenous groups (“stratification”).
In a regression model, the independent variables are used to predict the
dependent variable. For example, the unemployment rate has been used
as the independent variable in a model for predicting the crime rate; the
unemployment rate is the independent variable in this model, and the crime
rate is the dependent variable. The distinction between independent and
dependent variables is unrelated to statistical independence. See regression
model. Compare dependent variable; dependence; independence.

indicator variable. See dummy variable.
internal validity. See validity.

interquartile range. Difference between 25th and 75th percentile. See percentile.
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interval estimate. A confidence interval, or an estimate coupled with a standard
error. See confidence interval; standard error. Compare point estimate.

least squares. Scc least squares estimator; regression model.

least squares estimator. An estimator that is computed by minimizing the sum
of the squared residuals. See residual.

level. The level of a significance test is denoted alpha (o). See alpha; fixed sig-
nificance level; observed significance level; p-value; significance test.

linear combination. To obtain a linear combination of two variables, multiply
the first variable by some constant, multiply the second variable by another
constant, and add the two products. For example, 2u + 3v is a linear com-
bination of u and v.

list sample. Sece systematic sample.

loss function. Statisticians may evaluate estimators according to a mathematical
formula involving the errors—that is, differences between actual values and
estimated values. The “loss” may be the total of the squared errors, or the
total of the absolute errors, etc. Loss functions seldom quantify real losses, but
may be useful summary statistics and may prompt the construction of useful
statistical procedures. Compare risk.

lurking variable. Sce confounding variable.

mean. Also, the average; the expected value of a random variable. The mean
gives a way to find the center of a batch of numbers: Add the numbers and
divide by how many there are. Weights may be employed, as in “weighted
mean” or “weighted average.” See random variable. Compare median; mode.

measurement validity. Sce validity. Compare reliability.

median. The median, like the mean, is a way to find the center of a batch of
numbers. The median is the 50th percentile. Half the numbers are larger,
and half are smaller. (To be very precise: at least half the numbers are greater
than or equal to the median; At least half the numbers are less than or equal
to the median; for small datasets, the median may not be uniquely defined.)
Compare mean; mode; percentile.

meta-analysis. Attempts to combine information from all studies on a certain
topic. For example, in the epidemiological context, a meta-analysis may
attempt to provide a summary odds ratio and confidence interval for the effect
of a certain exposure on a certain disease.

mode. The most common value. Compare mean; median.
model. See probability model; regression model; statistical model.

multicollinearity. Also, collinearity. The existence of correlations among the
independent variables in a regression model. See independent variable; regres-
sion model.
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multiple comparison. Making several statistical tests on the same dataset.
Multiple comparisons complicate the interpretation of a p-value. For example,
if 20 divisions of a company are examined, and one division is found to have
a disparity significant at the 5% level, the result is not surprising; indeed, it
would be expected under the null hypothesis. Compare p-value; significance
test; statistical hypothess.

multiple correlation coefficient. A number that indicates the extent to which
one variable can be predicted as a linear combination of other variables.
Its magnitude is the square root of R-squared. See linear combination;
R-squared; regression model. Compare correlation coefficient.

multiple regression. A regression equation that includes two or more indepen-
dent variables. See regression model. Compare simple regression.

multistage cluster sample. A probability sample drawn in stages, usually after
stratification; the last stage will involve drawing a cluster. See cluster sample;
probability sample; stratified random sample.

multivariate methods. Methods for fitting models with multiple variables; in
statistics, multiple response variables; in other fields, multiple explanatory
variables. See regression model.

natural experiment. An obscrvational study in which treatment and control
groups have been formed by some natural development; the assignment of
subjects to groups is akin to randomization. See observational study. Compare
controlled experiment.

nonresponse bias. Systematic error created by differences between respondents
and nonrespondents. If the nonresponse rate is high, this bias may be severe.

nonsampling error. A catch-all term for sources of error in a survey, other
than sampling error. Nonsampling errors cause bias. One example is selection
bias: The sample is drawn in a way that tends to exclude certain subgroups in
the population. A second example is nonresponse bias: People who do not
respond to a survey are usually different from respondents. A final example:
Response bias arises, for example, if the interviewer uses a loaded question.

normal distribution. Also, Gaussian distribution. When the normal distribution
has mean equal to 0 and standard error equal to 1, it is said to be “standard
normal.” The equation for the density is then

y= ey \/;

where e = 2.71828... and ® = 3.14159... . The density can be rescaled to
have any desired mean and standard error, resulting in the famous “bell-
shaped curves” of statistical theory. Terminology notwithstanding, there need
be nothing wrong with a distribution that differs from normal.
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null hypothesis. For example, a hypothesis that there is no difference between
two groups from which samples are drawn. See significance test; statistical
hypothesis. Compare alternative hypothesis.

objectivist. See frequentist.

observational study. A study in which subjects select themselves into groups;
investigators then compare the outcomes for the different groups. For exam-
ple, studies of smoking are generally observational. Subjects decide whether
or not to smoke; the investigators compare the death rate for smokers to the
death rate for nonsmokers. In an observational study, the groups may differ
in important ways that the investigators do not notice; controlled experi-
ments minimize this problem. The critical distinction is that in a controlled
experiment, the investigators intervene to manipulate the circumstances of
the subjects; in an observational study, the investigators are passive observers.
(Of course, running a good observational study is hard work, and may be
quite useful.) Compare confounding variable; controlled experiment.

observed significance level. A synonym for p-value. Sece significance test.
Compare fixed significance level.

odds. The probability that an event will occur divided by the probability that it
will not. For example, if the chance of rain tomorrow is 2/3, then the odds
on rain are (2/3)/(1/3) = 2/1, or 2 to 1; the odds against rain are 1 to 2.

odds ratio. A measure of association, often used in epidemiology. For example, if
10% of all people exposed to a chemical develop a disease, compared with 5%
of people who are not exposed, then the odds of the disease in the exposed
group are 10/90 = 1/9, compared with 5/95 = 1/19 in the unexposed group.
The odds ratio is (1/9)/(1/19) = 19/9 = 2.1. An odds ratio of 1 indicates no
association. Compare relative risk.

one-sided hypothesis; one-tailed hypothesis. Excludes the possibility that
a parameter could be, for example, less than the value asserted in the null
hypothesis. A one-sided hypothesis leads to a one-sided (or one-tailed) test.
See significance test; statistical hypothesis; compare two-sided hypothesis.

one-sided test; one-tailed test. Scc one-sided hypothesis.
outcome variable. See dependent variable.

outlier. An observation that is far removed from the bulk of the data. Outliers
may indicate faulty measurements and they may exert undue influence on
summary statistics, such as the mean or the correlation coefficient.

p-value. Result from a statistical test. The probability of getting, just by chance,
a test statistic as large as or larger than the observed value. Large p-values
are consistent with the null hypothesis; small p-values undermine the null
hypothesis. However, p does not give the probability that the null hypothesis
is true. If p is smaller than 5%, the result is statistically significant. If p is smaller
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than 1%, the result is highly significant. The p-value is also called the observed
significance level. See significance test; statistical hypothesis.

parameter. A numerical characteristic of a population or a model. See prob-
ability model.

percentile. To get the percentiles of a dataset, array the data from the smallest
value to the largest. Take the 90th percentile by way of example: 90% of the
values fall below the 90th percentile, and 10% are above. (To be very precise:
At least 90% of the data are at the 90th percentile or below; at least 10% of the
data are at the 90th percentile or above.) The 50th percentile is the median:
50% of the values fall below the median, and 50% are above. On the LSAT,
a score of 152 places a test taker at the 50th percentile; a score of 164 is at
the 90th percentile; a score of 172 is at the 99th percentile. Compare mean;
median; quartile.

placebo. Sce double-blind experiment.

point estimate. An estimate of the value of a quantity expressed as a single num-
ber. See estimator. Compare confidence interval; interval estimate.

Poisson distribution. A limiting case of the binomial distribution, when the
number of trials is large and the common probability is small. The parameter
of the approximating Poisson distribution is the number of trials times the
common probability, which is the expected number of events. When this
number is large, the Poisson distribution may be approximated by a normal
distribution.

population. Also, universe. All the units of interest to the researcher. Compare
sample; sampling frame.

population size. Also, size of population. Number of units in the population.

posterior probability. See Bayes’ rule.

power. The probability that a statistical test will reject the null hypothesis. To
compute power, one has to fix the size of the test and specify parameter values
outside the range given by the null hypothesis. A powerful test has a good
chance of detecting an effect when there is an effect to be detected. See beta;
significance test. Compare alpha; size; p-value.

practical significance. Substantive importance. Statistical significance does not
necessarily establish practical significance. With large samples, small differ-
ences can be statistically significant. See significance test.

practice effects. Changes in test scores that result from taking the same test
twice in succession, or taking two similar tests one after the other.

predicted value. See residual.

predictive validity. A skills test has predictive validity to the extent that test
scores are well correlated with later performance, or more generally with
outcomes that the test is intended to predict. See validity. Compare reliability.
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predictor. See independent variable.
prior probability. Sce Bayes’ rule.

probability. Chance, on a scale from 0 to 1. Impossibility is represented by 0,
certainty by 1. Equivalently, chances may be quoted in percent; 100% cor-
responds to 1, 5% corresponds to .05, and so forth.

probability density. Describes the probability distribution of a random variable.
The chance that the random variable falls in an interval equals the area below
the density and above the interval. (However, not all random variables have
densities.) See probability distribution; random variable.

probability distribution. Gives probabilities for possible values or ranges of
values of a random variable. Often, the distribution is described in terms of a

density. See probability density.
probability histogram. Sec histogram.

probability model. Relates probabilities of outcomes to parameters; also, statis-
tical model. The latter connotes unknown parameters.

probability sample. A sample drawn from a sampling frame by some objective
chance mechanism; each unit has a known probability of being sampled. Such
samples minimize selection bias, but can be expensive to draw.

psychometrics. The study of psychological measurement and testing.

qualitative variable; quantitative variable. Describes qualitative features of
subjects in a study (e.g., marital status—never-married, married, widowed,
divorced, separated). A quantitative variable describes numerical features
of the subjects (c.g., height, weight, income). This is not a hard-and-fast
distinction, because qualitative features may be given numerical codes, as
with a dummy variable. Quantitative variables may be classified as discrete
or continuous. Concepts such as the mean and the standard deviation apply
only to quantitative variables. Compare continuous variable; discrete variable;
dummy variable. See variable.

quartile. The 25th or 75th percentile. See percentile. Compare median.

R-squared (R%). Mecasures how well a regression equation fits the data. R-squared
varies between 0 (no fit) and 1 (perfect fit). R-squared does not measure the
extent to which underlying assumptions are justified. See regression model.
Compare multiple correlation coefficient; standard error of regression.

random error. Sources of error that are random in their effect, like draws made
at random from a box. These are reflected in the error term of a statistical
model. Some authors refer to random error as chance error or sampling error.
See regression model.

random variable. A variable whose possible values occur according to some
probability mechanism. For example, if a pair of dice are thrown, the total
number of spots 1s a random variable. The chance of two spots is 1/36, the
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chance of three spots is 2/36, and so forth; the most likely number is 7, with
chance 6/36.

The expected value of a random variable is the weighted average of
the possible values; the weights are the probabilities. In our example, the
expected value is

L 24 2 x5 xd X6t xT
367736 36 36 3

12 89 2 10+ x4 x 12
36 3 3 36 36

In many problems, the weighted average is computed with respect to the
density; then sums must be replaced by integrals. The expected value need
not be a possible value for the random variable.

Generally, a random variable will be somewhere around its expected value,
but will be off (in either direction) by something like a standard error (SE)
or so. If the random variable has a more or less normal distribution, there is
about a 68% chance for it to fall in the range expected value — SE to expected
value + SE. See normal curve; standard error.

randomization. See controlled experiment; randomized controlled experiment.

randomized controlled experiment. A controlled experiment in which sub-
jects are placed into the treatment and control groups at random—as if by a
lottery. See controlled experiment. Compare observational study.

range. The difference between the biggest and the smallest values in a batch of
numbers.

rate. In an epidemiological study, the number of events, divided by the size of
the population; often cross-classified by age and gender. For example, the
death rate from heart disease among American men ages 55—64 in 2004 was
about three per thousand. Among men ages 65—74, the rate was about seven
per thousand. Among women, the rate was about half that for men. Rates
adjust for differences in sizes of populations or subpopulations. Often, rates
are computed per unit of time, e.g., per thousand persons per year. Data
source: Statistical Abstract of the United States tbl. 115 (2008).

regression coefficient. The coefficient of a variable in a regression equation.
See regression model.

regression diagnostics. Procedures intended to check whether the assumptions
of a regression model are appropriate.

regression equation. Sce regression model.
regression line. The graph of a (simple) regression equation.

regression model. A regression model attempts to combine the values of certain
variables (the independent or explanatory variables) in order to get expected
values for another variable (the dependent variable). Sometimes, the phrase
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“regression model” refers to a probability model for the data; if no qualifica-
tions are made, the model will generally be linear, and errors will be assumed
independent across observations, with common variance, The coefficients in
the linear combination are called regression coefficients; these are parameters.
At times, “regression model” refers to an equation (“the regression equation”)
estimated from data, typically by least squares.

For example, in a regression study of salary differences between men and
women in a firm, the analyst may include a dummy variable for gender,
as well as statistical controls such as education and experience to adjust for
productivity differences between men and women. The dummy variable
would be defined as 1 for the men and 0 for the women. Salary would be
the dependent variable; education, experience, and the dummy would be the
independent variables. See least squares; multiple regression; random error;
variance. Compare general linear model.

relative frequency. Sce frequency.

relative risk. A measure of association used in epidemiology. For example, if
10% of all people exposed to a chemical develop a disease, compared to 5%
of people who are not exposed, then the disease occurs twice as frequently
among the exposed people: The relative risk is 10%/5% = 2. A relative risk of
1 indicates no association. For more details, see Leon Gordis, Epidemiology
(4th ed. 2008). Compare odds ratio.

reliability. The extent to which a measurement process gives the same results on
repeated measurement of the same thing. Compare validity.

representative sample. Not a well-defined technical term. A sample judged to
fairly represent the population, or a sample drawn by a process likely to give
samples that fairly represent the population, for example, a large probability
sample.

resampling. See bootstrap.

residual. The difference between an actual and a predicted value. The predicted
value comes typically from a regression equation, and is better called the fit-
ted value, because there is no real prediction going on. See regression model;
independent variable.

response variable. Sce independent variable.

risk. Expected loss. “Expected” means on average, over the various datasets that
could be generated by the statistical model under examination. Usually, risk
cannot be computed exactly but has to be estimated, because the parameters
in the statistical model are unknown and must be estimated. See loss func-
tion; random variable.

risk factor. Sece independent variable.

robust. A statistic or procedure that does not change much when data or assump-
tions are modified slightly.
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sample. A set of units collected for study. Compare population.
sample size. Also, size of sample. The number of units in a sample.
sample weights. See stratified random sample.

sampling distribution. The distribution of the values of a statistic, over all pos-
sible samples from a population. For example, suppose a random sample is
drawn. Some values of the sample mean are more likely; others are less likely.
The sampling distribution specifies the chance that the sample mean will fall
in one interval rather than another.

sampling error. A sample is part of a population. When a sample is used to
estimate a numerical characteristic of the population, the estimate is likely to
differ from the population value because the sample is not a perfect micro-
cosm of the whole. If the estimate is unbiased, the difference between the
estimate and the exact value is sampling error. More generally,

estimate = true value + bias + sampling error

Sampling error is also called chance error or random error. See standard error.
Compare bias; nonsampling error.

sampling frame. A list of units designed to represent the entire population as
completely as possible. The sample is drawn from the frame.

sampling interval. Sce systematic sample.

scatter diagram. Also, scatterplot; scattergram. A graph showing the relation-
ship between two variables in a study. Each dot represents one subject. One
variable is plotted along the horizontal axis, the other variable is plotted along
the vertical axis. A scatter diagram is homoscedastic when the spread is more
or less the same inside any vertical strip. If the spread changes from one strip
to another, the diagram is heteroscedastic.

selection bias. Systematic error due to nonrandom selection of subjects for
study.

sensitivity. In clinical medicine, the probability that a test for a disease will give
a positive result given that the patient has the disease. Sensitivity is analogous
to the power of a statistical test. Compare specificity.

sensitivity analysis. Analyzing data in different ways to see how results depend
on methods or assumptions.

sign test. A statistical test based on counting and the binomial distribution. For
example, a Finnish study of twins found 22 monozygotic twin pairs where
1 twin smoked, 1 did not, and at least 1 of the twins had died. That sets up
a race to death. In 17 cases, the smoker died first; in 5 cases, the nonsmoker
died first. The null hypothesis is that smoking does not affect time to death,
so the chances are 50-50 for the smoker to die first. On the null hypothesis,
the chance that the smoker will win the race 17 or more times out of 22 is
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8/1000. That is the p-value. The p-value can be computed from the binomial
distribution. For additional detail, see Michael O. Finkelstein & Bruce Levin,
Statistics for Lawyers 339—41 (2d ed. 2001); David A. Freedman et al.,
Statistics 262—63 (4th ed. 2007).

significance level. Sece fixed significance level; p-value.

significance test. Also, statistical test; hypothesis test; test of significance. A signifi-
cance test involves formulating a statistical hypothesis and a test statistic, com-
puting a p-value, and comparing p to some preestablished value (0f) to decide
if the test statistic is significant. The idea is to see whether the data conform
to the predictions of the null hypothesis. Generally, a large test statistic goes
with a small p-value; and small p-values would undermine the null hypothesis.

For example, suppose that a random sample of male and female employees
were given a skills test and the mean scores of the men and women were
different—in the sample. To judge whether the difference is due to sampling
error, a statistician might consider the implications of competing hypotheses
about the difference in the population. The null hypothesis would say that
on average, in the population, men and women have the same scores: The
difference observed in the data is then just due to sampling error. A one-sided
alternative hypothesis would be that on average, in the population, men score
higher than women. The one-sided test would reject the null hypothesis if
the sample men score substantially higher than the women—so much so that
the difference is hard to explain on the basis of sampling error.

In contrast, the null hypothesis could be tested against the two-sided
alternative that on average, in the population, men score differently than
women—-higher or lower. The corresponding two-sided test would reject the
null hypothesis if the sample men score substantially higher or substantially
lower than the women.

The one-sided and two-sided tests would both be based on the same
data, and use the same f-statistic. However, if the men in the sample score
higher than the women, the one-sided test would give a p-value only half as
large as the two-sided test; that is, the one-sided test would appear to give
stronger evidence against the null hypothesis. (“One-sided” and “one-tailed”
are synonymous; so are “‘two-sided and “two-tailed.”) See p-value; statistical
hypothesis; f-statistic.

significant. Sce p-value; practical significance; significance test.

simple random sample. A random sample in which each unit in the sampling
frame has the same chance of being sampled. The investigators take a unit at
random (as if by lottery), set it aside, take another at random from what is
left, and so forth.

simple regression. A regression cquation that includes only one independent
variable. Compare multiple regression.

size. A synonym for alpha (ct).
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skip factor. See systematic sample.

specificity. In clinical medicine, the probability that a test for a disease will give
a negative result given that the patient does not have the disease. Specificity
is analogous to 1 — o, where o is the significance level of a statistical test.
Compare sensitivity.

spurious correlation. When two variables are correlated, one is not necessarily
the cause of the other. The vocabulary and shoe size of children in elementary
school, for example, are correlated—but learning more words will not make
the feet grow. Such noncausal correlations are said to be spurious. (Originally,
the term seems to have been applied to the correlation between two rates with
the same denominator: Even if the numerators are unrelated, the common
denominator will create some association.) Compare confounding variable.

standard deviation (SD). Indicates how far a typical element deviates from the
average. For example, in round numbers, the average height of women age
18 and over in the United States is 5 feet 4 inches. However, few women
are exactly average; most will deviate from average, at least by a little. The
SD is sort of an average deviation from average. For the height distribution,
the SD is 3 inches. The height of a typical woman is around 5 feet 4 inches,
but is off that average value by something like 3 inches.

For distributions that follow the normal curve, about 68% of the elements
are in the range from 1 SD below the average to 1 SD above the average.
Thus, about 68% of women have heights in the range 5 feet 1 inch to 5 feet
7 inches. Deviations from the average that exceed 3 or 4 SDs are extremely
unusual. Many authors use standard deviation to also mean standard error.
See standard error.

standard error (SE). Indicates the likely size of the sampling error in an esti-
mate. Many authors use the term standard deviation instead of standard error.
Compare expected value; standard deviation.

standard error of regression. Indicates how actual values differ (in some aver-
age sense) from the fitted values in a regression model. See regression model,
residual. Compare R-squared.

standard normal. See normal distribution.
standardization. See standardized variable.

standardized variable. Transformed to have mean zero and variance one. This
involves two steps: (1) subtract the mean; (2) divide by the standard deviation.

statistic. A number that summarizes data. A statistic refers to a sample; a parameter
or a true value refers to a population or a probability model.

statistical controls. Procedures that try to filter out the effects of confounding
variables on non-experimental data, for example, by adjusting through statisti-
cal procedures such as multiple regression. Variables in a multiple regression
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equation. See multiple regression; confounding variable; observational study.
Compare controlled experiment.

statistical dependence. Scc dependence.

statistical hypothesis. Generally, a statement about parameters in a probability

model for the data. The null hypothesis may assert that certain parameters have

specified values or fall in specified ranges; the alternative hypothesis would

specify other values or ranges. The null hypothesis is tested against the data with

a test statistic; the null hypothesis may be rejected if there is a statistically sig-

nificant difference between the data and the predictions of the null hypothesis.

Typically, the investigator seeks to demonstrate the alternative hypothesis;

the null hypothesis would explain the findings as a result of mere chance,

and the investigator uses a significance test to rule out that possibility. See
significance test.

statistical independence. See independence.
statistical model. See probability model.
statistical test. Sce significance test.
statistical significance. See p-value.

stratified random sample. A type of probability sample. The researcher divides
the population into relatively homogeneous groups called “strata,” and draws
a random sample separately from each stratum. Dividing the population into
strata is called “stratification.” Often the sampling fraction will vary from
stratum to stratum. Then sampling weights should be used to extrapolate
from the sample to the population. For example, if 1 unit in 10 is sampled
from stratum A while 1 unit in 100 is sampled from stratum B, then each unit
drawn from A counts as 10, and each unit drawn from B counts as 100. The
first kind of unit has weight 10; the second has weight 100. See Freedman et
al., Statistics 401 (4th ed. 2007).

stratification. See independent variable; stratified random sample.
study validity. Sce validity.

subjectivist. See Bayesian.

systematic error. Sce bias.

systematic sample. Also, list sample. The elements of the population are num-
bered consecutively as 1, 2, 3, . . . . The investigators choose a starting point
and a “sampling interval” or “skip factor” k. Then, every kth element is
selected into the sample. If the starting point is 1 and k = 10, for example, the
sample would consist of items 1, 11, 21, . . . . Sometimes the starting point
is chosen at random from 1 to k: this is a random-start systematic sample.

t-statistic. A test statistic, used to make the t-test. The f-statistic indicates how
far away an estimate is from its expected value, relative to the standard error.
The expected value is computed using the null hypothesis that is being tested.
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Some authors refer to the t-statistic, others to the z-statistic, especially when
the sample is large. With a large sample, a f-statistic larger than 2 or 3 in abso-
lute value makes the null hypothesis rather implausible—the estimate is too
many standard errors away from its expected value. See statistical hypothesis;
significance test; f-test.

t-test. A statistical test based on the f-statistic. Large f-statistics are beyond the
usual range of sampling error. For example, if ¢ is bigger than 2, or smaller
than —2, then the estimate is statistically significant at the 5% level; such values
of t are hard to explain on the basis of sampling error. The scale for f-statistics
is tied to arcas under the normal curve. For example, a f-statistic of 1.5 is not
very striking, because 13% = 13/100 of the area under the normal curve is
outside the range from —1.5 to 1.5. On the other hand, ¢ = 3 is remarkable:
Only 3/1000 of the area lies outside the range from —3 to 3. This discussion is
predicated on having a reasonably large sample; in that context, many authors
refer to the z-test rather than the f-test.
Consider testing the null hypothesis that the average of a population equals
a given value; the population is known to be normal. For small samples, the
t-statistic follows Student’s t-distribution (when the null hypothesis holds)
rather than the normal curve; larger values of f are required to achieve sig-
nificance. The relevant f-distribution depends on the number of degrees of
freedom, which in this context equals the sample size minus one. A f-test is
not appropriate for small samples drawn from a population that is not normal.
See p-value; significance test; statistical hypothesis.

test statistic. A statistic used to judge whether data conform to the null hypoth-
esis. The parameters of a probability model determine expected values for the
data; differences between expected values and observed values are measured
by a test statistic. Such test statistics include the chi-squared statistic () and
the t-statistic. Generally, small values of the test statistic are consistent with
the null hypothesis; large values lead to rejection. See p-value; statistical
hypothesis; f-statistic.

time series. A scries of data collected over time, for example, the Gross National
Product of the United States from 1945 to 2005.

treatment group. See controlled experiment.

two-sided hypothesis; two-tailed hypothesis. An alternative hypothesis
asserting that the values of a parameter are different from—ecither greater than
or less than—the value asserted in the null hypothesis. A two-sided alterna-
tive hypothesis suggests a two-sided (or two-tailed) test. See significance test;
statistical hypothesis. Compare one-sided hypothesis.

two-sided test; two-tailed test. See two-sided hypothesis.

Type I error. A statistical test makes a Type I error when (1) the null hypothesis
is true and (2) the test rejects the null hypothesis, i.e., there is a false posi-
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tive. For example, a study of two groups may show some difference between
samples from each group, even when there is no difference in the population.
When a statistical test deems the difference to be significant in this situation,
it makes a Type I error. See significance test; statistical hypothesis. Compare
alpha; Type II error.

Type II error. A statistical test makes a Type II error when (1) the null hypoth-
esis 1s false and (2) the test fails to reject the null hypothesis, i.e., there is a
false negative. For example, there may not be a significant difference between
samples from two groups when, in fact, the groups are different. See signifi-
cance test; statistical hypothesis. Compare beta; Type I error.

unbiased estimator. An estimator that is correct on average, over the pos-
sible datasets. The estimates have no systematic tendency to be high or low.
Compare bias.

uniform distribution. For example, a whole number picked at random from 1
to 100 has the uniform distribution: All values are equally likely. Similarly, a
uniform distribution is obtained by picking a real number at random between
0.75 and 3.25: The chance of landing in an interval is proportional to the
length of the interval.

validity. Measurement validity is the extent to which an instrument measures
what it is supposed to, rather than something else. The validity of a standard-
ized test is often indicated by the correlation coefficient between the test
scores and some outcome measure (the criterion variable). See content valid-
ity; differential validity; predictive validity. Compare reliability.

Study wvalidity is the extent to which results from a study can be relied
upon. Study validity has two aspects, internal and external. A study has high
internal validity when its conclusions hold under the particular circumstances
of the study. A study has high external validity when its results are gener-
alizable. For example, a well-executed randomized controlled double-blind
experiment performed on an unusual study population will have high internal
validity because the design is good; but its external validity will be debatable
because the study population is unusual.

Validity is used also in its ordinary sense: assumptions are valid when they
hold true for the situation at hand.

variable. A property of units in a study, which varies from one unit to another,
for example, in a study of houscholds, houschold income; in a study of
people, employment status (employed, unemployed, not in labor force).

variance. The square of the standard deviation. Compare standard error; covariance.
weights. Sce stratified random sample.

within-observer variability. Differences that occur when an observer measures
the same thing twice, or measures two things that are virtually the same.
Compare between-observer variability.
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z-statistic. See t-statistic.

z-test. Sce f-test.

References on Statistics

General Surveys

David Freedman et al., Statistics (4th ed. 2007).

Darrell Huff, How to Lie with Statistics (1993).

Gregory A. Kimble, How to Use (and Misuse) Statistics (1978).

David S. Moore & William I. Notz, Statistics: Concepts and Controversies (2005).

Michael Oakes, Statistical Inference: A Commentary for the Social and Behavioral
Sciences (1986).

Statistics: A Guide to the Unknown (Roxy Peck et al. eds., 4th ed. 2005).

Hans Zeisel, Say It with Figures (6th ed. 1985).

Reference Works for Lawyers and Judges

David C. Baldus & James W.L. Cole, Statistical Proof of Discrimination (1980
& Supp. 1987) (continued as Ramona L. Paetzold & Steven L. Willborn,
The Statistics of Discrimination: Using Statistical Evidence in Discrimination
Cases (1994) (updated annually).

David W. Barnes & John M. Conley, Statistical Evidence in Litigation: Methodol-
ogy, Procedure, and Practice (1986 & Supp. 1989).

James Brooks, A Lawyer’s Guide to Probability and Statistics (1990).

Michael O. Finkelstein & Bruce Levin, Statistics for Lawyers (2d ed. 2001).

Modern Scientific Evidence: The Law and Science of Expert Testimony (David
L. Faigman et al. eds., Volumes 1 and 2, 2d ed. 2002) (updated annually).

David H. Kaye et al., The New Wigmore: A Treatise on Evidence: Expert Evi-
dence § 12 (2d ed. 2011) (updated annually).

National Research Council, The Evolving Role of Statistical Assessments as Evi-
dence in the Courts (Stephen E. Fienberg ed., 1989).

Statistical Methods in Discrimination Litigation (David H. Kaye & Mikel Aickin
eds., 1986).

Hans Zeisel & David Kaye, Prove It with Figures: Empirical Methods in Law and
Litigation (1997).

General Reference
Encyclopedia of Statistical Sciences (Samuel Kotz et al. eds., 2d ed. 2005).

302

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

R eference Guide on
Multiple Regression

DANIEL L. RUBINFELD

Daniel L. Rubinfeld, Ph.D., is Robert L. Bridges Professor of Law and Professor of Economics
Emeritus, University of California, Berkeley, and Visiting Professor of Law at New York
University Law School.

CONTENTS
I. Introduction and Overview, 305
II. Research Design: Model Specification, 311
A. What Is the Specific Question That Is Under Investigation by the
Expert? 311
B. What Model Should Be Used to Evaluate the Question at Issue? 311
1. Choosing the dependent variable, 312
2. Choosing the explanatory variable that is relevant to the
question at issue, 313
3. Choosing the additional explanatory variables, 313
4. Choosing the functional form of the multiple regression
model, 316
5. Choosing multiple regression as a method of analysis, 317
III. Interpreting Multiple Regression Results, 318
A. What Is the Practical, as Opposed to the Statistical, Significance of
Regression Results? 318
1. When should statistical tests be used? 319
2. What is the appropriate level of statistical significance? 320
3. Should statistical tests be one-tailed or two-tailed? 321
B. Are the Regression Results Robust? 322
1. What evidence exists that the explanatory variable causes
changes in the dependent variable? 322
2. To what extent are the explanatory variables correlated with
cach other? 324
3. To what extent are individual errors in the regression model
independent? 325
4. To what extent are the regression results sensitive to individual
data points? 326
5. To what extent are the data subject to measurement error? 327

303

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Manual on Scientific Evidence

IV. The Expert, 328

A.
B.

Who Should Be Qualified as an Expert? 328
Should the Court Appoint a Neutral Expert? 329

V. Presentation of Statistical Evidence, 330

E.

F.
G.

What Disagreements Exist Regarding Data on Which the Analysis Is
Based? 330

. Which Database Information and Analytical Procedures Will Aid in

Resolving Disputes over Statistical Studies? 331

: The Basics of Multiple Regression, 333

Introduction, 333

. Linear Regression Model, 336

1. Specifying the regression model, 337
2. Regression line, 337
Interpreting Regression Results, 339

. Determining the Precision of the Regression Results, 340

1. Standard errors of the coefficients and t-statistics, 340

2. Goodness-of-fit, 344

3. Sensitivity of least squares regression results, 345
Reading Multiple Regression Computer Output, 346
Forecasting, 348
A Hypothetical Example, 350

Glossary of Terms, 352
References on Multiple Regression, 357

304

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Guide on Multiple Regression

[. Introduction and Overview

Multiple regression analysis is a statistical tool used to understand the relationship
between or among two or more variables.! Multiple regression involves a variable
to be explained—called the dependent variable—and additional explanatory vari-
ables that are thought to produce or be associated with changes in the dependent
variable.? For example, a multiple regression analysis might estimate the effect of
the number of years of work on salary. Salary would be the dependent variable to
be explained; the years of experience would be the explanatory variable.
Multiple regression analysis is sometimes well suited to the analysis of data
about competing theories for which there are several possible explanations for the
relationships among a number of explanatory variables.> Multiple regression typi-
cally uses a single dependent variable and several explanatory variables to assess the
statistical data pertinent to these theories. In a case alleging sex discrimination in
salaries, for example, a multiple regression analysis would examine not only sex,
but also other explanatory variables of interest, such as education and experience.*
The employer-defendant might use multiple regression to argue that salary is a
function of the employee’s education and experience, and the employee-plaintift
might argue that salary is also a function of the individual’s sex. Alternatively,
in an antitrust cartel damages case, the plaintiff’s expert might utilize multiple
regression to evaluate the extent to which the price of a product increased dur-
ing the period in which the cartel was effective, after accounting for costs and
other variables unrelated to the cartel. The defendant’s expert might use multiple

1. A variable is anything that can take on two or more values (e.g., the daily temperature in
Chicago or the salaries of workers at a factory).

2. Explanatory variables in the context of a statistical study are sometimes called independent
variables. See David H. Kaye & David A. Freedman, Reference Guide on Statistics, Section I1.A.1,
in this manual. The guide also offers a brief discussion of multiple regression analysis. Id., Section V.

3. Multiple regression is one type of statistical analysis involving several variables. Other types
include matching analysis, stratification, analysis of variance, probit analysis, logit analysis, discriminant
analysis, and factor analysis.

4. Thus, in Ottaviani v. State University of New York, 875 F.2d 365, 367 (2d Cir. 1989) (citations
omitted), cert. denied, 493 U.S. 1021 (1990), the court stated:

In disparate treatment cases involving claims of gender discrimination, plaintiffs typically use multiple
regression analysis to isolate the influence of gender on employment decisions relating to a particular
job or job benefit, such as salary.

The first step in such a regression analysis is to specify all of the possible “legitimate” (i.e., non-
discriminatory) factors that are likely to significantly affect the dependent variable and which could
account for disparities in the treatment of male and female employees. By identifying those legitimate
criteria that affect the decisionmaking process, individual plaintiffs can make predictions about what job
or job benefits similarly situated employees should ideally receive, and then can measure the difference
between the predicted treatment and the actual treatment of those employees. If there is a disparity
between the predicted and actual outcomes for female employees, plaintiffs in a disparate treatment
case can argue that the net “residual” difference represents the unlawful effect of discriminatory animus
on the allocation of jobs or job benefits.
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regression to suggest that the plaintiff’s expert had omitted a number of price-
determining variables.

More generally, multiple regression may be useful (1) in determining whether
a particular effect is present; (2) in measuring the magnitude of a particular effect;
and (3) in forecasting what a particular effect would be, but for an intervening
event. In a patent infringement case, for example, a multiple regression analysis
could be used to determine (1) whether the behavior of the alleged infringer
affected the price of the patented product, (2) the size of the effect, and (3) what
the price of the product would have been had the alleged infringement not
occurred.

Over the past several decades, the use of multiple regression analysis in court
has grown widely. Regression analysis has been used most frequently in cases of
sex and race discrimination® antitrust violations,® and cases involving class cer-

5. Discrimination cases using multiple regression analysis are legion. See, e.g., Bazemore v.
Friday, 478 U.S. 385 (1986), on remand, 848 F.2d 476 (4th Cir. 1988); Csicseri v. Bowsher, 862 F.
Supp. 547 (D.D.C. 1994) (age discrimination), aff’d, 67 F.3d 972 (D.C. Cir. 1995); EEOC v. General
Tel. Co., 885 F.2d 575 (9th Cir. 1989), cert. denied, 498 U.S. 950 (1990); Bridgeport Guardians, Inc.
v. City of Bridgeport, 735 F. Supp. 1126 (D. Conn. 1990), aff’d, 933 F.2d 1140 (2d Cir.), cert. denied,
502 U.S. 924 (1991); Bickerstaff v. Vassar College, 196 F.3d 435, 448—49 (2d Cir. 1999) (sex dis-
crimination); McReynolds v. Sodexho Marriott, 349 F. Supp. 2d 1 (D.C. Cir. 2004) (race discrimina-
tion); Hnot v. Willis Group Holdings Ltd., 228 FR.D. 476 (S.D.N.Y. 2005) (gender discrimination);
Carpenter v. Boeing Co., 456 F.3d 1183 (10th Cir. 2006) (sex discrimination); Coward v. ADT
Security Systems, Inc., 140 F.3d 271, 274-75 (D.C. Cir. 1998); Smith v. Virginia Commonwealth
Univ., 84 F.3d 672 (4th Cir. 1996) (en banc); Hemmings v. Tidyman’s Inc., 285 F.3d 1174, 1184-86
(9th Cir. 2000); Mchus v. Emporia State University, 222 FR.D. 455 (D. Kan. 2004) (sex discrimina-
tion); Guiterrez v. Johnson & Johnson, 2006 WL 3246605 (D.N.]J. Nov. 6, 2006 (race discrimination);
Morgan v. United Parcel Service, 380 F.3d 459 (8th Cir. 2004) (racial discrimination). See also Keith
N. Hylton & Vincent D. Rougeau, Lending Discrimination: Economic Theory, Econometric Evidence, and
the Community Reinvestment Act, 85 Geo. L.J. 237, 238 (1996) (“regression analysis is probably the best
empirical tool for uncovering discrimination”).

6. E.g., United States v. Brown Univ., 805 F. Supp. 288 (E.D. Pa. 1992) (price fixing of college
scholarships), rev’d, 5 F.3d 658 (3d Cir. 1993); Petruzzi’s IGA Supermarkets, Inc. v. Darling-Delaware
Co., 998 F.2d 1224 (3d Cir.), cert. denied, 510 U.S. 994 (1993); Ohio v. Louis Trauth Dairy, Inc.,
925 F. Supp. 1247 (S.D. Ohio 1996); In re Chicken Antitrust Litig., 560 F. Supp. 963, 993 (N.D. Ga.
1980); New York v. Kraft Gen. Foods, Inc., 926 F. Supp. 321 (S.D.N.Y. 1995); Freeland v. AT&T,
238 FR.D. 130 (S.D.N.Y. 2006); In re Pressure Sensitive Labelstock Antitrust Litig., 2007 U.S. Dist.
LEXIS 85466 (M.D. Pa. Nov. 19, 2007); In re Linerboard Antitrust Litig., 497 F. Supp. 2d 666 (E.D.
Pa. 2007) (price fixing by manufacturers of corrugated boards and boxes); In re Polypropylene Carpet
Antitrust Litig., 93 F. Supp. 2d 1348 (N.D. Ga. 2000); In re OSB Antitrust Litig., 2007 WL 2253418
(E.D. Pa. Aug. 3, 2007) (price fixing of Oriented Strand Board, also known as “waferboard”); In re
TFT-LCD (Flat Panel) Antitrust Litig., 267 ER.D. 583 (N.D. Cal. 2010).

For a broad overview of the use of regression methods in antitrust, see ABA Antitrust Section,
Econometrics: Legal, Practical and Technical Issues (John Harkrider & Daniel Rubinfeld, eds. 2005).
See also Jerry Hausman et al., Competitive Analysis with Differenciated Products, 34 Annales D’Economie
et de Statistique 159 (1994); Gregory J. Werden, Simulating the Effects of Differentiated Products Mergers:
A Practical Alternative to Structural Merger Policy, 5 Geo. Mason L. Rev. 363 (1997).
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tification (under Rule 23).” However, there are a range of other applications,
including census undercounts,® voting rights,” the study of the deterrent effect of
the death penalty,'” rate regulation,!! and intellectual property.'?

7. In antitrust, the circuits are currently split as to the extent to which plaintiffs must prove
that common elements predominate over individual elements. E.g., compare In Re Hydrogen Peroxide
Litig., 522 F.2d 305 (3d Cir. 2008) with In Re Cardizem CD Antitrust Litig., 391 F.3d 812 (6th Cir.
2004). For a discussion of use of multiple regression in evaluating class certification, see Bret M. Dickey
& Daniel L. Rubinfeld, Antitrust Class Certification: Towards an Economic Framework, 66 N.Y.U. Ann.
Surv. Am. L. 459 (2010) and John H. Johnson & Gregory K. Leonard, Economics and the Rigorous
Analysis of Class Certification in Antitrust Cases, 3 J. Competition L. & Econ. 341 (2007).

8. See, e.g., City of New York v. U.S. Dep’t of Commerce, 822 F. Supp. 906 (E.D.N.Y. 1993)
(decision of Secretary of Commerce not to adjust the 1990 census was not arbitrary and capricious),
vacated, 34 F.3d 1114 (2d Cir. 1994) (applying heightened scrutiny), rev’d sub nom. Wisconsin v. City of
New York, 517 U.S. 565 (1996); Carey v. Klutznick, 508 F. Supp. 420, 432-33 (S.D.N.Y. 1980) (use
of reasonable and scientifically valid statistical survey or sampling procedures to adjust census figures
for the differential undercount is constitutionally permissible), stay granted, 449 U.S. 1068 (1980), rev’d
on other grounds, 653 F.2d 732 (2d Cir. 1981), cert. denied, 455 U.S. 999 (1982); Young v. Klutznick,
497 F. Supp. 1318, 1331 (E.D. Mich. 1980), rev’d on other grounds, 652 F.2d 617 (6th Cir. 1981), cert.
denied, 455 U.S. 939 (1982).

9. Multiple regression analysis was used in suits charging that at-large areawide voting was
instituted to neutralize black voting strength, in violation of section 2 of the Voting Rights Act, 42
U.S.C. § 1973 (1988). Multiple regression demonstrated that the race of the candidates and that of
the electorate were determinants of voting. See Williams v. Brown, 446 U.S. 236 (1980); Rodriguez
v. Pataki, 308 F. Supp. 2d 346, 414 (S.D.N.Y. 2004); United States v. Vill. of Port Chester, 2008
U.S. Dist. LEXIS 4914 (S.D.N.Y. Jan. 17, 2008); Meza v. Galvin, 322 F. Supp. 2d 52 (D. Mass.
2004) (violation of VRA with regard to Hispanic voters in Boston); Bone Shirt v. Hazeltine, 336
F. Supp. 2d 976 (D.S.D. 2004) (violations of VRA with regard to Native American voters in South
Dakota); Georgia v. Ashcroft, 195 F. Supp. 2d 25 (D.D.C. 2002) (redistricting of Georgia’s state and
federal legislative districts); Benavidez v. City of Irving, 638 F. Supp. 2d 709 (N.D. Tex. 2009) (chal-
lenge of city’s at-large voting scheme). For commentary on statistical issues in voting rights cases, see,
e.g., Statistical and Demographic Issues Underlying Voting Rights Cases, 15 Evaluation Rev. 659 (1991);
Stephen P. Klein et al., Ecological Regression Versus the Secret Ballot, 31 Jurimetrics J. 393 (1991); James
W. Loewen & Bernard Grofman, Recent Developments in Methods Used in Vote Dilution Litigation, 21
Urb. Law. 589 (1989); Arthur Lupia & Kenneth McCue, Why the 1980s Measures of Racially Polarized
Voting Are Inadequate for the 1990s, 12 Law & Pol’y 353 (1990).

10. See, e.g., Gregg v. Georgia, 428 U.S. 153, 184-86 (1976). For critiques of the validity of
the deterrence analysis, see National Research Council, Deterrence and Incapacitation: Estimating
the Effects of Criminal Sanctions on Crime Rates (Alfred Blumstein et al. eds., 1978); Richard O.
Lempert, Desert and Deterrence: An Assessment of the Moral Bases of the Case for Capital Punishment, 79
Mich. L. Rev. 1177 (1981); Hans Zeisel, The Deterrent Effect of the Death Penalty: Facts v. Faith, 1976
Sup. Ct. Rev. 317; and John Donohue & Justin Wolfers, Uses and Abuses of Statistical Evidence in the
Death Penalty Debate, 58 Stan. L. Rev. 787 (2005).

11. See, e.g., Time Warner Entertainment Co. v. FCC, 56 F.3d 151 (D.C. Cir. 1995) (chal-
lenge to FCC’s application of multiple regression analysis to set cable rates), cert. denied, 516 U.S.
1112 (1996); Appalachian Power Co. v. EPA, 135 F.3d 791 (D.C. Cir. 1998) (challenging the EPA’s
application of regression analysis to set nitrous oxide emission limits); Consumers Util. Rate Advocacy
Div. v. Ark. PSC, 99 Ark. App. 228 (Ark. Ct. App. 2007) (challenging an increase in nongas rates).

12. See Polaroid Corp. v. Eastman Kodak Co., No. 76-1634-MA, 1990 WL 324105, at *29,
*62—63 (D. Mass. Oct. 12, 1990) (damages awarded because of patent infringement), amended by No.
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Multiple regression analysis can be a source of valuable scientific testimony
in litigation. However, when inappropriately used, regression analysis can confuse
important issues while having little, if any, probative value. In EEOC v. Sears,
Roebuck & Co.,'% in which Sears was charged with discrimination against women
in hiring practices, the Seventh Circuit acknowledged that “[m]ultiple regression
analyses, designed to determine the effect of several independent variables on a
dependent variable, which in this case is hiring, are an accepted and common
method of proving disparate treatment claims.”'* However, the court affirmed
the district court’s findings that the “E.E.O.C.’s regression analyses did not ‘accu-
rately reflect Sears’ complex, nondiscriminatory decision-making processes’” and
that the “*E.E.O.C.’s statistical analyses [were] so flawed that they lack[ed] any
persuasive value.””!® Serious questions also have been raised about the use of mul-
tiple regression analysis in census undercount cases and in death penalty cases.'

The Supreme Court’s rulings in Daubert and Kumho Tire have encouraged
parties to raise questions about the admissibility of multiple regression analyses.!”
Because multiple regression is a well-accepted scientific methodology, courts have
frequently admitted testimony based on multiple regression studies, in some cases
over the strong objection of one of the parties.'® However, on some occasions
courts have excluded expert testimony because of a failure to utilize a multiple
regression methodology.!” On other occasions, courts have rejected regression

76-1634-MA, 1991 WL 4087 (D. Mass. Jan. 11, 1991); Estate of Vane v. The Fair, Inc., 849 F.2d
186, 188 (5th Cir. 1988) (lost profits were the result of copyright infringement), cert. denied, 488 U.S.
1008 (1989); Louis Vuitton Malletier v. Dooney & Bourke, Inc., 525 F. Supp. 2d 576, 664 (S.D.N.Y.
2007) (trademark infringement and unfair competition suit). The use of multiple regression analysis to
estimate damages has been contemplated in a wide variety of contexts. See, e.g., David Baldus et al.,
Improving Judicial Oversight of Jury Damages Assessments: A Proposal for the Comparative Additur/Remittitur
Review of Awards _for Nonpecuniary Harms and Punitive Damages, 80 Towa L. Rev. 1109 (1995); Talcott
J. Franklin, Calculating Damages for Loss of Parental Nurture Through Multiple Regression Analysis, 52
Wash. & Lee L. Rev. 271 (1997); Roger D. Blair & Amanda Kay Esquibel, Yardstick Damages in Lost
Profit Cases: An Econometric Approach, 72 Denv. U. L. Rev. 113 (1994). Daniel Rubinfeld, Quantitative
Methods in Antitrust, in 1 Issues in Competition Law and Policy 723 (2008).

13. 839 F.2d 302 (7th Cir. 1988).

14. Id. at 324 n.22.

15. Id. at 348, 351 (quoting EEOC v. Sears, Roebuck & Co., 628 F. Supp. 1264, 1342, 1352
(N.D. 1. 1986)). The district court commented specifically on the “severe limits of regression analysis

16. See David H. Kaye & David A. Freedman, Reference Guide on Statistics, Sections I11.A.3,
B.1, in this manual.

17. Daubert v. Merrill Dow Pharms., Inc. 509 U.S. 579 (1993); Kumho Tire Co. v. Carmichael,
526 U.S. 137, 147 (1999) (expanding the Daubert’s application to nonscientific expert testimony).

18. See Newport Ltd. v. Sears, Roebuck & Co., 1995 U.S. Dist. LEXIS 7652 (E.D. La. May
26, 1995). See also Petruzzi’s IGA Supermarkets, supra note 6, 998 F.2d at 1240, 1247 (finding that
the district court abused its discretion in excluding multiple regression-based testimony and reversing
the grant of summary judgment to two defendants).

19. See, e.g., In re Executive Telecard Ltd. Sec. Litig., 979 E. Supp. 1021 (S.D.N.Y. 1997).
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studies that did not have an adequate foundation or research design with respect
to the issues at hand.?”

In interpreting the results of a multiple regression analysis, it is important to
distinguish between correlation and causality. Two variables are correlated—that
is, associated with each other—when the events associated with the variables
occur more frequently together than one would expect by chance. For example,
if higher salaries are associated with a greater number of years of work experience,
and lower salaries are associated with fewer years of experience, there is a positive
correlation between salary and number of years of work experience. However, if
higher salaries are associated with less experience, and lower salaries are associated
with more experience, there is a negative correlation between the two variables.

A correlation between two variables does not imply that one event causes the
second. Therefore, in making causal inferences, it is important to avoid spurious
correlation.?! Spurious correlation arises when two variables are closely related but
bear no causal relationship because they are both caused by a third, unexamined
variable. For example, there might be a negative correlation between the age of
certain skilled employees of a computer company and their salaries. One should
not conclude from this correlation that the employer has necessarily discriminated
against the employees on the basis of their age. A third, unexamined variable, such
as the level of the employees’ technological skills, could explain differences in pro-
ductivity and, consequently, differences in salary.?> Or, consider a patent infringe-
ment case in which increased sales of an allegedly infringing product are associated
with a lower price of the patented product.?® This correlation would be spurious
if the two products have their own noncompetitive market niches and the lower
price is the result of a decline in the production costs of the patented product.

Pointing to the possibility of a spurious correlation will typically not be
enough to dispose of a statistical argument. It may be appropriate to give little
weight to such an argument absent a showing that the correlation is relevant.
For example, a statistical showing of a relationship between technological skills

20. See City of Tuscaloosa v. Harcros Chemicals, Inc., 158 F.2d 548 (11th Cir. 1998), in which
the court ruled plaintiffs’ regression-based expert testimony inadmissible and granted summary judg-
ment to the defendants. See also American Booksellers Ass'n v. Barnes & Noble, Inc., 135 F. Supp.
2d 1031, 1041 (N.D. Cal. 2001), in which a model was said to contain “too many assumptions and
simplifications that are not supported by real-world evidence,” and Obrey v. Johnson, 400 F.3d 691
(9th Cir. 2005).

21. See David H. Kaye & David A. Freedman, Reference Guide on Statistics, Section V.B.3,
in this manual.

22. See, e.g., Shechan v. Daily Racing Form Inc., 104 F.3d 940, 942 (7th Cir.) (rejecting plain-
tiff’s age discrimination claim because statistical study showing correlation between age and retention
ignored the “more than remote possibility that age was correlated with a legitimate job-related quali-
fication”), cert. denied, 521 U.S. 1104 (1997).

23. In some particular cases, there are statistical tests that allow one to reject claims of causality.
For a brief description of these tests, which were developed by Jerry Hausman, see Robert S. Pindyck
& Daniel L. Rubinfeld, Econometric Models and Economic Forecasts § 7.5 (4th ed. 1997).
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and worker productivity might be required in the age discrimination example,
above.?*

Causality cannot be inferred by data analysis alone; rather, one must infer that
a causal relationship exists on the basis of an underlying causal theory that explains
the relationship between the two variables. Even when an appropriate theory has
been identified, causality can never be inferred directly. One must also look for
empirical evidence that there is a causal relationship. Conversely, the fact that two
variables are correlated does not guarantee the existence of a relationship; it could
be that the model—a characterization of the underlying causal theory—does not
reflect the correct interplay among the explanatory variables. In fact, the absence
of correlation does not guarantee that a causal relationship does not exist. Lack of
correlation could occur if (1) there are insufficient data, (2) the data are measured
inaccurately, (3) the data do not allow multiple causal relationships to be sorted
out, or (4) the model is specified wrongly because of the omission of a variable
or variables that are related to the variable of interest.

There is a tension between any attempt to reach conclusions with near
certainty and the inherently uncertain nature of multiple regression analysis. In
general, the statistical analysis associated with multiple regression allows for the
expression of uncertainty in terms of probabilities. The reality that statistical analy-
sis generates probabilities concerning relationships rather than certainty should not
be seen in itself as an argument against the use of statistical evidence, or worse, as
a reason to not admit that there is uncertainty at all. The only alternative might
be to use less reliable anecdotal evidence.

This reference guide addresses a number of procedural and methodologi-
cal issues that are relevant in considering the admissibility of, and weight to be
accorded to, the findings of multiple regression analyses. It also suggests some
standards of reporting and analysis that an expert presenting multiple regression
analyses might be expected to meet. Section II discusses research design—how the
multiple regression framework can be used to sort out alternative theories about a
case. The guide discusses the importance of choosing the appropriate specification
of the multiple regression model and raises the issue of whether multiple regression
is appropriate for the case at issue. Section III accepts the regression framework
and concentrates on the interpretation of the multiple regression results from both
a statistical and a practical point of view. It emphasizes the distinction between
regression results that are statistically significant and results that are meaningful
to the trier of fact. It also points to the importance of evaluating the robustness

24. See, e.g., Allen v. Seidman, 881 F.2d 375 (7th Cir. 1989) (judicial skepticism was raised when
the defendant did not submit a logistic regression incorporating an omitted variable—the possession of
a higher degree or special education; defendant’s attack on statistical comparisons must also include an
analysis that demonstrates that comparisons are flawed). The appropriate requirements for the defen-
dant’s showing of spurious correlation could, in general, depend on the discovery process. See, e.g.,
Boykin v. Georgia Pac. Co., 706 F.2d 1384 (1983) (criticism of a plaintift’s analysis for not including
omitted factors, when plaintiff considered all information on an application form, was inadequate).
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of regression analyses, 1.e., seeing the extent to which the results are sensitive to
changes in the underlying assumptions of the regression model. Section IV briefly
discusses the qualifications of experts and suggests a potentially useful role for
court-appointed neutral experts. Section V emphasizes procedural aspects associ-
ated with use of the data underlying regression analyses. It encourages greater
pretrial efforts by the parties to attempt to resolve disputes over statistical studies.
Throughout the main body of this guide, hypothetical examples are used as
llustrations. Moreover, the basic “mathematics” of multiple regression has been
kept to a bare minimum. To achieve that goal, the more formal description of the
multiple regression framework has been placed in the Appendix. The Appendix is
self-contained and can be read before or after the text. The Appendix also includes
further details with respect to the examples used in the body of this guide.

[I. Research Design: Model Specification

Multiple regression allows the testifying economist or other expert to choose
among alternative theories or hypotheses and assists the expert in distinguishing
correlations between variables that are plainly spurious from those that may reflect
valid relationships.

A. What Is the Specific Question That Is Under Investigation
by the Expert?

Research begins with a clear formulation of a research question. The data to be
collected and analyzed must relate directly to this question; otherwise, appropri-
ate inferences cannot be drawn from the statistical analysis. For example, if the
question at issue in a patent infringement case is what price the plaintiff’s product
would have been but for the sale of the defendant’s infringing product, sufticient
data must be available to allow the expert to account statistically for the important
factors that determine the price of the product.

B. What Model Should Be Used to Evaluate the Question at
Issue?

Model specification involves several steps, each of which is fundamental to the suc-
cess of the research effort. Ideally, a multiple regression analysis builds on a theory
that describes the variables to be included in the study. A typical regression model
will include one or more dependent variables, each of which is believed to be caus-
ally related to a series of explanatory variables. Because we cannot be certain that
the explanatory variables are themselves unaffected or independent of the influence
of the dependent variable (at least at the point of initial study), the explanatory
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variables are often termed covariates. Covariates are known to have an association
with the dependent or outcome variable, but causality remains an open question.

For example, the theory of labor markets might lead one to expect salaries in
an industry to be related to workers’ experience and the productivity of workers’
jobs. A belief that there is job discrimination would lead one to create a model
in which the dependent variable was a measure of workers’ salaries and the list of
covariates included a variable reflecting discrimination in addition to measures
of job training and experience.

In a perfect world, the analysis of the job discrimination (or any other) issue
might be accomplished through a controlled “natural experiment,” in which
employees would be randomly assigned to a variety of employers in an industry
under study and asked to fill positions requiring identical experience and skills. In
this observational study, where the only difference in salaries could be a result of
discrimination, it would be possible to draw clear and direct inferences from an
analysis of salary data. Unfortunately, the opportunity to conduct observational
studies of this kind is rarely available to experts in the context of legal proceedings.
In the real world, experts must do their best to interpret the results of real-world
“quasi-experiments,” in which it is impossible to control all factors that might affect
worker salaries or other variables of interest.??

Models are often characterized in terms of parameters—numerical character-
istics of the model. In the labor market discrimination example, one parameter
might reflect the increase in salary associated with each additional year of prior
job experience. Another parameter might reflect the reduction in salary associated
with a lack of current on-the-job experience. Multiple regression uses a sample,
or a selection of data, from the population (all the units of interest) to obtain esti-
mates of the values of the parameters of the model. An estimate associated with a
particular explanatory variable is an estimated regression coefficient.

Failure to develop the proper theory, failure to choose the appropriate vari-
ables, or failure to choose the correct form of the model can substantially bias the
statistical results—that is, create a systematic tendency for an estimate of a model
parameter to be too high or too low.

1. Choosing the dependent variable

The variable to be explained, the dependent variable, should be the appropriate
variable for analyzing the question at issue.?® Suppose, for example, that pay dis-

25. In the literature on natural and quasi-experiments, the explanatory variables are characterized
as “treatments” and the dependent variable as the “outcome.” For a review of natural experiments
in the criminal justice arena, see David P. Farrington, A Short History of Randomized Experiments in
Criminology, 27 Evaluation Rev. 218-27 (2003).

26. In multiple regression analysis, the dependent variable is usually a continuous variable that
takes on a range of numerical values. When the dependent variable is categorical, taking on only two
or three values, modified forms of multiple regression, such as probit analysis or logit analysis, are
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crimination among hourly workers is a concern. One choice for the dependent
variable is the hourly wage rate of the employees; another choice is the annual
salary. The distinction is important, because annual salary differences may in part
result from differences in hours worked. If the number of hours worked is the
product of worker preferences and not discrimination, the hourly wage is a good
choice. If the number of hours worked is related to the alleged discrimination,

annual salary is the more appropriate dependent variable to choose.?’

2. Choosing the explanatory variable that is relevant to the question at issue

The explanatory variable that allows the evaluation of alternative hypotheses must
be chosen appropriately. Thus, in a discrimination case, the variable of interest
may be the race or sex of the individual. In an antitrust case, it may be a variable

that takes on the value 1 to reflect the presence of the alleged anticompetitive

behavior and the value 0 otherwise.?8

3. Choosing the additional explanatory variables

An attempt should be made to identify additional known or hypothesized explana-
tory variables, some of which are measurable and may support alternative substan-
tive hypotheses that can be accounted for by the regression analysis. Thus, in a
discrimination case, a measure of the skills of the workers may provide an alterna-
tive explanation—lower salaries may have been the result of inadequate skills.?’

appropriate. For an example of the use of the latter, see EEOC v. Sears, Roebuck & Co., 839 F.2d 302,
325 (7th Cir. 1988) (EEOC used logit analysis to measure the impact of variables, such as age, educa-
tion, job-type experience, and product-line experience, on the female percentage of commission hires).

27. In job systems in which annual salaries are tied to grade or step levels, the annual salary cor-
responding to the job position could be more appropriate.

28. Explanatory variables may vary by type, which will affect the interpretation of the regression
results. Thus, some variables may be continuous and others may be categorical.

29. In James v. Stockham Valves, 559 F. 2d 310 (5th Cir. 1977), the Court of Appeals rejected
the employer’s claim that skill level rather than race determined assignment and wage levels, noting
the circularity of defendant’s argument. In Ottaviani v. State University of New York, 679 F. Supp. 288,
306-08 (S.D.N.Y. 1988), aff’d, 875 F.2d 365 (2d Cir. 1989), cert. denied, 493 U.S. 1021 (1990), the
court ruled (in the liability phase of the trial) that the university showed that there was no discrimi-
nation in either placement into initial rank or promotions between ranks, and so rank was a proper
variable in multiple regression analysis to determine whether women faculty members were treated
differently than men.

However, in Trout v. Garrett, 780 F. Supp. 1396, 1414 (D.D.C. 1991), the court ruled (in the
damage phase of the trial) that the extent of civilian employees’ prehire work experience was not
an appropriate variable in a regression analysis to compute back pay in employment discrimination.
According to the court, including the prehire level would have resulted in a finding of no sex discrimi-
nation, despite a contrary conclusion in the liability phase of the action. Id. See also Stuart v. Roache,
951 F.2d 446 (1st Cir. 1991) (allowing only 3 years of seniority to be considered as the result of prior
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Not all possible variables that might influence the dependent variable can be
included if the analysis is to be successful; some cannot be measured, and others
may make little difference.? If a preliminary analysis shows the unexplained
portion of the multiple regression to be unacceptably high, the expert may seek

to discover whether some previously undetected variable is missing from the

analysis.>!

Failure to include a major explanatory variable that is correlated with the
variable of interest in a regression model may cause an included variable to be
credited with an effect that actually is caused by the excluded variable.?? In gen-
eral, omitted variables that are correlated with the dependent variable reduce the
probative value of the regression analysis. The importance of omitting a relevant
variable depends on the strength of the relationship between the omitted variable
and the dependent variable and the strength of the correlation between the omit-
ted variable and the explanatory variables of interest. Other things being equal,
the greater the correlation between the omitted variable and the variable of inter-
est, the greater the bias caused by the omission. As a result, the omission of an
important variable may lead to inferences made from regression analyses that do
not assist the trier of fact.>

discrimination), cert. denied, 504 U.S. 913 (1992). Whether a particular variable reflects “legitimate”
considerations or itself reflects or incorporates illegitimate biases is a recurring theme in discrimination
cases. See, e.g., Smith v. Virginia Commonwealth Univ., 84 F.3d 672, 677 (4th Cir. 1996) (en banc)
(suggesting that whether “performance factors” should have been included in a regression analysis was
a question of material fact); id. at 681-82 (Luttig, J., concurring in part) (suggesting that the failure of
the regression analysis to include “performance factors” rendered it so incomplete as to be inadmis-
sible); id. at 690-91 (Michael, J., dissenting) (suggesting that the regression analysis properly excluded
“performance factors”); see also Diehl v. Xerox Corp., 933 F. Supp. 1157, 1168 (W.D.N.Y. 1996).

30. The summary effect of the excluded variables shows up as a random error term in the regres-
sion model, as does any modeling error. See Appendix, infra, for details. But see David W. Peterson,
Reference Guide on Multiple Regression, 36 Jurimetrics J. 213, 214 n.2 (1996) (review essay) (asserting
that “the presumption that the combined effect of the explanatory variables omitted from the model
are uncorrelated with the included explanatory variables” is “a knife-edge condition . . . not likely
to occur”).

31. A very low R-squared (R?) is one indication of an unexplained portion of the multiple
regression model that is unacceptably high. However, the inference that one makes from a particular
value of R? will depend, of necessity, on the context of the particular issues under study and the
particular dataset that is being analyzed. For reasons discussed in the Appendix, a low R? does not
necessarily imply a poor model (and vice versa).

32. Technically, the omission of explanatory variables that are correlated with the variable of
interest can cause biased estimates of regression parameters.

33. See Bazemore v. Friday, 751 F.2d 662, 671-72 (4th Cir. 1984) (upholding the district court’s
refusal to accept a multiple regression analysis as proof of discrimination by a preponderance of the
evidence, the court of appeals stated that, although the regression used four variable factors (race,
education, tenure, and job title), the failure to use other factors, including pay increases that varied by
county, precluded their introduction into evidence), aff’d in part, vacated in part, 478 U.S. 385 (1986).

Note, however, that in Sobel v. Yeshiva University, 839 F.2d 18, 33, 34 (2d Cir. 1988), cert. denied,
490 U.S. 1105 (1989), the court made clear that “a [Title VII] defendant challenging the validity of
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Onmitting variables that are not correlated with the variable of interest is, in
general, less of a concern, because the parameter that measures the effect of the
variable of interest on the dependent variable is estimated without bias. Suppose,
for example, that the effect of a policy introduced by the courts to encourage
husbands to pay child support has been tested by randomly choosing some cases
to be handled according to current court policies and other cases to be handled
according to a new, more stringent policy. The effect of the new policy might be
measured by a multiple regression using payment success as the dependent variable
and a 0 or 1 explanatory variable (1 if the new program was applied; 0 if it was
not). Failure to include an explanatory variable that reflected the age of the hus-
bands involved in the program would not affect the court’s evaluation of the new
policy, because men of any given age are as likely to be affected by the old policy
as they are the new policy. Randomly choosing the court’s policy to be applied
to each case has ensured that the omitted age variable is not correlated with the
policy variable.

Bias caused by the omission of an important variable that is related to the
included variables of interest can be a serious problem.** Nonetheless, it is pos-
sible for the expert to account for bias qualitatively if the expert has knowledge
(even if not quantifiable) about the relationship between the omitted variable
and the explanatory variable. Suppose, for example, that the plaintiff’s expert
in a sex discrimination pay case is unable to obtain quantifiable data that reflect
the skills necessary for a job, and that, on average, women are more skillful than
men. Suppose also that a regression analysis of the wage rate of employees (the
dependent variable) on years of experience and a variable reflecting the sex of
each employee (the explanatory variable) suggests that men are paid substantially
more than women with the same experience. Because differences in skill levels
have not been taken into account, the expert may conclude reasonably that the

a multiple regression analysis [has] to make a showing that the factors it contends ought to have been
included would weaken the showing of salary disparity made by the analysis,” by making a specific
attack and “a showing of relevance for each particular variable it contends . . . ought to [be| includ[ed]”
in the analysis, rather than by simply attacking the results of the plaintiffs” proof as inadequate for lack
of a given variable. See also Smith v. Virginia Commonwealth Univ., 84 F.3d 672 (4th Cir. 1996) (en
banc) (finding that whether certain variables should have been included in a regression analysis is a
question of fact that precludes summary judgment); Freeland v. AT&T, 238 FR.D. 130, 145 (S.D.N.Y.
2006) (“Ordinarily, the failure to include a variable in a regression analysis will affect the probative
value of the analysis and not its admissibility”).

Also, in Bazemore v. Friday, the Court, declaring that the Fourth Circuit’s view of the evidentiary
value of the regression analyses was plainly incorrect, stated that “[n]ormally, failure to include variables
will affect the analysis’ probativeness, not its admissibility. Importantly, it is clear that a regression
analysis that includes less than ‘all measurable variables’ may serve to prove a plaintiff’s case.” 478 U.S.
385, 400 (1986) (footnote omitted).

34. See also David H. Kaye & David A. Freedman, Reference Guide on Statistics, Section V.B.3,
in this manual.
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wage difference measured by the regression is a conservative estimate of the true
discriminatory wage difference.

The precision of the measure of the effect of a variable of interest on
the dependent variable is also important.®® In general, the more complete the
explained relationship between the included explanatory variables and the depen-
dent variable, the more precise the results. Note, however, that the inclusion of
explanatory variables that are irrelevant (i.e., not correlated with the dependent
variable) reduces the precision of the regression results. This can be a source of
concern when the sample size is small, but it is not likely to be of great conse-
quence when the sample size is large.

4. Choosing the functional form of the multiple regression model

Choosing the proper set of variables to be included in the multiple regression
model does not complete the modeling exercise. The expert must also choose the
proper form of the regression model. The most frequently selected form is
the linear regression model (described in the Appendix). In this model, the mag-
nitude of the change in the dependent variable associated with the change in any
of the explanatory variables is the same no matter what the level of the explana-
tory variables. For example, one additional year of experience might add $5000
to salary, regardless of the previous experience of the employee.

In some instances, however, there may be reason to believe that changes in
explanatory variables will have differential effects on the dependent variable as the
values of the explanatory variables change. In these instances, the expert should
consider the use of a nonlinear model. Failure to account for nonlinearities can
lead to either overstatement or understatement of the effect of a change in the
value of an explanatory variable on the dependent variable.

One particular type of nonlinearity involves the interaction among several
variables. An interaction variable is the product of two other variables that are
included in the multiple regression model. The interaction variable allows the
expert to take into account the possibility that the effect of a change in one vari-
able on the dependent variable may change as the level of another explanatory
variable changes. For example, in a salary discrimination case, the inclusion of a
term that interacts a variable measuring experience with a variable representing
the sex of the employee (1 if a female employee; 0 if a male employee) allows
the expert to test whether the sex differential varies with the level of experience.
A significant negative estimate of the parameter associated with the sex variable
suggests that inexperienced women are discriminated against, whereas a significant

35. A more precise estimate of a parameter is an estimate with a smaller standard error. See
Appendix, infra, for details.

316

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Guide on Multiple Regression

negative estimate of the interaction parameter suggests that the extent of discrimi-

nation increases with experience.’®

Note that insignificant coefficients in a model with interactions may suggest a
lack of discrimination, whereas a model without interactions may suggest the con-
trary. It is especially important to account for interaction terms that could affect
the determination of discrimination; failure to do so may lead to false conclusions
concerning discrimination.

5. Choosing multiple regression as a method of analysis

There are many multivariate statistical techniques other than multiple regres-

sion that are useful in legal proceedings. Some statistical methods are appropriate

when nonlinearities are important;>’ others apply to models in which the depen-

dent variable is discrete, rather than continuous.*® Still others have been applied

predominantly to respond to methodological concerns arising in the context of

discrimination litigation.*’

It is essential that a valid statistical method be applied to assist with the analy-
sis in each legal proceeding. Therefore, the expert should be prepared to explain
why any chosen method, including multiple regression, was more suitable than
the alternatives.

36. For further details concerning interactions, see the Appendix, infra. Note that in Ottaviani v.
State University of New York, 875 F.2d 365, 367 (2d Cir. 1989), cert. denied, 493 U.S. 1021 (1990), the
defendant relied on a regression model in which a dummy variable reflecting gender appeared as an
explanatory variable. The female plaintiff, however, used an alternative approach in which a regression
model was developed for men only (the alleged protected group). The salaries of women predicted by
this equation were then compared with the actual salaries; a positive difference would, according to
the plaintiff, provide evidence of discrimination. For an evaluation of the methodological advantages
and disadvantages of this approach, see Joseph L. Gastwirth, A Clarification of Some Statistical Issues in
‘Watson v. Fort Worth Bank and Trust, 29 Jurimetrics J. 267 (1989).

37. These techniques include, but are not limited to, piecewise linear regression, polynomial
regression, maximum likelihood estimation of models with nonlinear functional relationships, and
autoregressive and moving-average time-series models. See, e.g., Pindyck & Rubinfeld, supra note 23,
at 117-21, 136-37, 273-84, 463—601.

38. For a discussion of probit analysis and logit analysis, techniques that are useful in the analysis
of qualitative choice, see id. at 248-81.

39. The correct model for use in salary discrimination suits is a subject of debate among labor
economists. As a result, some have begun to evaluate alternative approaches, including urn models
(Bruce Levin & Herbert Robbins, Um Models for Regression Analysis, with Applications to Employment
Discrimination Studies, Law & Contemp. Probs., Autumn 1983, at 247) and, as a means of correct-
ing for measurement errors, reverse regression (Delores A. Conway & Harry V. Roberts, Reverse
Regression, Fairmess, and Employment Discrimination, 1 J. Bus. & Econ. Stat. 75 (1983)). But see Arthur
S. Goldberger, Redirecting Reverse Regressions, 2 J. Bus. & Econ. Stat. 114 (1984); Arlene S. Ash, The
Perverse Logic of Reverse Regression, in Statistical Methods in Discrimination Litigation 85 (D.H. Kaye
& Mikel Aickin eds., 1986).
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[II. Interpreting Multiple Regression
Results

Multiple regression results can be interpreted in purely statistical terms, through
the use of significance tests, or they can be interpreted in a more practical, nonsta-
tistical manner. Although an evaluation of the practical significance of regression
results is almost always relevant in the courtroom, tests of statistical significance
are appropriate only in particular circumstances.

A. What Is the Practical, as Opposed to the Statistical,
Significance of Regression Results?

Practical significance means that the magnitude of the effect being studied is
not de minimis—it is sufficiently important substantively for the court to be
concerned. For example, if the average wage rate is $10.00 per hour, a wage
differential between men and women of $0.10 per hour is likely to be deemed
practically insignificant because the differential represents only 1% ($0.10/$10.00)
of the average wage rate.* That same difference could be statistically significant,
however, if a sufficiently large sample of men and women was studied.*! The
reason is that statistical significance is determined, in part, by the number of
observations in the dataset.

As a general rule, the statistical significance of the magnitude of a regression
coefficient increases as the sample size increases. Thus, a $1.00 per hour wage
differential between men and women that was determined to be insignificantly
different from zero with a sample of 20 men and women could be highly signifi-
cant if the sample size were increased to 200.

Often, results that are practically significant are also statistically significant.*?
However, it is possible with a large dataset to find statistically significant coeffi-

40. There is no specific percentage threshold above which a result is practically significant. Prac-
tical significance must be evaluated in the context of a particular legal issue. See also David H. Kaye &
David A. Freedman, Reference Guide on Statistics, Section IV.B.2, in this manual.

41. Practical significance also can apply to the overall credibility of the regression results. Thus,
in McCleskey v. Kemp, 481 U.S. 279 (1987), coefficients on race variables were statistically significant,
but the Court declined to find them legally or constitutionally significant.

42. In Melani v. Board of Higher Education, 561 F. Supp. 769, 774 (S.D.N.Y. 1983), a Title VII
suit was brought against the City University of New York (CUNY) for allegedly discriminating against
female instructional staft in the payment of salaries. One approach of the plaintiff’s expert was to use
multiple regression analysis. The coefficient on the variable that reflected the sex of the employee
was approximately $1800 when all years of data were included. Practically (in terms of average wages
at the time) and statistically (in terms of a 5% significance test), this result was significant. Thus, the
court stated that “[p]laintiffs have produced statistically significant evidence that women hired as CUNY
instructional staff since 1972 received substantially lower salaries than similarly qualified men.” Id. at
781 (emphasis added). For a related analysis involving multiple comparison, see Csicseri v. Bowsher,
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cients that are practically insignificant. Similarly, it is also possible (especially when
the sample size is small) to obtain results that are practically significant but fail to
achieve statistical significance. Suppose, for example, that an expert undertakes a
damages study in a patent infringement case and predicts “but-for sales”—what
sales would have been had the infringement not occurred—using data that predate
the period of alleged infringement. If data limitations are such that only 3 or 4
years of preinfringement sales are known, the difference between but-for sales and
actual sales during the period of alleged infringement could be practically signifi-
cant but statistically insignificant. Alternatively, with only 3 or 4 data points, the
expert would be unable to detect an eftect, even if one existed.

1. When should statistical tests be used?

A test of a specific contention, a hypothesis test, often assists the court in determin-
ing whether a violation of the law has occurred in areas in which direct evidence
is inaccessible or inconclusive. For example, an expert might use hypothesis tests
in race and sex discrimination cases to determine the presence of a discriminatory
effect.

Statistical evidence alone never can prove with absolute certainty the worth
of any substantive theory. However, by providing evidence contrary to the view
that a particular form of discrimination has not occurred, for example, the mul-
tiple regression approach can aid the trier of fact in assessing the likelihood that
discrimination has occurred.*?

Tests of hypotheses are appropriate in a cross-sectional analysis, in which the
data underlying the regression study have been chosen as a sample of a population
at a particular point in time, and in a time-series analysis, in which the data being
evaluated cover a number of time periods. In either analysis, the expert may want
to evaluate a specific hypothesis, usually relating to a question of liability or to the
determination of whether there is measurable impact of an alleged violation. Thus,
in a sex discrimination case, an expert may want to evaluate a null hypothesis of
no discrimination against the alternative hypothesis that discrimination takes a par-

862 F. Supp. 547, 572 (D.D.C. 1994) (noting that plaintiff’s expert found “statistically significant
instances of discrimination” in 2 of 37 statistical comparisons, but suggesting that “2 of 37 amounts to
roughly 5% and is hardly indicative of a pattern of discrimination”), aff’d, 67 E.3d 972 (D.C. Cir. 1995).

43. See International Brotherhood. of Teamsters v. United States, 431 U.S. 324 (1977) (the
Court inferred discrimination from overwhelming statistical evidence by a preponderance of the evi-
dence); Ryther v. KARE 11, 108 E.3d 832, 844 (8th Cir. 1997) (“The plaintiff produced overwhelm-
ing evidence as to the elements of a prima facie case, and strong evidence of pretext, which, when
considered with indications of age-based animus in [plaintiff’s| work environment, clearly provide
sufficient evidence as a matter of law to allow the trier of fact to find intentional discrimination.”);
Paige v. California, 291 F.3d 1141 (9th Cir. 2002) (allowing plaintiffs to rely on aggregated data to
show employment discrimination).
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ticular form.** Alternatively, in an antitrust damages proceeding, the expert may
want to test a null hypothesis of no legal impact against the alternative hypothesis
that there was an impact. In either type of case, it is important to realize that
rejection of the null hypothesis does not in itself prove legal liability. It is possible
to reject the null hypothesis and believe that an alternative explanation other than
one involving legal liability accounts for the results.*?

Often, the null hypothesis is stated in terms of a particular regression coeffi-
cient being equal to 0. For example, in a wage discrimination case, the null
hypothesis would be that there 1s no wage difference between sexes. If a negative
difference is observed (meaning that women are found to earn less than men, after
the expert has controlled statistically for legitimate alternative explanations), the
difference is evaluated as to its statistical significance using the t-test.*® The f-test
uses the f-statistic to evaluate the hypothesis that a model parameter takes on a
particular value, usually 0.

2. What is the appropriate level of statistical significance?

In most scientific work, the level of statistical significance required to reject the
null hypothesis (i.e., to obtain a statistically significant result) is set convention-
ally at 0.05, or 5%.*” The significance level measures the probability that the
null hypothesis will be rejected incorrectly. In general, the lower the percent-
age required for statistical significance, the more difficult it is to reject the null
hypothesis; therefore, the lower the probability that one will err in doing so.
Although the 5% criterion is typical, reporting of more stringent 1% significance
tests or less stringent 10% tests can also provide useful information.

In doing a statistical test, it is useful to compute an observed significance
level, or p-value. The p-value associated with the null hypothesis that a regression
coetticient is O is the probability that a coefficient of this magnitude or larger could
have occurred by chance if the null hypothesis were true. If the p-value were less
than or equal to 5%, the expert would reject the null hypothesis in favor of the

44. Tests are also appropriate when comparing the outcomes of a set of employer decisions with
those that would have been obtained had the employer chosen differently from among the available
options.

45. See David H. Kaye & David A. Freedman, Reference Guide on Statistics, Section IV.C.5,
in this manual.

46. The t-test is strictly valid only if a number of important assumptions hold. However, for
many regression models, the test is approximately valid if the sample size is sufficiently large. See
Appendix, infra, for a more complete discussion of the assumptions underlying multiple regression..

47. See, e.g., Palmer v. Shultz, 815 F.2d 84, 92 (D.C. Cir. 1987) (“‘the .05 level of significance
... [is] certainly sufficient to support an inference of discrimination’ (quoting Segar v. Smith, 738
F.2d 1249, 1283 (D.C. Cir. 1984), cert. denied, 471 U.S. 1115 (1985))); United States v. Delaware,
2004 U.S. Dist. LEXIS 4560 (D. Del. Mar. 22, 2004) (stating that .05 is the normal standard chosen).
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alternative hypothesis; if the p-value were greater than 5%, the expert would fail
to reject the null hypothesis. *®

3. Should statistical tests be one-tailed or two-tailed?

When the expert evaluates the null hypothesis that a variable of interest has no
linear association with a dependent variable against the alternative hypothesis that
there is an association, a two-tailed test, which allows for the effect to be either
positive or negative, is usually appropriate. A one-tailed test would usually be
applied when the expert believes, perhaps on the basis of other direct evidence
presented at trial, that the alternative hypothesis is either positive or negative, but
not both. For example, an expert might use a one-tailed test in a patent infringe-
ment case if he or she strongly believes that the effect of the alleged infringement
on the price of the infringed product was either zero or negative. (The sales of
the infringing product competed with the sales of the infringed product, thereby
lowering the price.) By using a one-tailed test, the expert is in effect stating that
prior to looking at the data it would be very surprising if the data pointed in the
direct opposite to the one posited by the expert.

Because using a one-tailed test produces p-values that are one-half the size of
p-values using a two-tailed test, the choice of a one-tailed test makes it easier for
the expert to reject a null hypothesis. Correspondingly, the choice of a two-tailed
test makes null hypothesis rejection less likely. Because there is some arbitrariness
involved in the choice of an alternative hypothesis, courts should avoid relying
solely on sharply defined statistical tests.*’ Reporting the p-value or a confidence
interval should be encouraged because it conveys useful information to the court,
whether or not a null hypothesis is rejected.

48. The use of 1%, 5%, and, sometimes, 10% levels for determining statistical significance
remains a subject of debate. One might argue, for example, that when regression analysis is used in
a price-fixing antitrust case to test a relatively specific alternative to the null hypothesis (e.g., price
fixing), a somewhat lower level of confidence (a higher level of significance, such as 10% ) might be
appropriate. Otherwise, when the alternative to the null hypothesis is less specific, such as the rather
vague alternative of “effect” (e.g., the price increase is caused by the increased cost of production,
increased demand, a sharp increase in advertising, or price fixing), a high level of confidence (associated
with a low significance level, such as 1%) may be appropriate. See, e.¢., Vuyanich v. Republic Nat’l
Bank, 505 F. Supp. 224, 272 (N.D. Tex. 1980) (noting the “arbitrary nature of the adoption of the
5% level of [statistical] significance” to be required in a legal context); Cook v. Rockwell Int’l Corp.,
2006 U.S. Dist. LEXIS 89121 (D. Colo. Dec. 7, 2006).

49. Courts have shown a preference for two-tailed tests. See, e.g., Palmer v. Shultz, 815 F.2d
84, 95-96 (D.C. Cir. 1987) (rejecting the use of one-tailed tests, the court found that because some
appellants were claiming overselection for certain jobs, a two-tailed test was more appropriate in Title
VII cases); Moore v. Summers, 113 F. Supp. 2d 5, 20 (D.D.C. 2000) (reiterating the preference for a
two-tailed test). See also David H. Kaye & David A. Freedman, Reference Guide on Statistics, Sec-
tion IV.C.2, in this manual; Csicseri v. Bowsher, 862 F. Supp. 547, 565 (D.D.C. 1994) (finding that
although a one-tailed test is “not without merit,” a two-tailed test is preferable).
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B. Are the Regression Results Robust?

The issue of robustness—whether regression results are sensitive to slight modi-
fications in assumptions (c.g., that the data are measured accurately)—is of vital
importance. If the assumptions of the regression model are valid, standard statistical
tests can be applied. However, when the assumptions of the model are violated,
standard tests can overstate or understate the significance of the results.

The violation of an assumption does not necessarily invalidate a regres-
sion analysis, however. In some instances in which the assumptions of multiple
regression analysis fail, there are other statistical methods that are appropriate.
Consequently, experts should be encouraged to provide additional information
that relates to the issue of whether regression assumptions are valid, and if they
are not valid, the extent to which the regression results are robust. The following
questions highlight some of the more important assumptions of regression analysis.

1. What evidence exists that the explanatory variable causes changes in
the dependent variable?

In the multiple regression framework, the expert often assumes that changes in
explanatory variables affect the dependent variable, but changes in the dependent
variable do not affect the explanatory variables—that is, there is no feedback.”’
In making this assumption, the expert draws the conclusion that a correlation
between a covariate and the dependent outcome variable results from the effect of
the former on the latter and not vice versa. Were it the case that the causality was
reversed so that the outcome variable affected the covariate, and not vice versa,
spurious correlation is likely to cause the expert and the trier of fact to reach the
wrong conclusion. Finally, it is possible in some cases that both the outcome vari-
able and the covariate each affect the other; if the expert does not take this more
complex relationship into account, the regression coefficient on the variable of
interest could be either too high or too low.>!

Figure 1 illustrates this point. In Figure 1(a), the dependent variable, price, is
explained through a multiple regression framework by three covariate explanatory
variables—demand, cost, and advertising—with no feedback. Each of the three
covariates 1s assumed to affect price causally, while price is assumed to have no
effect on the three covariates. However, in Figure 1(b), there is feedback, because
price affects demand, and demand, cost, and advertising affect price. Cost and
advertising, however, are not affected by price. In this case both price and demand
are jointly determined; each has a causal effect on the other.

50. The assumption of no feedback is especially important in litigation, because it is possible for
the defendant (if responsible, for example, for price fixing or discrimination) to affect the values of
the explanatory variables and thus to bias the usual statistical tests that are used in multiple regression.

51. When both eftects occur at the same time, this is described as “simultaneity.”
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Figure 1. Feedback.

1(a). No Feedback

/ Demand

Price < Cost

\ Advertising

1(b). Feedback

/ Demand

Price < Cost

\ Advertising

As a general rule, there are no basic direct statistical tests for determining the

direction of causality; rather, the expert, when asked, should be prepared to defend
his or her assumption based on an understanding of the underlying behavior evi-
dence relating to the businesses or individuals involved.>?

Although there is no single approach that is entirely suitable for estimating
models when the dependent variable affects one or more explanatory variables,
one possibility is for the expert to drop the questionable variable from the regres-
sion to determine whether the variable’s exclusion makes a difference. If it does
not, the issue becomes moot. Another approach is for the expert to expand the
multiple regression model by adding one or more equations that explain the rela-
tionship between the explanatory variable in question and the dependent variable.

Suppose, for example, that in a salary-based sex discrimination suit the defen-
dant’s expert considers employer-evaluated test scores to be an appropriate explan-
atory variable for the dependent variable, salary. If the plaintiff were to provide
information that the employer adjusted the test scores in a manner that penalized
women, the assumption that salaries were determined by test scores and not that
test scores were affected by salaries might be invalid. If it is clearly inappropriate,

52. There are statistical time-series tests for particular formulations of causality; see Pindyck &
Rubinfeld, supra note 23, § 9.2.
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the test-score variable should be removed from consideration. Alternatively, the
information about the employer’s use of the test scores could be translated into
a second equation in which a new dependent variable—test score—is related to
workers’ salary and sex. A test of the hypothesis that salary and sex affect test scores
would provide a suitable test of the absence of feedback.

2. To what extent are the explanatory variables correlated with each other?

It is essential in multiple regression analysis that the explanatory variable of interest
not be correlated perfectly with one or more of the other explanatory variables.
If there were perfect correlation between two variables, the expert could not
separate out the effect of the variable of interest on the dependent variable from
the effect of the other variable. In essence, there are two explanations for the
same pattern in the data. Suppose, for example, that in a sex discrimination suit, a
particular form of job experience is determined to be a valid source of high wages.
If all men had the requisite job experience and all women did not, it would be
impossible to tell whether wage differentials between men and women were the
result of sex discrimination or differences in experience.

When two or more explanatory variables are correlated perfectly—that is,
when there is perfect collinearity—one cannot estimate the regression parameters.
The existing dataset does not allow one to distinguish between alternative com-
peting explanations of the movement in the dependent variable. However, when
two or more variables are highly, but not perfectly, correlated—that is, when there
is multicollinearity—the regression can be estimated, but some concerns remain.
The greater the multicollinearity between two variables, the less precise are the
estimates of individual regression parameters, and an expert is less able to distin-
guish among competing explanations for the movement in the outcome variable
(even though there is no problem in estimating the joint influence of the two
variables and all other regression parameters).>?

Fortunately, the reported regression statistics take into account any multi-
collinearity that might be present.>* It is important to note as a corollary, how-
ever, that a failure to find a strong relationship between a variable of interest and

53. See Griggs v. Duke Power Co., 401 U.S. 424 (1971) (The court argued that an education
requirement was one rationalization of the data, but racial discrimination was another. If you had put
both race and education in the regression, it would have been asking too much of the data to tell
which variable was doing the real work, because education and race were so highly correlated in the
market at that time.).

54. See Denny v. Westfield State College, 669 F. Supp. 1146, 1149 (D. Mass. 1987) (The court
accepted the testimony of one expert that “the presence of multicollinearity would merely tend to
overestimate the amount of error associated with the estimate. . . . In other words, p-values will be
artificially higher than they would be if there were no multicollinearity present.”) (emphasis added);
In re High Fructose Corn Syrup Antitrust Litig., 295 F.3d 651, 659 (7th Cir. Ill. 2002) (refusing to
second-guess district court’s admission of regression analyses that addressed multicollinearity in dif-

ferent ways).
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a dependent variable need not imply that there is no relationship.>> A relatively
small sample, or even a large sample with substantial multicollinearity, may not
provide sufficient information for the expert to determine whether there is a
relationship.

3. To what extent are individual errors in the regression model
independent?

If the expert calculated the parameters of a multiple regression model using as data
the entire population, the estimates might still measure the model’s population
parameters with error. Errors can arise for a number of reasons, including (1) the
failure of the model to include the appropriate explanatory variables, (2) the failure
of the model to reflect any nonlinearities that might be present, and (3) the inclu-
sion of inappropriate variables in the model. (Of course, further sources of error
will arise if a sample, or subset, of the population is used to estimate the regression
parameters.)

It is useful to view the cumulative effect of all of these sources of modeling
error as being represented by an additional variable, the error term, in the mul-
tiple regression model. An important assumption in multiple regression analysis is
that the error term and each of the explanatory variables are independent of each
other. (If the error term and an explanatory variable are independent, they are not
correlated with cach other.) To the extent this is true, the expert can estimate the
parameters of the model without bias; the magnitude of the error term will affect
the precision with which a model parameter is estimated, but will not cause that
estimate to be consistently too high or too low.

The assumption of independence may be inappropriate in a number of cir-
cumstances. In some instances, failure of the assumption makes multiple regres-
sion analysis an unsuitable statistical technique; in other instances, modifications
or adjustments within the regression framework can be made to accommodate
the failure.

The independence assumption may fail, for example, in a study of individual
behavior over time, in which an unusually high error value in one time period is
likely to lead to an unusually high value in the next time period. For example, if
an economic forecaster underpredicted this year’s Gross Domestic Product, he or
she is likely to underpredict next year’s as well; the factor that caused the predic-
tion error (e.g., an incorrect assumption about Federal Reserve policy) is likely
to be a source of error in the future.

55. If an explanatory variable of concern and another explanatory variable are highly correlated,
dropping the second variable from the regression can be instructive. If the coefficient on the explana-
tory variable of concern becomes significant, a relationship between the dependent variable and the
explanatory variable of concern is suggested.
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Alternatively, the assumption of independence may fail in a study of a group
of firms at a particular point in time, in which error terms for large firms are sys-
tematically higher than error terms for small firms. For example, an analysis of the
profitability of firms may not accurately account for the importance of advertising
as a source of increased sales and profits. To the extent that large firms advertise
more than small firms, the regression errors would be large for the large firms and
small for the small firms. A third possibility is that the dependent variable varies
at the individual level, but the explanatory variable of interest varies only at the
level of a group. For example, an expert might be viewing the price of a product
in an antitrust case as a function of a variable or variables that measure the market-
ing channel through which the product is sold (e.g., wholesale or retail). In this
case, errors within each of the marketing groups are likely not to be independent.
Failure to account for this could cause the expert to overstate the statistical sig-
nificance of the regression parameters.

In some instances, there are statistical tests that are appropriate for evaluating
the independence assumption.®® If the assumption has failed, the expert should
ask first whether the source of the lack of independence is the omission of an
important explanatory variable from the regression. If so, that variable should be
included when possible, or the potential effect of its omission should be estimated
when inclusion is not possible. If there is no important missing explanatory vari-
able, the expert should apply one or more procedures that modify the standard
multiple regression technique to allow for more accurate estimates of the regres-

sion parameters.>’

4. To what extent are the regression results sensitive to individual data
points?

Estimated regression coefficients can be highly sensitive to particular data points.
Suppose, for example, that one data point deviates greatly from its expected value,
as indicated by the regression equation, while the remaining data points show

56. In a time-series analysis, the correlation of error values over time, the “serial correlation,”
can be tested (in most instances) using a number of tests, including the Durbin-Watson test. The
possibility that some error terms are consistently high in magnitude and others are systematically low,
heteroscedasticity can also be tested in a number of ways. See, e.g., Pindyck & Rubinfeld, supra note
23, at 146-59. When serial correlation and/or heteroscedasticity are present, the standard errors asso-
ciated with the estimated coefficients must be modified. For a discussion of the use of such “robust”
standard errors, see Jeffrey M. Wooldridge, Introductory Econometrics: A Modern Approach, ch. 8
(4th ed. 2009).

57. When serial correlation is present, a number of closely related statistical methods are appro-
priate, including generalized differencing (a type of generalized least squares) and maximum likelihood
estimation. When heteroscedasticity is the problem, weighted least squares and maximum likelihood esti-
mation are appropriate. See, e.g., id. All these techniques are readily available in a number of statistical
computer packages. They also allow one to perform the appropriate statistical tests of the significance of

the regression coefficients.

326

Copyright © National Academy of Sciences. All rights reserved.



Reference Manual on Scientific Evidence: Third Edition

Reference Guide on Multiple Regression

little deviation. It would not be unusual in this situation for the coefficients in
a multiple regression to change substantially if the data point in question were
removed from the sample.

Evaluating the robustness of multiple regression results is a complex endeavor.
Consequently, there is no agreed set of tests for robustness that analysts should
apply. In general, it is important to explore the reasons for unusual data points. If
the source is an error in recording data, the appropriate corrections can be made.
If all the unusual data points have certain characteristics in common (e.g., they
all are associated with a supervisor who consistently gives high ratings in an equal
pay case), the regression model should be modified appropriately.

One generally useful diagnostic technique is to determine to what extent
the estimated parameter changes as each data point in the regression analysis is
dropped from the sample. An influential data point—a point that causes the esti-
mated parameter to change substantially—should be studied further to determine
whether mistakes were made in the use of the data or whether important explana-
tory variables were omitted.>®

5. To what extent are the data subject to measurement error?

In multiple regression analysis it is assumed that variables are measured accu-
rately.>® If there are measurement errors in the dependent variable, estimates of
regression parameters will be less accurate, although they will not necessarily be
biased. However, if one or more independent variables are measured with error,
the corresponding parameter estimates are likely to be biased, typically toward
zero (and other coefficient estimates are likely to be biased as well).

To understand why, suppose that the dependent variable, salary, is measured
without error, and the explanatory variable, experience, is subject to measurement
error. (Seniority or years of experience should be accurate, but the type of experi-
ence is subject to error, because applicants may overstate previous job responsibili-
ties.) As the measurement error increases, the estimated parameter associated with
the experience variable will tend toward zero, that is, eventually, there will be no
relationship between salary and experience.

It is important for any source of measurement error to be carefully evaluated.
In some circumstances, little can be done to correct the measurement-error prob-

58. A more complete and formal treatment of the robustness issue appears in David A. Belsley et
al., Regression Diagnostics: Identifying Influential Data and Sources of Collinearity 229—-44 (1980). For
a useful discussion of the detection of outliers and the evaluation of influential data points, see R.D.
Cook & S. Weisberg, Residuals and Influence in Regression (Monographs on Statistics and Applied
Probability No. 18, 1982). For a broad discussion of robust regression methods, see Peer J. Rouseeuw
& Annick M. Leroy, Robust Regression and Outlier Detection (2004).

59. Inaccuracy can occur not only in the precision with which a particular variable is measured,
but also in the precision with which the variable to be measured corresponds to the appropriate theo-
retical construct specified by the regression model.
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lem; the regression results must be interpreted in that light. In other circumstances,
however, the expert can correct measurement error by finding a new, more reli-
able data source. Finally, alternative estimation techniques (using related variables
that are measured without error) can be applied to remedy the measurement-error

problem in some situations.%"

IV. The Expert

Multiple regression analysis is taught to students in extremely diverse fields,
including statistics, economics, political science, sociology, psychology, anthro-
pology, public health, and history. Nonetheless, the methodology is difficult to
master, necessitating a combination of technical skills (the science) and experience
(the art). This naturally raises two questions:

1. Who should be qualified as an expert?
2. When and how should the court appoint an expert to assist in the evalu-
ation of statistical issues, including those relating to multiple regression?

A. Who Should Be Qualified as an Expert?

Any individual with substantial training in and experience with multiple regression
and other statistical methods may be qualified as an expert.®! A doctoral degree in
a discipline that teaches theoretical or applied statistics, such as economics, history,
and psychology, usually signifies to other scientists that the proposed expert meets
this preliminary test of the qualification process.

The decision to qualify an expert in regression analysis rests with the court.
Clearly, the proposed expert should be able to demonstrate an understanding of
the discipline. Publications relating to regression analysis in peer-reviewed jour-
nals, active memberships in related professional organizations, courses taught on
regression methods, and practical experience with regression analysis can indicate
a professional’s expertise. However, the expert’s background and experience with
the specific issues and tools that are applicable to a particular case should also be
considered during the qualification process. Thus, if the regression methods are
being utilized to evaluate damages in an antitrust case, the qualified expert should
have sufficient qualifications in economic analysis as well as statistics. An individual
whose expertise lies solely with statistics will be limited in his or her ability to
evaluate the usefulness of alternative economic models. Similarly, if a case involves

60. See, e.g., Pindyck & Rubinfeld, supra note 23, at 178-98 (discussion of instrumental variables
estimation).

61. A proposed expert whose only statistical tool is regression analysis may not be able to judge
when a statistical analysis should be based on an approach other than regression analysis.
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eyewitness identification, a background in psychology as well as statistics may
provide essential qualifying elements.

B. Should the Court Appoint a Neutral Expert?

There are conflicting views on the issue of whether court-appointed experts
should be used. In complex cases in which two experts are presenting conflicting
statistical evidence, the use of a “neutral” court-appointed expert can be advan-
tageous. There are those who believe, however, that there is no such thing as a
truly “neutral” expert. In any event, if an expert is chosen, that individual should
have substantial expertise and experience—ideally, someone who is respected by
both plaintiffs and defendants.®?

The appointment of such an expert is likely to influence the presentation of
the statistical evidence by the experts for the parties in the litigation. The neutral
expert will have an incentive to present a balanced position that relies on broad
principles for which there is consensus in the community of experts. As a result,
the parties’ experts can be expected to present testimony that confronts core issues
that are likely to be of concern to the court and that is sufficiently balanced to be
persuasive to the court-appointed expert.®

Rule 706 of the Federal Rules of Evidence governs the selection and instruc-
tion of court-appointed experts. In particular:

1. The expert should be notified of his or her duties through a written court
order or at a conference with the parties.

2. The expert should inform the parties of his or her findings orally or in
writing.

3. If deemed appropriate by the court, the expert should be available to testify
and may be deposed or cross-examined by any party.

4. The court must determine the expert’s compensation.®*

5. The parties should be free to utilize their own experts.

Although not required by Rule 706, it will usually be advantageous for the
court to opt for the appointment of a neutral expert as early in the litigation pro-
cess as possible. It will also be advantageous to minimize any ex parte contact with

62. Judge Posner notes in In re High Fructose Corn Syrup Antitrust Litig., 295 F.2d 651, 665 (7th
Cir., 2002), “the judge and jury can repose a degree of confidence in his testimony that it could not
repose in that of a party’s witness. The judge and the jury may not understand the neutral expert
perfectly but at least they will know that he has no axe to grind, and so, to a degree anyway, they will
be able to take his testimony on faith.”

63. For a discussion of the presentation of expert evidence generally, including the use of court-
appointed experts, see Samuel R. Gross, Expert Evidence, 1991 Wis. L. Rev. 1113 (1991).

64. Although Rule 706 states that the compensation must come from public funds, complex
litigation may be sufficiently costly as to require that the parties share the costs of the neutral expert.
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the neutral expert; this will diminish the possibility that one or both parties will
come to the view that the court’s ultimate opinion was unreasonably influenced
by the neutral expert.

Rule 706 does not offer specifics as to the process of appointment of a court-
appointed expert. One possibility is to have the parties offer a short list of possible
appointees. If there was no common choice, the court could select from the com-
bined list, perhaps after allowing each party to exercise one or more peremptory
challenges. Another possibility is to obtain a list of recommended experts from a
selection of individuals known to be experts in the field.

V. Presentation of Statistical Evidence

The costs of evaluating statistical evidence can be reduced and the precision of
that evidence increased if the discovery process is used effectively. In evaluating
the admissibility of statistical evidence, courts should consider the following issues:

1. Has the expert provided sufficient information to replicate the multiple
regression analysis?

2. Are the expert’s methodological choices reasonable, or are they arbitrary
and unjustified?

A. What Disagreements Exist Regarding Data on Which the
Analysis Is Based?

In general, a clear and comprehensive statement of the underlying research
methodology is a requisite part of the discovery process. The expert should be
encouraged to reveal both the nature of the experimentation carried out and the
sensitivity of the results to the data and to the methodology.

The following suggestions are useful requirements that can substantially
improve the discovery process:

1. To the extent possible, the parties should be encouraged to agree to use
a common database. Even if disagreement about the significance of the
data remains, early agreement on a common database can help focus the
discovery process on the important issues in the case.

2. A party that offers data to be used in statistical work, including multiple
regression analysis, should be encouraged to provide the following to the
other parties: (a) a hard copy of the data when available and manageable
in size, along with the underlying sources; (b) computer disks or tapes on
which the data are recorded; (¢) complete documentation of the disks or
tapes; (d) computer programs that were used to generate the data (in hard
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copy if necessary, but preferably on a computer disk or tape, or both);
and (e) documentation of such computer programs. The documentation
should be sufticiently complete and clear so that the opposing expert can
reproduce all of the statistical work.

3. A party oftfering data should make available the personnel involved in the
compilation of such data to answer the other parties’ technical questions
concerning the data and the methods of collection or compilation.

4. A party proposing to offer an expert’s regression analysis at trial should
ask the expert to fully disclose (a) the database and its sources,® (b) the
method of collecting the data, and (c) the methods of analysis. When pos-
sible, this disclosure should be made sufficiently in advance of trial so that
the opposing party can consult its experts and prepare cross-examination.
The court must decide on a case-by-case basis where to draw the disclo-
sure line.

5. An opposing party should be given the opportunity to object to a database
or to a proposed method of analysis of the database to be offered at trial.
Objections may be to simple clerical errors or to more complex issues
relating to the selection of data, the construction of variables, and, on
occasion, the particular form of statistical analysis to be used. Whenever
possible, these objections should be resolved before trial.

6. The parties should be encouraged to resolve differences as to the appro-
priateness and precision of the data to the extent possible by informal
conference. The court should make an effort to resolve differences before
trial.

These suggestions are motivated by the objective of improving the discovery
process to make it more informative. The fact that these questions may raise some
doubts or concerns about a particular regression model should not be taken to
mean that the model does not provide useful information. It does, however, take
considerable skill for an expert to determine the extent to which information is
useful when the model being utilized has some shortcomings.

B. Which Database Information and Analytical Procedures
Will Aid in Resolving Disputes over Statistical Studies?%°

To help resolve disputes over statistical studies, experts should follow the guide-
lines below when presenting database information and analytical procedures:

65. These sources would include all variables used in the statistical analyses conducted by the
expert, not simply those variables used in a final analysis on which the expert expects to rely.

66. For a more complete discussion of these requirements, see The Evolving Role of Statistical
Assessments as Evidence in the Courts, app. F at 256 (Stephen E. Fienberg ed., 1989) (Recommended
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. The expert should state clearly the objectives of the study, as well as the time

frame to which it applies and the statistical population to which the results
are being projected.

. The expert should report the units of observation (e.g., consumers, busi-

nesses, or employees).

. The expert should clearly define each variable.
. The expert should clearly identify the sample for which data are being

studied,®” as well as the method by which the sample was obtained.

. The expert should reveal if there are missing data, whether caused by a

lack of availability (e.g., in business data) or nonresponse (e.g., in survey
data), and the method used to handle the missing data (e.g., deletion of
observations).

. The expert should report investigations into errors associated with the

choice of variables and assumptions underlying the regression model.

. If samples were chosen randomly from a population (i.e., probability sam-

pling procedures were used),’® the expert should make a good-faith effort
to provide an estimate of a sampling error, the measure of the difference
between the sample estimate of a parameter (such as the mean of a depen-
dent variable under study), and the (unknown) population parameter (the

population mean of the variable).®’

. If probability sampling procedures were not used, the expert should report

the set of procedures that was used to minimize sampling errors.

Standards on Disclosure of Procedures Used for Statistical Studies to Collect Data Submitted in Evi-

dence in Legal Cases).

67. The sample information is important because it allows the expert to make inferences about

the underlying population.

68. In probability sampling, each representative of the population has a known probability of

being in the sample. Probability sampling is ideal because it is highly structured, and in principle, it

can be replicated by others. Nonprobability sampling is less desirable because it is often subjective,

relying to a large extent on the judgment of the expert.

69. Sampling error is often reported in terms of standard errors or confidence intervals. See
Appendix, infra, for details.
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Appendix: The Basics of Multiple Regression

A. Introduction

This appendix illustrates, through examples, the basics of multiple regression
analysis in legal proceedings. Often, visual displays are used to describe the rela-
tionship between variables that are used in multiple regression analysis. Figure 2 is
a scatterplot that relates scores on a job aptitude test (shown on the x-axis) and job
performance ratings (shown on the y-axis). Each point on the scatterplot shows
where a particular individual scored on the job aptitude test and how his or her
job performance was rated. For example, the individual represented by Point A in
Figure 2 scored 49 on the job aptitude test and had a job performance rating of 62.

Figure 2. Scatterplot of scores on a job aptitude test relative to job performance

rating.
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The relationship between two variables can be summarized by a correlation
coefficient, which ranges in value from —1 (a perfect negative relationship) to
+1 (a perfect positive relationship). Figure 3 depicts three possible relationships
between the job aptitude variable and the job performance variable. In Figure 3(a),
there is a positive correlation: In general, higher job performance ratings are
associated with higher aptitude test scores, and lower job performance ratings
are associated with lower aptitude test scores. In Figure 3(b), the correlation is
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negative: Higher job performance ratings are associated with lower aptitude test
scores, and lower job performance ratings are associated with higher aptitude
test scores. Positive and negative correlat