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Preface 

DNA analysis promises to be the most important tool for human identification since 
Francis Galton developed the use of fingerprints for that purpose. We can confidently predict 
that, in the not-distant future, persons as closely related as brothers will be routinely 
distinguished, and DNA profiles will be as fully accepted as fingerprints now are. But that time 
has not yet arrived, and the winds of controversy have not been stilled. Hence this report. 

The technique for DNA profiling first appeared about 10 yearsago, and the subject is still 
young. In the early days there was doubt, both as to the reproducibility and reliability of the 
methods and as to the appropriateness of simplistic calculations that took no account of possible 
subdivision of the population. Despite the potential power of the technique, there were serious 
reservations about its actual use. 

In 1989, the National Research Council formed the Committee on DNA Technology in 
Forensic Science to study this new technique. The Committee issued its report in 1992. The 
report resolved a number of questions, and several of its recommendations were widely adopted. 
Nevertheless, it generated controversy and criticism. Much of that centered on the "interim 
ceiling principle," a procedure intended to provide an estimate of a profile frequency that is 
highly conservative (i.e. favorable to the defendant) and independent of the racial origins of the 
DNA. The principle was criticized as being arbitrary and unnecessarily conservative, as not 
taking population genetic theory into account, and as being subject to misuse. 

In April 1993, Judge William Sessions, then the Director of the FBI, requested that the 
NRC do a follow-up study to resolve the controversy and to answer other questions that recent 
empirical work permitted such a study to address. After a meeting of consultants in June 1993, 
the NRC decided to form a new committee and on August 30, 1993, I was asked to chair it. After 
a year's delay, mainly due to funding uncertainties, the committee members were named in 
August 1994, and the first meeting was held in September of that year. Subsequent meetings 
were held in November and in January and March of 1995. The main recommendations were 
agreed on and several revisions of a report were prepared between March and June. The 
remainderof the time has been spent in editing, revising, reviewing by the NRC Report Review 
Committee, and printing. 

In the report, after an introduction and background material (Chapters 1 and 2), we deal 
with the question of errors in the laboratory and chain of custody and recommend procedures to 
minimize them (Chapter 3). We then address the question of population subdivision and propose 
calculating procedures that take it into account (Chapter 4). We also consider the statistical 
interpretation of  DNA evidence, including statistical problems associated with the use of existing 
databases (Chapter 5). Finally, we include a review of DNA in the courts since the 1992 report 
(Chapter 6). 

Specific recommendations are numbered and given at the ends of the chapters and are 
reproduced in the Executive Summary and Overview. Other statements in the text are not 
intended to have the force of formal recommendations, although we do make a number of 
suggestions. We agree with some statements of the 1992 report and disagree with others. 
Statements that are not discussed are neither endorsed nor rejected. 
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This report is the result of many exchanges by phone, fax, and e-mail among the 
individual Committee members and Eric Fischer. We were greatly assisted throughout the 
project by Lee Paulson and Paulette Adams. The editor was Norman Grossblatt. During the 
course of the study we received advice by conversation and correspondence from many people. 
Some of these are listed at the end of the report, but the list is far from complete. We are 
indebted to all. We particularly thank those who took part in our public meeting on November 
18, 1994. 

Financial support for this study was provided by the National Institute of Justice, the 
State Justice Institute, the National Science Foundation, the National Institutes of Health, and the 
Department of Energy. 

This is a period of rapid Progress in developing and testing new methods of DNA 
analysis and of rapid increase in the size and diversity of databases. The information that has 
accumulated since the 1992 report permits us to be more confident of our recommendations. 
Courts have seen estimates of match probability ranging over several orders of magnitude. Our 
recommendations should lead to much greater agreement among the various estimates. I have no 
illusion that our report will eliminate the controversy; remaining uncertainties and the adversary 
system in the courts guarantee its continuance. But I hope that we have substantially narrowed 
the range of acce ~table differences. 

James F. Crow 

Committee on DNA Forensic Science: An Update 
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xii THE EVALUATION OF FORENSIC DNA EVIDENCE 

This report includes three parts: 

Executive Summary. This is intended for those who would like to know our 
recommendations along with minimal explanations. It will be of interest to those who want to 
get immediately to the bottom line. After a brief introduction, the conclusions are stated 
followed by a brief description of the rationale. 

Overview. This is intended for readers who are interested in the background for the 
conclusions and recommendations without the technical explanations in the main body of the 
report. Our intention is to present the scientific background for the conclusions with a minimum 
of jargon and technical material. The conclusions and recommendations, which are scattered in 
the various chapters of the main report, are repeated here for the reader's convenience. 

Chapters 1-6. These provide the scientific and technical background for the conclusions 
and recommendations. They are intended to be a rather thorough review of the basic principles 
and of the systems used in forensic analysis. They provide background data supporting the 
conclusions. Although we have tried to write as clearly as possible, the chapters, especially 4 
and 5, require some background in statistics and population genetics. 

Readers of any of the sections will find it useful to refer to the list of abbreviations (p 
XX) and the glossary_ (_19 XX). 

We are not aware of any inconsistencies among the three sections, but the full chapters 
provide the most accurate reflection of the committee's views. 
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Executive Summary' 

~ T R O D U C T I O N  

Nearly a decade has passed since DNA typing methods were first used in criminal 
investigations and trials. Law enforcement agencies have committed substantial resources to the 
technology; prosecutors, defense counsel, and judges have struggled with the terminology and 
ideas of  molecular biology, genetics, and statistics. In 1992, a broad-ranging report released by 
the National Research Council attempted to explain the basics of the relevant science and 
technology, to offer suggestions for improving forensic DNA testing and its use in law 
enforcement, and to quiet the controversy that had followed the introduction of DNA profiling in 
court. Yet, the report did not eliminate all controversy. Indeed, in propounding what the 
committee regarded as a moderate positionnthe ceiling principle and the interim ceiling 
principleDthe report itself became the target of criticism from scientists and lawyers on both 
sides of the debate on DNA evidence in the courts. Moreover, some of the statements in the 
1992 report have been misinterpreted or misapplied in the courts. 

This committee was formed to update and clarify discussion of the principles of 
population genetics and statistics as they apply to DNA evidence. Thus, this second report is 
much narrower than the 1992 report. Issues such as confidentiality and security, storage of 
samples for future use, the desirability and legality of data banks on convicted felons, and 
international exchange of information are not in our charge. Rather, this report deals mainly with 
the computation of  probabilities used to evaluate the implications of DNA test results that 
incriminate suspects. It focuses on situations where the DNA profile of a suspect (or sometimes 

a victim) apparently matches that of the evidence DNA. (We use the phrase "evidence DNA" to 
refer to the sample of biological material, such as blood or semen, usually taken from the crime 
scene or from the victim.) The central question that the report addresses is this: What 
information can a forensic scientist, population geneticist, or statistician provide to assist a judge 
or jury in drawing inferences from the finding of a match? 

To answer this question, the committee reviewed the scientific literature and the legal 
cases and commentary on DNA profiling, and it investigated the various criticisms that have 
been voiced about population data, statistics and laboratory error. Much has been learned since 
the last report. The technology for DNA profiling and the methods for estimating frequencies 
and related statistics have progressed to the point where the reliability and validity of properly 
collected and analyzed DNA data should not be in doubt. The new recommendations presented 
here should pave the way to more effective use of DNA evidence. 

This report describes both the science behind DNA profiling and the data on the 
frequency of profiles in human populations, and it recommends procedures for providing various 

Abbreviations, symbols, and technical t e rms  are defined in the list of abbreviations (3). XX) and the 
glossary (j). XX). The underlying concepts are explained in the overview and in appropriate chapters in the body of 
the report. 
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statistics that may be useful in the courtroom. The procedures are based on population genetics 
and statistics, and they render the ceiling principle and the interim ceiling principle unnecessary. 

This executive summary outlines the structure and contents of the full report, and it gives 
the recommendations together with abbreviated explanations of the reasons behind them. This 
summary does not constitute a complete exposition, and it is no substitute for a careful reading of 
the chapters that follow. As the report will reveal, the committee agrees with many 
recommendations of the 1992 report but disagrees with others. Since the committee has not 
attempted to review all the statements and recommendations in the 1992 report, the lack of 
discussion of any statement should not be interpreted as either endorsing or rejecting that 
statement. 

CONTENTS OF THE REPORT 

Overview. The report begins with an extended summary of the chapters that make up the 
full report. This overview describes the essentials of the subject with a minimum of jargon, 
statistics, and technical details, and it includes a numerical example that illustrates how the 
procedures that are discussed and recommended would apply in a typical case. The main report 
offers fuller explanations, details, and justifications. 

Chapter 1. The first chapter describes the 1992 report, the changes since that report, the 
uses and validity of DNA typing, differences between DNA typing in criminal cases and in civil 
paternity litigation, reasons for the seemingly contradictory probability estimates that different 
experts sometimes present in court, and the committee's approach to the issue of "population 
structure". 

Chapter 2. The second chapter describes the genetic and molecular basis of DNA typing. 
It introduces the fundamental concepts of genetics, and it surveys the genetic systems and the 
technologies used in DNA profiling. 

Chapter 3. The third chapter concerns laboratory performance. Although our focus is on 
the statistics that can be used to characterize the significance or implications of a match between 
two DNA samples, these statistics do not float in a vacuum. They relate to specific claims or 
hypotheses about the origin of the DNA samples. If DNA from an evidence sample and DNA 
from a suspect share a profile that has a low frequency in the population, this suggests that the 
samples came from the same person; the lower the frequency, the Stronger the evidence. But the 
possibility remains that the match is only apparentmthat an error has occurred and the profiles 
differ from what the laboratory has reported. Chapter 3 describes ways that errors can arise and 
how their occurrence might be minimized. It contains recommendations regarding quality 
control and assurance, laboratory accreditation, proficiency tests, and corffh'matory testing. 

Chapter 4. Much of the controversy about the forensic use of  DNA has involved 
population genetics. Chapter 4 explains the generally applicable principles, then considers the 
implications of  the fact that the population of the United States includes different groups and 
subgroups with different mixes of genes. The chapter develops and illustrates procedures for 
taking this fact into account in computing random-match probabilities for an incriminating DNA 
profile in a population or a subgroup of a population. 
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Chapter 5. The fifth chapter considers how the estimated frequency of an incriminating 
DNA profile relates to conclusions about the source of the DNA in the evidence sample. It 
discusses how the frequencies are interpreted as probabilities and related quantities, the degree of 
uncertainty in such estimates, and the type of calculations that might indicate that a profile is 
unique. It concludes that the abundance of data in different ethnic groups within the major races 
and the methods outlined in chapters 4 and 5 imply that the 1992 report's suggested ceiling 
principle and interim ceiling principle are unnecessary. In addition, it makes recommendations 
to help assure the accuracy of estimates for what are known as VNTR profiles and to handle the 
special situation in which the suspect was identified as a result of a search through a database of 
DNA profiles of  known offenders. 

Chapter 6. The sixth and final chapter discusses the legal implications of the conclusions 
and recommendations. It describes the most important legal rules that affect the use of DNA 
evidence, identifies the questions of scientific fact that have been disputed in court, reviews case 
law on the admissibility of DNA evidence, and explains how the conclusions and 
recommendations might be used in applying and developing the law. The report makes no 
recommendations on matters of legal policy, but it does suggest that the formulation of such 
policy might be assisted by behavioral research into the various ways that DNA test results can 
be presented in the courtroom. 

Appendices. A glossary of scientific terms and a list of the literature cited are provided at 
the end of  the report. 

RECOMMENDATIONS 

Major conclusions and recommendations are given at the end of the chapter in which the 
subjectis discussed. For convenience, the report also lists them as a group at the end of the 
overview. This executive summary lists the recommendations only and gives some of the 
reasoning behind them. 

Recommendations to Improve Laboratory Performance 

Recommendation 3.1. Laboratories should adhere to high quality standards (such 
as those defined by TWGDAM and the DNA Advisory Board) and make every effort to be 
accredited for DNA work (by such organizations as ASCLD-LAB). 

Recommendation 3.2. Laboratories should participate regularly in proficiency tests, 
and the results should be available for court proceedings. 

Recommendation 3.3. Whenever feasible, forensic samples should be divided into 
two or more parts at the earliest practicable stage and the unused parts retained to permit 
additional tests. The used and saved portions should be stored and handled separately. 
Any additional tests should be performed independently of the first by personnel not 
involved in the first test and preferably in a different laboratory. 
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Comment. The committee offers these recommendations to improve laboratory 
performance rather than to try to estimate the probability that aparticular laboratory ri'/akes a 
mistake by reporting that two DNA profiles match when in fact they do not match. AUditing and 
proficiency testing cannot be expected to give a meaningful estimate of  the probability that a 
particular laboratory has made such an error in a specific case. An unrealistically large number 
of proficiency tests would be needed to estimate accurately even an historical error rate. For 
such reasons, proficiency test results should not be combined with the estimated frequency of an 
incriminating profile to yield the probability that a laboratory would report that DNA from a 
person selected at random contains the incriminating profile. No amount of effort and improved 
technology can reduce the error rate to zero, and the best protection a wrongly implicated, 
innocent person has is the opportunity for an independent retest. 

I 

I 

I 

i 
Recommendations for Estimating Random-Match Probabilities 

Recommendation 4.1. In general, the calculation of a profile frequency should be 
made with the product rule. If the race of the person who left the evidence-sample DNA is 
known, the database for the person's race should be used; if the race is not known, 
calculations for all the racial groups to which possible suspects belong should be made. For 
systems such as VNTRs, in which a heterozygous locus can be mistaken for a homozygous 
one, if an upper bound on the frequency of the genotype at an apparently homozygous 
locus (single band) is desired, then twice the allele (bin) frequency, 2p, should be used 

instead of p2. For systems in which exact genotypes can be determined, p2 + p(1-p) 

should be used for the frequency at such a locus instead of p2. A conservative value of 
for the US population is 0.01; for some small, isolated populations, a value of 0.03 may be 
more appropriate. For both kinds of systems, 2pipi should be used for heterozygotes. 

Comment. The formulas referred to and the terminology used in this recommendation are 
explained in the overview and in Chapter 4. The product rule, which gives the profile frequency 
in a population as a product of coefficients and allele frequencies, rests on the assumption that a 
population can be treated as a single, randomly mating unit. When there are partially isolated 
subgroups in a population, the situation is more complex; then a suitably altered model leads to 
slightly different estimates of the quantities that are multiplied together in the formula for the 
frequency of the profile in the population. 

In most cases, there is no special reason to think that the source of the evidence DNA is a 
member of a particular ethnic subgroup within a broad racial category, and the product rule is 
adequate for estimating the frequency of DNA profiles. For example, if  DNA is recovered from 
semen in a case in which a woman hitchhiker on an interstate highway has been raped by a white 
man, the product rule with the 2p rule can be used with VNTR data from a sample of whites to 
estimate the frequency of the profile among white males. 2 If the race of the rapist were in doubt, 

I 

! 

;I' 

I 

i 
2 The 2p rule involves replacing the quantity p2 for a Single-banded VNTR locus with the much 
larger quantity 2p in the product rule. This substitution accounts for cases in which one VNTR 
band from a heterozygote is not detected, and the person is mistakenly classified as a 
homozygote. The substitution also ensures that the estimate of the profile frequency will be 
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world, but theory and experience suggests that this uniqueness is attainable in forensic typing. 
Indeed, some scientists would argue that the existing panoply of characteristics is already 
sufficient to permit unique identification in many cases. For example, it has been suggested that 
a probability much less than the reciprocal of the world population is a good indication of 
uniqueness. The committee has not attempted to define a specific probability that corresponds to 
uniqueness, but the report outlines a framework for considering the issue in terms of 
probabilities, and it urges that research into new and cumulatively more powerful systems 
continue until a clear consensus emerges that DNA profiles, like dermal fingerprints, are unique. 

Recommendation on Research on Juror Comprehension 

Recommendat ion  6.1. Behavioral research should be carried out to identify any 
conditions that might cause a trier of  fact to misinterpret evidence on DNA profding and to 
assess how well  various ways of presenting expert testimony on DNA can reduce any such 
misunderstandings.  

Comment. Scientifically valid testimony about matching DNA can take many forms. 
The conceivable alternatives include statements of the posterior probability that the defendant is 
the source of the evidence DNA, qualitative characterizations of this probability, computations of 
the likelihood ratio for the hypothesis that the defendant is the source, qualitative statements of 
this measure of the strength of the evidence, the currently dominant estimates of profile 
frequencies or random-match probabilities, and unadorned reports of a match. Courts or 
legislatures must decide which of these alternatives best meet the needs of the criminal justice 
system. At present, policymakers must speculate about the ability of jurors to understand the 
significance of a match as a function of the method of presentation. Solid, empirical research 
into the extent to which the different methods advance juror understanding is needed. 
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the product rule could still be used and the results given for data on whites, blacks, Hispanics, 
and East Asians. 

Recommendation 4.2. If the particular subpopulation from which the evidence 
sample came is known, the allele frequencies for the specific subgroup should be used as 
described in Recommendation 4.1. If allele frequencies for the subgroup are not available, 
although data for the full population are, then the calculations should use the population- 
structure equations 4.i0 for each locus, and the resulting values should then be multiplied. 

Comment. This recommendation deals with the case in which the person who is the 
source of the evidence DNA is known to belong to a particular subgroup of  a racial category. 
For example, if the hitchhiker was not on an interstate highway but in the midst of, say, a small 
village in New England and we had good reason to believe that the rapist was an inhabitant of the 
village, the product rule could still be used (as described in Recommendation 4.1) if  there is a 
reasonably large database on the villagers. 

If  specific data on the villagers are lacking, a more complex model could be used to 
estimate the random-match probability for the incriminating profile on the basis of data on the 
major population group (whites) that includes the villagers. The equations referred to in the 
second sentence of Recommendation 4.2 are derived from this model. 

Recommendation 4.3. If the person who contributed the evidence sample is from a 
group or tribe for which no adequate database exists, data from several other groups or 
tribes thought to be cl0sely related to it should be used. The prof'de frequency should be 
calculated as described in Recommendation 4.1 for each group or tribe. 

Comment. This recommendation deals with the case in which the person who is the 
source of the evidence DNA is known to belong to a particular subgroup of a racial category but 
there are no DNA data on either the subgroup or the population to which the subgroup belongs. 
It would apply, for example, i ra  person on an isolated Indian reservation in the Southwest, had 
been assaulted by a member of the tribe, and there were no data on DNA profiles of the tribe. In 
that case, the recommendation calls for use of the product rule (as described in Recommendation 
4.1) with several other closely related tribes for which adequate databases exist. 

Recommendation 4.4. If the possible contributors of the evidence sample include 
relatives of the suspect, DNA profiles of those relatives should be obtained. If these 
profiles cannot be obtained, the probability of finding the evidence profile in those relatives 
should be calculated with Formula 4.8 or 4.9. 

Comment. This recommendation deals with cases in which there is reason to believe that 
particular relatives of the suspect committed the crime. For example, if the hitchhiker described 
in the comment to Recommendation 4.2 had accepted a ride in a car containing two brothers and 
was raped by one of them, but there is doubt as to which one, both should be tested. If  one 
brother cannot be located for testing and the other's DNA matches the evidence DNA, then the 

larger than an estimate from a more precise formula that accounts for population structure 
explicitly. The technology for PCR-based systems however, does not have these problems, and 
the 2p rule is inappropriate for these systems. Therefore, Recommendation 4.1 calls for using p2 

+ p(1-p)0 (rather than 2p) in place of p2 for such systems. 
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probability that a brother of the tested man also would possess the incriminating profile should 
be computed. 

Recommendations on Interpreting the Results of Database Searches, 
o n  Binning, and on Establishing the Uniqueness of Profiles 

! 
I 

Recommendation 5.1. When 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. 

Comment. Recommendations 4.1-4.3 specify the calculation of the random-match 
probability for an incriminating DNA profile in a relevant population (or subpopulation). When 
the defendant has been identified as a suspect from information that is unrelated to the DNA 
profile, the random-match probability is one statistic that helps to indicate the significance of a 
match. If  the random-match probability is very low, it is unlikely that the samples match just 
because the defendant, though not the source of the evidence sample, coincidentally happens to 
share that very rare profile. 

But when the defendant has been identified by a search through a large database of DNA 
profiles rather than by non-DNA evidence, the relevance of the random-match probability is less 
obvious. There are different ways to t~__ke t_he search process i_n_t_o accou_nt~ Recom__m_endatio_n 5.1 
proposes multiplying the random-match probability (P) by the number of people in the database 
(N). If the person who left the evidence DNA was not in the database of felons, then the 
probability that at least one of the profiles in the database would also match the incriminating 
profile cannot exceed NP. 

Recommendation 5.2. If floating bins are used to calculate the random-match 
probabilities, each bin should coincide with the corresponding match window. If fixed bins 
are employed, then the fixed bin that has the largest frequency among those overlapped by 
the match window should be used. 

This recommendation applies to the computation of a random-match probability when all 
or part of the profile involves VNTRs, which are fragments of DNA that are separated in the 
laboratory according to their lengths. Because the lengths of VNTRs cannot be measured 
exactly, an uncertainty window surrounds each measured VNTtL and two VNTRs are said to 
match when their uncertainty windows overlap. To calculate the frequency of matching VNTR 
profiles, one must fred the proportion of VNTRs that fall within a match window around each 
VNTR in the incriniinating profile. Floating bins do this exactly, whereasfixed bins do this 
approximately. Although the floating-bin procedure is statistically preferable, certain forms of 
the fixed-bin procedure usually lead to conservative approximations to the floating bin result. 

Recommendation 5.3. Research into the identification and validation of more and 
better marker systems for forensic analysis should continue with a view to making each 
profde unique. 

Comment. If  a sufficient set of DNA characteristics is measured, the resulting DNA 
profiles can be expected to be unique in all populations. (Only identical twins would share a 
such a profile.) Of course, it is impossible to establish uniqueness by profiling everyone in the 
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Overview 

This overview describes the essentials of the subject with a minimum of jargon, statistics, 
and technical details. The aim is to present technical information in nontechnical language, but 
without distorting the meaning by oversimplifying. Although this overview is intended to be self- 
contained, we shall refer to relevant sections in the main report for fuller explanations, 
corroborative details, and justification of recommended procedures. 

We have included an illustrative example at the end of the overview. The glossary and 
the list of abbreviations at the end of the report may be useful. 

I N T R O D U C T I O N  

DNA typing, with its extremely high power to differentiate one human being from 
another, is based on a large body of scientific principles and techniques that are universally 
accepted. These newer molecular techniques permit the study of human variability at the most 
basic level, that of the genetic material itself, DNA. Standard techniques of population genetics 
and statistics can be used to interpret the results of forensic DNA typing. Because of the 
newness of  the techniques and their exquisite discriminating power, the courts have subjected 
DNA evidence to extensive scrutiny. What at first seemed like daunting complexity in the 
interpretation of DNA tests has sometimes inhibited the full use of such evidence. An objective 
of this report is to clarify and explain how DNA evidence can be used in the courtroom. 

If  the array of DNA markers used for comparison is large enough, the chance that two 
different persons will share all of them becomes vanishingly small. With appropriate DNA test 
systems, the uniqueness of any individual on the planet (except an identical twin) is likely to be 
demonstrable in the near future. In the meantime, the justification for an inference that two 
identical DNA profiles come from the same person rests on probability calculations that employ 
principles of population genetics. Such calculations are, of course, subject to uncertainty. When 
in doubt, we err on the side of conservatism (that is, in favor of the defendant). We also discuss 
ways of keeping laboratory and other errors to a minimum. We emphasize that DNA analysis, 
when properly carried out and interpreted, is a very powerful forensic tool. 

O U R  A S S I G N M E N T  

This Committee was asked to update an earlier report, prepared for the National Research 
Council (NRC) in 1992. There are two principal reasons why such an update is needed. First, 
forensic science and techniques have progressed rapidly in recent years. Laboratory standards 
are higher, and new DNA markers are rapidly being introduced. An abundance of new data on 
DNA markers in different population groups is now available, allowing estimates of the 
frequencies of those markers in various populations to be made with greater confidence. Second, 
some of the statements in the first report have been misinterpreted or misapplied in the courts. 
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This report deals mainly with two subjects: 
The first involves the laboratory determination of DNA profiles. DNA can be obtained in 

substantial amounts and in good condition, as when blood or tissue is obtained from a person, or 
it can be in limited amounts, degraded, or contaminated, as in some samples from crime scenes. 
Even with the best laboratory technique, there is intrinsic, unavoidable variability in the 
measurements; that introduces uncertainty that can be compounded by poor laboratory technique, 
faulty equipment, or human error. We consider how such uncertainty can be reduced and the risk 
of  error minimized. 

The second subject is the interpretation of a finding that the DNA profile of a suspect (or 
sometimes a victim) matches that of the evidence DNA, usually taken from the crime scene. The 
match might happen because the two samples are from the same person. Alternatively it might 
be that the samples are from different persons and that an error has occurred in the gathering of 
the evidence or in the laboratory. Finally, it might be that the samples are from different people 
who happen to have the same DNA profile; the probability of that event can be calculated. If  the 
probability is very low, then either the DNA samples are from the same person or a very unlikely 
coincidence has occurred. 

The interpretation of  a matching profile involves at least two types of uncertainty. The 
first arises because the US population is not homogeneous. Rather it consists of different major 
races (such as black and white), within which there are various subgroups (e.g., persons of Italian 
and Finnish ancestry) that are not completely mixed in the "melting pot." The.extent of  such 
population structure and how it can be taken into account are m me province ox popttt~tuuzz 
genetics. 

The second uncertainty is statistical. Any calculation depends on the numbers in 
available databases. How reliable are those numbers and how accurate are the calculations based 
on them and on population genetic theory? We discuss these questions and give answers based 
on statistical theory and empirical observations. ,._ 

Finally, some legal issues are discussed. We consider how the courts have reacted to this 
new technology, especially since the 1992 NRC report. 

That earlier Report considered a number of issues that are outside our province. Issues 
such as confidentiality and security, storage of samples for possible future use, legal aspects of 
data banks on convicted felons, non-DNA information in data banks, availability and costs of 
experts, economic and ethical aspects of new DNA information, accountability and public 
scrutiny, and international exchange of information arc not in our charge. 

As this report will reveal, we agree with many recommendations of  the earlier one but 
disagree with others. Since we make no attempt to review all the statements and 
recommendations in the 1992 report, the lack of discussion of such an item should not be 
interpreted as either endorsing or rejecting it. 

DNA T Y P I N G  

DNA typing for forensic purposes is based on the same fundamental principles and uses 
the same techniques that axe routinely employed in a wide variety of medical and genetic 
situations, such as diagnosis and gene mapping. Those methods analyze the DNA itself. That 
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OVERVIEW 0-3 

means that a person's genetic makeup can be determined directly, not indirectly through gene 
products, as was required by earlier methods. DNA is also resistant to many conditions that 
destroy most other biological compounds, such as proteins. Furthermore, only small amounts of 
DNA are required; that is especially true ifPCR (polymerase chain reaction) methods, to be 
described later, are employed. For those reasons, direct DNA determinations often give useful 
results when older methods, such as those employing blood groups and enzymes, do not. 

We emphasize that one of the most important benefits of DNA technology is the clearing 
of  falsely-accused innocent suspects. According to the FBI, about a third of those named as the 
primary suspect in rape cases are excluded by DNA evidence. Cases in which DNA analysis 
provides evidence of innocence ordinarily do not reach the courts and are therefore less widely 
known. Prompt exclusions can eliminate a great deal of wasted effort and human anguish. 

Before describing the techniques of DNA identification, we first provide some necessary 
genetic background and a minimum vocabulary. 

B A S I C  G E N E T I C  P R I N C I P L E S  

Each human body contains an enormous mtmber of cells, all descended by successive 
divisions from a single fertilized egg. The genetic material, DNA, is in the form of microscopic 
chromosomes, located in the inner part of the cell, the nucleus. A fertilized egg has 23 pairs of 
chromosomes, one member of each pair having come from the mother and the other from the 
father. The two members of a pair are said to be homologous. Before cell division, each 
chromosome splits into two. Because of the precision of chromosome distribution in the cell- 
division process, each daughter cell receives identical chromosomes, duplicates of the 46 in the 
parent cell. Thus, each cell in the body should have the same chromosome make-up. This means 
that cells from various tissues, such as blood, hair, skin, and semen, have the same DNA content 
and therefore provide the same forensic information. There are some exceptions to the rule of 
identical chromosomes in every cell, but they do not affect the conclusion that diverse tissues 
provide the same information. 

The most important exception occurs when sperm and eggs are formed. In this process, 
each reproductive cell receives at random one representative of each pair, or 23 in all. The 
double number, 46, is restored by fertilization. With the exception of  the sex chromosomes, X 
and Y (the male-determining Y is smaller than the X), the two members of a pair are identical in 
size and shape. (It might seem puzzling that sperm cells, with only half of the chromosomes, can 
provide the same information as blood or saliva. The reason is that DNA from many sperm cells 
is analyzed at once, and collectively all the chromosomes are represented.) 

A chromosome is a very thin thread of DNA, surrounded by other materials, mainly 
protein. (DNA stands for deoxyribonucleic acid.) The DNA in a single chromosome, if  
stretched out, would be an inch or more in length. Remarkably, all that length is packed into a 
cell nucleus some 1/1,000 inch in diameter. The DNA is compacted by coils within coils. 

The DNA thread is actually double, consisting of two strands twisted to form a helix 
(Figure O. 1). Each strand consists of a string of bases held together by a sugar-phosphate 
backbone. The four bases are abbreviated A, T, G, and C (these stand for adenine, thymine, 
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guanine, and cytosine, but we shall employ only the abbreviations). In double-stranded DNA, 
the bases line up in pairs, an A opposite a T and a G opposite a C: 

C A T T A G A C T G A T  

G T A A T C T G A C T A  

Thus, if  the sequence of bases on one strand is known, the other is determined. 
Prior to cell division, the double strand splits into two single strands, each containing a 

single base at each position. There are free-floating bases in the cell nucleus, and these attach to 
each single strand according to the A-T, G-C pairing rule. Then they are tied together and zipped 
up by enzymes. In this way, each DNA double helix makes a copy of itself. There are then two 
identical double strands, each half old and half new, and one goes to each daughter cell. That 
accounts for the uniformity of DNA makeup throughout the body. The total number of base 
pairs in a set of 23 chromosomes is about 3 billion. 

A gene is a stretch of DNA, ranging from a few thousand to tens of thousands of base 
pairs, that produces a specific product, usually a protein. The order of the four kinds of bases 
within the gene determines its function. The specific base sequence acts as an encoded message 
written in three-letter words, each specifying an amino acid (a protein building-block). In the 
diagram above, CAT specifies one amino acid, TAG another, ACT a third, and so on. These 
amino acids are joined together to make a chain, which folds in various ways to make a three- 
dimensional protein. The gene product may be detected by laboratory methods, as with blood 
groups, or by some visible manifestation, such as eye color. 

The position that a gene occupies along the DNA thread is its locus. In chemical 
composition, a gene is no different from the rest of the DNA in the chromosome. Only its 
having a specific sequence of bases, enabling it to encode a specific protein, makes each gene 
unique. Genes are interspersed among the rest of the DNA and actually compose only a small 
fraction of the total. Most of the rest has no known function. 

Alternative forms of a gene, for example those producing normal and sickle-cell 
hemoglobin, are called alleles. The word genotype refers to the gene makeup. A person has two 
genes at each locus, one maternal, one paternal. If there are two alleles, A and a, at a locus, there 
are three genotypes, A.A, Aa, and aa. The word genotype can be extended to any number of loci. 
In forensic work, the genotype for the group of analyzed loci is called the DNAprofile. (We 
avoid the word fingerprint to prevent confusion with dermal fingerprints.) If  the same allele is 
present in both chromosomes of a pair, the person with that pair is homozygous. If  the two are 
different, the person is heterozygous. (The corresponding nouns are homozygote and 
heterozygote.) Thus, genotypes AA and aa are homozygous and Aa is heterozygous. 
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Chromosome 
DNA 

Figure O.1. Diagram of a chromosome, with a small region expanded to show the double-helical structure 
of DNA. The "steps" of the twisted ladder are four kinds of base pairs, AT, TA, GC, or CG. 
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Genes on the same chromosome are said to be linked, and they tend to be inherited 
together. They can become unlinked, however, by the process of crossing over, which involves 
breakage of two homologous chromosomes at corresponding sites and exchange of partners 
(Figure 0.2). Genes that are on nonhomologous chromosomes are inherited independently, as 
are genes far apart on the same chromosome. 

Occasionally, an allele may mutate; that is, it may suddenly change to another allele, with 
a changed or lost function. When the gene mutates, the new form is copied as faithfully as the 
original gene, so a mutant gene is as stable as the gene before it mutated. Most genes mutate 
very rarely, typically only once in some 100,000 generations, but the rates for different genes 
differ greatly. Mutations can occur in any part of the body, but our concern is those that occur in 
the reproductive system and therefore can be transmitted to future generations. 

FORENSIC DNA IDENTIFICATION 

VNTRs 

One group of DNA loci that are used extensively in forensic analysis are those containing 
Variable Numbers of Tandem Repeats (VNTRs). These are not genes, since ~ey  produce no 
r~rnclut~t and thn.~e that are used for forensic determinations have no known effect on the oerson. 
i ~  . . . . . .  ) . . . . . . . . . . . . . . . . . . . . . . . . .  . 

That is an advantage, for it means that VNTRs are less likely to be influenced by natural 
selection, which could lead to different frequencies in different populations. For example, 
several genes that causes malariaresistance are more common in people of Mediterranean or 
African ancestry, where malaria has been common. 

A typical VNTR region consists of 500 to 10,000 base pairs, compris~g many tandemly 
repeated units, each some 15 to 35 base pairs in length. The exact number of repeats, and hence 
the length of the VNTR region, varies from one allele to another, and different alleles can be 
identified by their lengths. VNTR loci are particularly convenient as markers for human 
identification because they have a very large number of different alleles, often a hundred or 
more, although only 15 to 25 can be distinguished practically, as we explain later. (The word 
allele is traditionally applied to alternative forms of a gene; here we extend the word to include 
nongenic regions of DNA, such as VNTRs.) 

VNTRs also have a very high mutation rate, leading to changes in length. An individual 
mutation usually changes the length by only one or a few repeating units. The result is a very 
large number of alleles, no one of which is common. The number of possible genotypes (pairs of 
alleles) at a locus is much larger than the number of alleles, and when several different loci are 
combined, the total number of genotypes becomes enormous. 

To get an idea of the amount of genetic variability with multiple alleles and multiple loci, 
consider first a locus with three alleles, Al, A2, and A 3. There are three homozygous genotypes, 
AIA1, A2A2, and AaA 3, and three heterozygous ones, AIA2, AIA3, and A2A3. In general, if  there 
are n alleles, there are n homozygous genotypes and n(n-1)/2 heterozygous ones. For example, if 
there are 20 alleles, there are 20 + (20 x19)/2 = 210 genotypes. Four loci with 20 alleles each 
would have 210 x 210 x 210 x 210, or about 2 billion possible genotypes. 
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Figure 0.2. Diagram of crossing over. The chromosomes pair (upper diagram), break at corresponding 
points (middle), and exchange parts. The result is that alleles A and B, which were formerly on the same 
chromosome, are now on different chromosomes. 

P R E P U B L I C A T I O N  C O P Y  

0-7  

. . . . .  • , '  . . 



0-8 THE EVALUATION OF FORENSIC DNA EVIDENCE 

For a genetic system to be useful for identification, it is not enough that it yield a large 
number of genotypes. The relative frequencies of the genotypes are also important. The more 
nearly equal the different frequencies are, the greater the discriminatory power. VNTRs exhibit 
both characteristics. 

DNA Profiling 

Genetic types at VNTR loci are determined by a technique called VNTR profiling. 
Briefly, the technique is as follows (Figure 0.3). First, the DNA is extracted from whatever 
material is to be examined. The DNA is then cut by a specific enzyme into many small 
fragments, millions in each cell. A tiny fraction of those fragments includes the particular VNTR 
to be analyzed. The fragmented DNA is then placed in a smallwell at one edge of a semisolid 
gel. Each of the different DNA samples to be analyzed is placed in a different well. Additional 
wells receive various known DNA samples to serve as controls and fragment-size indicators. 
Then the gel is placed in an electric field and the DNA migrates away from the wells. The 
smaller the fragment, the more rapidly it moves. After a suitable time, the electric current is 
stopped, and the different fragments will have migrated different distances, the shorter ones for 
greater distances. 

In the process, the DNA fragments are denatured, meaning that the double • strands in each 
Frnorn~nt  Ar~ ~.r~nr~ted i n t o  ~in~le ~trand.~. The fragments are then transferred bv simple blottin~z 
to a nylon membrane, which is tougher and easier to handle than the gel and to which the single- 
stranded fragments adhere. Then a radioactive probe is added. A probe is a short section of 
single-stranded DNA complementary to the specific VNTR of interest, meaning that it has a C 
where the VNTR has a G, an A where the VNTR has a T, and so on, so that the probe is 
specifically attracted to this particular VNTR. When the membrane is placed on a photographic 
film, the radioactive probes take a picture of themselves, producing dark spots on the film at 
positions corresponding to the particular DNA fragments to which the probe has attached. This 
photo is called an autoradiograph, or autorad for short. 

The two DNA samples to be compared (usually from the evidence, E, and from a suspect, 
S) are placed in separate lanes in the gel, with DNA in several other lanes serving as different 
kinds of controls. Because of the large number of VNTR alleles, most loci are heterozygous, and 
there will usually be two bands in each lane. If the two DNA samples, E and S, came from the 
same individual, the two bands in each lane will be in the same, or nearly the same, positions; i f  
the DNA came from different persons, they will usually be in quite different positions. The sizes 
of the fragments are estimated by comparison with a "ladder" in which the spots are of known 
size. 

Figure 0.4 shows an example. In this case, the question is whether either of two victims, 
V 1 and V2, match a blood stain, called E blood in the figure, that was found on the clothing of 
suspect S 1. $2 is a second suspect in the case. The sizing ladders are in lanes 1, 4, 6, 9, and 13; 
these are repeated in several lanes to detect possible differences in the rate of migration in 
different lanes. K562 and QC are other controls. On looking at the figure, one sees that the 
evidence blood (E blood) is not from V2 (or from S 1 or $2), since the bands are in quite different 

• positions. However, it might well be from V1, since the bands in E and V1 are at the same 
position. 
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0-10 THE EVALUATION OF FORENSIC DNA EVIDENCE 

After such an analysis, the radioactive probe is washed off the membrane. Then a new 
probe, specific for another VNTR locus, is added and the whole process repeated. This is 
continued for several loci, usually four or more. There is a practical limit, however, since the 
washing operation may eventually remove some of the DNA fragments, making the bands on the 
autorad weak or invisible. In the example in Figure O.4, testing at 9 additional loci gave 
consistent matches between E blood and Victim 1, leaving little doubt as to the source of the 
blood. 

In most laboratories, the sizes of the fragments are measured by a computer, which also 
does the calculations that are described below. 

A DNA fragment from the evidence is declared to match the one from a suspect (or, in 
the case of Figure O.4, from a victim) if they are within a predetermined relative distance. If the 
bands do not match, that is the end of the story: the DNA samples did not come from the same 
individual. If the DNA patterns do match, or appear to match, the analysis is carried farther, as 
described in the next section. 

A difficulty with VNTRs using radioactive probes is the long time required to complete 
the analysis. One or two weeks are needed for sufficient radiation to make a clear autorad, and, 
as just described, the different loci are done in succession. As a result, the process takes several 
weeks. Some newer techniques use luminescent chemicals instead of  radioactive ones. As such 
techniques are perfected and come into wider use, the process will speed up considerably. 

Matching and Binning of VNTRs 

Because of measurement uncertainty, the estimates of fragment sizes are essentially 
continuous. The matching process consists of determining whether two bands are close enough 
to be within the limits of the measurement uncertainty. After the two bands have been 
determined to match, they are binned. In this process, the band is assigned to a size class, known 
as a bin. Two analytical procedures are thefixed-bin and thefloating-bin methods. The floating- 
bin method is statistically preferable, but it requires access to a computerized data base. The 
fixed-bin is simpler in some ways and easier for the average laboratory to use; hence, it is more 
widely employed. Only the fixed-bin method is described here, but the reader may refer to 
Chapter 5 (p XX) for a description of floating-bin procedures. 

A match between two different DNA sources (e.g., evidence and suspect DNA) is 
typically determined in two stages: First is a visual examination. Usually the bands in the two 
lanes to be compared will be in very similar positions or in clearly different positions. In the 
latter case, there is no match, and the DNA samples are assumed to have come from different 
persons. In Figure O.4, only the bands of V 1 match the evidence blood. The role of a visual test 
is that of a preliminary screen, to eliminate obvious mismatches from further study and thereby 
save time and effort. 

The second, measurement-confirmation step is based on the size of the fragment 
producing the band, as determined by size standards (the standard ladders) on the same autorad 
(Figure 0.4). The recorded size is subject to measurement uncertainty, which is roughly 
proportional to the fragment size. Based on duplicate measurements of the same sample ill 
different laboratories, roughly 2/3 of the measurements are within 1% of the correct value. In 
practice, a value larger than 1%, usually 2.5%---although this varies in different laboratories--is 
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Figure 0.4.  An autorad from an actual case, illustrating fragment-length variation at the DIS7  locus. The 
lanes from leR to right are: (1) standard DNA ladder, used to estimate sizes; (2) K562, a standard cell line 
with two bands o f  known size, used as a control; (3) within-laboratory quality control sample; (4) 
standard ladder; (5) DNA from blood at the crime scene; (6) standard ladder; (7) DNA from the fL"St 
victim; (8) another sample from the fL,'st victim; (9) standard ladder; (I0) DNA from the second victim; 
(11) DNA from the fast suspect; (12) DNA from the second suspect; (13) standard ladder. 
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O-12 THE EVALUATION OF FORENSIC DNA EVIDENCE 

used to prevent the possible error of classifying samples from the same person as being different. 
The measurement with 2.5% of its value added and subtracted yields an uncertainty window. 

Two bands, say from suspect and evidence, are declared to match if their uncertainty 
windows overlap; otherwise a nonmatch is declared. Compare the top two diagrams in Figure 
0.5. 

The match window is the evidence measurement with 5% of its value added and 
subtracted. This is compared with the bins in the database (such as those in Table O.1). I f  the 
upper and lower values lie within a bin, then the frequency of that bin is used to calculate the 
probability of a random match. Often, two or more bins will be overlapped by the match 
window. In Figure 0.5, the match window overlaps bins 10 and 11. When that happens, we 
recommend that the bin with the highest frequency be used. (The 1992 NRC report recommends 
taking the sum of the frequencies of all overlapped bins, but empirical studies have shown that 
taking the largest value more closely approximates the more accurate floating-bin method.) 

Frequency estimates for very rare alleles have a larger relative uncertainty than do those 
for more common alleles, because the relative uncertainty is largely determined by the absolute 
number of alleles in the database. To reduce such uncertainty, it is customary for the data to be 
rebinned. This involves merging all bins with an absolute number fewer than five genes into 
adjacent bins, so that no bin has fewer than five members. We endorse this practice, not only for 
fixed bins but also for floating bins, and not only for V'NTRs but also for rare alleles in other 
gvRl"em g. 

Allele (Bin) Frequencies 

Databases come from a variety of sources, which we shall discuss later. Each bin is 
assigned a number, 1 designating the smallest fragments. Table O.1 shows the size range and 
frequencies of the bins at two loci, D2S44 and D17S79, for the US white population. The first 
number in the locus designation tells us on which chromosome this locus lies. The second is an 
arbitrary number that designates the site of the locus on the chromosome. D2S44 is site 44 on 
chromosome number 2; D17S79 is site 79 on chromosome 17. The data in the table have been 
rebirmed so that no bin has fewer than 5 representatives in the database. D2S44 is more useful 
for forensic purposes than D17S79 because it has a larger range of  sizes, from less than 871 to 
more than 5,686 base pairs, and because the different bins have more nearly equal frequencies. 

Figure 0.6 shows a graph of the frequencies of each bin in three populations for D2S44. 
The top two graphs are from white populations in Georgia and Illinois. Note that the 
distributions are quite similar. In both states, bin 8 is the commonest; bins 14, 15, and 16 are 
relatively rare; and the extremes at both ends of the distribution have very low frequencies. 
Using the Georgia database for an Illinois crime would not introduce much error. In contrast, the 
distribution for blacks, shown in the bottom graph, is clearly different. That argues for using 
separate databases for different racial groups. Nevertheless, the most striking feature of the 
graphs is that the variability among individuals within a population is greater than that between 
populations. 

We have now described procedures for matching and binning and for determining the bin 
(allele) frequency. We next wish to combine these frequencies to determine the frequency of a 
multilocus profile. That will be taken up later, in the section on population genetics. 
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Figure 0.5. Diagrams showing the extent of the uncertainty windows (top two) and the match window 
(bottom). In the top group, the uncertainty windows do not overlap; in the second they do. The bottom 
diagram shows the match window of a fragment along with the fLxed bin. The match window overlaps 
bins 10 and 11. 
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Table O.1. Bin (Allele) Frequencies at Two VNTR Loci (D2S44 and D17S79) in the US White 
Population I 

D2S44 D17S79 

II 
l 

i 
Bin Size Range N Prop. Bin Size Range N Prop. II 

3 0- 871 8 0.005 

4 872- 963 5 0.003 

5 964- 1,077 24 0.015 

6 1,078- 1,196 38 0.024 

7 1,197- 1,352 73 0.046 

8 1,353- 1,507 55 0.035 

9 1,508- 1,637 197 0.124 

10 1,638- 1,788 170 0.107 

11 1,789- 1,924 131 0.083 

12 1,925- 2,088 79 0.050 

13 2,089- 2,351 131 0.083 

14 2,352-2,522 60 0.038 

15 2,523-2,692 65 0.041 

16 2,693-2,862 63 0.040 

17 2,863-3,033 136 0.086 

18 3,034- 3,329 141 0.089 

19 3,330- 3,674 119 0.075 

20 3,675- 3,979 36 0.023 

21 3,980- 4,323 27 0.017 

22 4,324- 5,685 13 0.008 

25 5,686- 13 0.008 

1 0- 639 16 0.010 

2 640- 772 5 0.003 

3 773- 871 11 0.007 

4 872- 1,077 6 0.004 

6 1,078- 1,196 23 0.015 

7 1,197- 1,352 348 0.224 

8 1,353- 1,507 307 0.198 

9 1,508- 1,637 408 0.263 

10 1,638- 1,788 309 0.199 

11 1,789- 1,924 44 0.028 

12 1,925- 2,088 50 ~. 0.032 

i3 2,089- 2,35i 16 0.010 

14 2,352- 9 0.006 

1,552 0.999 

1,584 1.000 

D2 and D 17 indicate that these are on chromosomes 2 and 17. N is the number of  genes (twice the number 
of  persons). Each bin includes a range of  sizes (in base pairs), grouped so that no bin has fewer than five genes in 
the data set; this accounts for nonconsecutive bin numbers. Data from FBI (1993), p 439, 530. 
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Figure 0.6. The distribution of bin sizes for locus D2S44. The horizontal axis gives the bin number and 
the vertical column gives the relative frequency of this bin in the database. Top: Illinois white population. 
Middle: Georgia white population. Bottom: US black population. 
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PCR-Based Systems 

The polymerase chain reaction (PCR) is a method for greatly amplifying a short segment 
of DNA, copying the sequence in a way somewhat like that which occurs naturally in the cell 
(the procedure is described in Chapter 2, p XX). Most PCR-based typing systems allow alleles 
to be identified as discrete entities, thus avoiding most of the statistical issues that arise in 
matching and binning of VNTR alleles. 

The PCR process has several additional advantages over the procedures used with 
VNTRs. It is relatively simple and easily carried out in the laboratory. Results are obtained in a 
short time, often within 24 hours. Because of their almost unlimited capacity for amplification, 
PCR-based methods permit the analysis of extremely tiny amounts of DNA, thus extending the 
typing technique to samples too small to be used with other approaches (e.g., DNA from a 
cigarette butt). Moreover, the small sample size required for PCR analysis makes it easier to set 
aside portions of samples for duplicate testing to verify results or detect possible errors. 

There are also disadvantages. One is that any procedure that uses PCR methodology is 
susceptible to error by contamination. If the contaminating DNA is present at a level comparable 
to the target DNA, its amplification can confound the interpretation of typing results, possibly 
leading to an erroneous conclusion. A second disadvantage is that most PCR loci have fewer 
alleles than VNTRs. That means that more loci are required to produce the same degree of 
discrimination of DNA from different persons. Third, some PCR loci are associated with 
functional genes, which means that they may have been subject to natural selection, possibly 
leading to greater differences among population subgroups than is found with VNTRsi In 
developing new systems, it is desirable to choose loci that are not associated with disease- 
causing genes. These are all problems that can be minimized by proper choice of markers and by 
care and good technique. 

One PCR-based genetic marker, DQA, is widely used. It is quick and reliable, and that 
makes it particularly useful as a preliminary test. On the average, about 7% of the population 
have the same DQA type, so that different individuals will be distinguished about 93% of the 
time. Thus, a wrongly accused person has a good chance of being quickly cleared. Other 
systems are already in use or are being developed. Eventually, we expect such exact 
determinations to replace current VNTR methods, with a resulting simplification and speed of 
analysis and reduction of statistical uncertainties. 

One of the most promising of the newer techniques involves amplification of loci 
containing Short Tandem Repeats ~STRs). STRs are scattered throughout the chromosomes in 
enormous numbers, so that there is an almost unlimited potential for more loci to be discovered 
and validated for forensic use. Individual STR alleles can usually be individually identified, 
circumventing the need for matching and binning. 

We affirm the statement of the 1992 report that the molecular technology is thoroughly 
sound and that the results are highly reproducible when appropriate quality-control methods are 
followed. The uncertainties that we address in this report relate to the effects of possible 
technical and human errors and the statistical interpretation of population frequencies, not to 
defects in the methodology itself. 
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A S S U R I N G  L A B O R A T O R Y  A C C U R A C Y  

The best assurance of accuracy is careful design and statistical analysis, coupled with 
scrupulous attention to details. The maintenance of high laboratory standards rests on a 
foundation of sound quality control and quality assurance. Quality control (QC) refers to 
measures taken to ensure that the DNA typing and interpretation meet a specified standard. 
Quality assurance (QA) refers to steps taken by the laboratory to monitor, verify, and document 
its performance. Regular proficiency testing and regular auditing of laboratory operations are 
both essential components of a QA program. 

Specific and detailed guidelines on QC and QA have been developed by the Technical 
Working Group on DNA Analysis Methods (TWGDAM), a group of forensic DNA analysts 
from government and private laboratories. These guidelines define currently accepted practice. 
They have been endorsed by the American Society of Crime Laboratory Directors/Laboratory 
Accreditation Board. These and other organizations provide standards for accreditation. 
Requirements for accreditation include extensive documentation of all aspects of laboratory 
operations, proficiency testing, internal and external audits, and a plan to address and correct 
deficiencies. 

The DNA Identification Act of 1994 established a federal framework for setting national 
standards on quality assurance and proficiency testing. These standards are to be developed by a 
DNA Advisory Board, appointed by the FBI from a list of nominations made by the National 
Academy of Sciences and professional societies representing the forensic community. This 
Advisory Board is now in place and is formulating mechanisms for accreditation and quality 
control. 

We believe that proficiency testing is of great value. These tests can be either open or 
blind. TWGDAM recommends one fully blind proficiency test per laboratory per year, if such a 
program can be implemented. 

In open proficiency tests, the analyst knows that a test is being conducted. In blind 
proficiency tests, the analyst does not know that a test is being conducted. A blind test is 
therefore more likely to detect such errors as might occur in routine operations. However, the 
logistics of constructing fully blind proficiency tests are formidable. The "evidence" samples 
have to be submitted through an investigative agency so as to mimic a real case, and unless that 
is done very convincingly, a laboratory might well suspect that it is being tested. 

Whichever kind of test is used, the results are reported and, if errors are made, needed 
corrective action is taken. Several tests per year are mandated by the various accrediting 
organizations. 

Some commentators have argued that the probability of a laboratory error leading to a 
reported match for samples from different individuals should be estimated and combined with 
the probability of  randomly drawing a matching profile from the population. We believe this 
approach to be ill-advised. It is difficult to arrive at a meaningful and accurate estimate of the 
risk of such laboratory errors. For one thing, in this rapidly evolving technology, it is the current 
practice and not the past record of a laboratory that is relevant, and that necessarily means 
smaller numbers and consequent statistical uncertainty. For another, the number of proficiency 
tests required to give an accurate estimate of  a low error rate (and it must be low to be 
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acceptable) is enormous and would be outlandishly expensive and disruptive. We believe that 
such efforts would be badly misplaced and would use resources that could much better be used in 
other ways, such as improving laboratory standards. 

No amount of  attention to detail, auditing, and proficiency testing can completely 
eliminate the risk of error. There is a better approach, one that is in general agreement with the 
1992 NRC report: wherever feasible, evidence material should be separated into two or more 
portions, with one or more portions reserved for possible duplicate tests. Only an independent 
retest can satisfactorily resolve doubts as to the possibility that the first test was in error. It is 
usually possible to preserve enough material for possible repeat tests. Even if VNTR tests 
consume most of the material, it should almost always be possible to reserve enough for 
independent PCR-based confirmatory tests. The best protection an innocent suspect has from a 
false match is an independent test, and that opportunity should be made available if  at all 
possible. 

Even the strongest evidence will be worthless--~r worse, might possibly lead to a false 
conviction if  the evidence sample did not originate in connection with the crime. Given the 
great individuating potential of DNA evidence and the relative ease with which it can be 
mishandled or manipulated by the careless or the unscrupulous, the integrity of  the chain of  
custody is of paramount importance. This means meticulous care, attention to detail, and 
thorough documentation of every step of the process, from collecting the evidence material to the 
final laboratory report. 

P O P U L A T I O N  G E N E T I C S  

If the DNA profile from the evidence sample and that of the suspect match, they may 
have come from the same person. Alternatively, they might represent a coincidental match 
between two persons who happen to share the profile. To assess the probability of  such a 
coincidental match, we need to know the frequency of the profile in the population. 

Ideally, we would know the frequency of  each profile, but short of  testing the whole 
population we cannot know that. We must therefore rely on samples from the population, 
summarized in a database. Furthermore, the probability of a specific profile is very small, much 
smaller than the reciprocal of the number of people represented in the database. That means that 
the great majority of profiles are not found in any database. The analyst must therefore estimate 
the frequency of  a profile from information about the component allele frequencies. That 
requires some assumptions about the relation between allele frequencies and profile frequencies; 
it also requires modeling. 

Randomly Mating Populations 

The simplest assumption relating allele and genotype frequencies is that mates are chosen 
at random. Perhaps surprisingly, such an assumption provides a good approximation to reality 
for forensic markers. Of course, matings in the United States are not literally at random; two 
persons from Oregon are much more likely to be mates than are a person from Oregon and one 
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from Florida. But random-mating genotype proportions occur when mating frequencies are 
determined by the frequencies of the markers. And if the marker frequencies are the same in 
Oregon, Florida, and other states, that could lead to random-mating proportions throughout the 
nation, even though the United States is far from a random-mating unit. 

Of  course, for some traits the population is not in random-mating proportions. Mates are 
often chosen for physical and behavioral characteristics. But obviously, VNTRs and other 
forensic markers are not the basis for choice. For example, people often choose mates with 
similar height, but unless a forensic marker is closely linked to a possible major gene for height, 
the forensic genotypes will still be in random-mating proportions. 

The simplest way to deal with random mating is to take advantage of the convenient fact 
that random mating of persons has the same genetic consequences as random combination of 
eggs and sperm. Suppose that at the A locus, 1/10 of the alleles are A t and 1/25 are A2. Then 
1/10 of the eggs carry allele A t and of these 1/10 will be fertilized by At sperm, so 1/10 of 1/10, 
that is 1/10 x 1/10 = (1/10) 2 = 1/100 of the fertilized eggs will be of genotype AIA 1. Similarly 
1/25 of the Al eggs will be fertilized by A 2 sperm, leading to (1/10) x (1/25) -- 1/250 AIA2 
individuals. However, the A1A2 genotype can also be produced, with equal frequency, by A2 
eggs fertilized by At sperm, so the total frequency ofAtA2 genotypes is twice the product of the 
allele frequencies, or 1/125. Therefore, the frequencies of the genotypes are: 

HomozygoteAiAl: (1/10) 2 = 1/100, 
Heterozygote A]A2: 2(1/10)(1/25) = 1/125. 

It is conventional in general formulations to use letters instead of numerical fractions. If  
we designate the frequency of allele A 1 by P] and of allele A2 by P2 (in tiffs example, Pl --- 1/10 
and P2 = 1/25), the genotype frequencies are 

A1Ax" pl 2, (O.la) 
AIA2:2pip2 (O.lb) 

Populations in which the genotypes are in random-mating proportions are said to be in Hardy- 
Weinberg (HW) ratios, named after G. H. Hardy and W. Weinberg, the discoverers of this simple 
principle. 

How well do actual populations agree with HW ratios? One example is given in Table 
4.3 (p XX). M and N are two alleles at a blood-group locus. Six studies were done in the white 
population of New York City, a population that is genetically quite heterogeneous. The data 
came from blood donors, persons involved in paternity cases, patients, and hospital staff. They 
involve six studies over a period of almost 40 years. The total number was 6,001 persons, or 
12,002 genes. Yet, as the table shows, the overall frequency of heterozygotes is within 1% of its 
HW expectation. For traits that are not involved in mate selection, the genotypes in actual 
populations are very close to HW proportions. 

With continued random mating, alleles at different loci, even if initially linked on the 
same chromosome, become separated by crossing over and eventually reach linkage equilibrium 
(LE). At LE, the frequency of a composite genetic profile is the product of  the genotype 
frequencies at each constituent locus. The rate of approach to LE depends on how close together 
the loci are on the chromosome. Loci on nonhomologous chromosomes, as almost all forensic 
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loci are, approach LE quickly: the departure frO m LE is halved each generation. After half a 
dozen generations, LE can be assumed with sufficient accuracy for forensic purposes. 
Confirming this, in the large TWGDAM data set, the departure of two-locus pairs from LE in the 
white population was less than half a percent, and only slightly larger in blacks and Hispanics 
(Table 4.7, p XX). The deviations from expectations in individual cases were small and in both 
directions, as expected. Under HW and LE assumptions, the expected proportion of a specific 
genetic profile can be readily computed by calculating the genotype frequencies at each locus 
and multiplying them. In the forensic literature, that calculating procedure is called theproduct 
rule. 

For illustration, suppose that at a second locus the two relevant alleles are B1 and B2, with 
frequencies 1/15 and 1/40. Then the frequency ofgenotype BIB2 is 2(1/15)(1/40) = 1/300. Now, 
putting this together with the A locus considered above, we find that the frequency of the 
composite genotype AiA 1 B]B2 is 1/100 x 1/300 -- 1/30,000. And likewise for more than two 
loci; genotype frequencies at each locus are multiplied. 

Such estimates of the frequency of a particular profile in a population are, of course, 
subject to uncertainty. Even moderate-sized DNA databases (drawn from samples of several 
hundred persons) are subject to statistical uncertainty, and in smaller ones, the uncertainty is 
greater. In addition, the database might not properly represent the population that is relevant to a 
particular case. Finally, the assumptions of HW and LE, although reasonable approximations for 
most populations, are not exact. We shall elaborate on this point later, but to aiiticipate, we 
believe that it is safe to assume that the uncertainty of a profile frequency calculated by our 
procedures from adequate databases (at least several hundred persons) is less than a factor of 
about 10 in either direction. To illustrate, if  a profile frequency is calculated to be one in 100 
million, it is safe to say that the true value is almost always between one in 10 million and one in 
a billion. 

We now consider modifications of the product-rule calculations to make them more 
realistic in the face of uncertainties. 

Population Structure 

The population of the United States is made up of subpopulations descended from 
different parts of the globe and not fully homogenized. The authors of the 1999 NRC report 
were concerned that profile frequencies calculated from population averages might be seriously 
misleading for particular subpopulations. Extensive studies from a wide variety of databases 
show that there are indeed substantial frequency differences among the major racial and 
linguistic groups (black, Hispanic, American Indian, east Asian, and white). And within these 
groups, there is often a statistically significant departure from random proportions. As we said 
earlier, those departures are usually small, and formulae based on random mating assumptions 
are usually quite accurate. So, the product rule, although certainly not exact for real populations, 
is often a very good approximation. 

The main reason for departures from random-mating proportions in forensic DNA 
markers is population structure due to incomplete mixing of ancestral stocks. Suppose that we 
estimate genotype frequencies in a subgroup by applying the product rule to allele frequencies 
based on overall population averages. To the extent that the subgroups have different allele 
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frequencies, such an estimate will be too high for heterozygotes and too low for homozygotes. 
The reason for this is that matings within a subgroup will tend to be between (perhaps distant) 
relatives, and relatives share alleles. Thus, matings within a subgroup will produce more 
homozygotes and fewer heterozygotes than if the mates were chosen at random from the whole 
population. 

In contrast to this systematic effect on homozygote and heterozygote frequencies, 
departures from LE because of population substructure are largely random and are not 
predictable in direction. Consequently, when several loci are involved, deviations in opposite 
directions tend to cancel. 

Dealing with Subpopulations 

The writers of the 1992 NRC report were concerned that there might be important 
population substructure and recommended an interim ceiling principle (discussed later in this 
overview) to address that concern. We take a different tack. We assume that there is undetected 
substructure in the population and adjust the product rule accordingly. There is a simple 
procedure for doing this. Since using the HW rule for heterozygote frequencies provides an 
overestimate if there is substructure, we employ the product rule as a conservative estimate for 
heterozygotes. But we need a modification to correct the opposite bias in the homozygote 
estimates. 

For VNTRs, a single band in a lane does not necessarily imply a homozygote. It might 
be a heterozygote with two alleles too close together to distinguish, or one of the alleles, for any 
of several reasons, might not be detected. It has become standard practice in such cases to 
replace p2, the homozygote frequency as estimated by Equation O. 1 a (p XX), by 2p, where p is 
the bin frequency. It is easily shown (Chapter 4, p XX) that this substitution provides a 
consel~ative correction for homozygotes. So we follow earlier recommendations (e.g., the 1992 
report) to use the product rule for VNTRs and to replace p2 by 2p for all single bands. This is 
called the 2p rule. It is illustrated in the example at the end of this overview. 

The 2p rule has been criticized as being more conservative than necessary. However, 
with VNTRs, double bands greatly outmtrnber single bands, so the bias is usually not great. We 
retain the rule for two reasons: It is conservative, and it is thoroughly ingrained in standard 
forensic practice. We caution, however, that it was intended for criminal cases and might not be 
appropriate for other applications, such as determining patemity. It should not be used except as 
a conservative modification for rare alleles when heterozygotes may appear to be homozygotes. 

Another rule is applicable when there is no problem in distinguishing homozygotes from 
heterozygotes, as with most PCR-based systems. The procedure is to replace p2 with the 

expression p2 + p(1-p)O, where 0 is an empirically determined measure of population 

subdivision. The measured value of 0 is usually considerably less than 0.01 for forensic 
markers in the United States, so we recommend 0.01 as a conservative value, except for very 
small, isolated populations of interrelated people, where 0.03 may be more appropriate. 
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,~ Persons From the Same Subpopulation 

Usually, the subgroup to which the suspect belongs is irrelevant, since we want to 
calculate the probability of a match on the assumption that the suspect is innocent and the 
evidence DNA was left by someone else. The proper question is: What is the probability that a 
randomly chosen person, other than the suspect, has the genetic profile of  the evidence DNA? 
That is the question we have dealt with so far. In some cases, however, it may be known that the 
suspect(s) is(are) from the same subpopulation as the source of the evidence DNA. An instance 
would be a crime committed in a small, isolated village, with all potential suspects from the same 
village. Ideally, the calculation should be based on the allele frequencies in that particular 
village, but usually such frequencies will not be known. 

An alternative is to measure the degree of population subdivision and, using that, to write 
expressions for the conditional probability that, given the genotype of  the first person, a second 
person from the same subgroup will have that genotype. The appropriate expressions for the 
match probability are 

[20 + (1- 0)p,l[30 + (1- 0)p,] 
A1AI: Prob = -' (1+0)(1 +20) ' (O.2a) 

. -  , - . ) V , j L  - . je j 
P r o b  - -  -,- A,A2: (O.2b) 

Although these expressions might appear complex, they are actually a straightforward 

adjustment of the standard HW formulae. Notice that if 0 = 0, the formulae are pl 2 and 2piP2, 
the HW formulae. As before, Pl and P2 are obtained from the frequencies in the database. We 

suggest 0.01 as a suitable value of O. If the population is very small and isolated, or i ra  still 
more conservative estimate is desired, 0.03 can be used. 

As an example, consider the A locus already used (p XX), in which Pl = 1/10 and P2 = 
1/25. Then the match probability for the heterozygote, AIA2, is 2(I/10)(1/25) = 1/125 or 0.008 

when 0 = 0, 0.0105 when 0 = 0.01, and 0.0160 when 0 -- 0.03. Clearly, this calculation is 
more conservative than the simple product rule. 

SOME STATISTICAL CONSIDERATIONS 

The Reference Database 

Ideally, the reference data set, from which profile frequencies are calculated, would be a 
simple random sample or a scientifically structured random sample from the relevant population. 
But this can be an impracticable ideal. For one thing, it is not always clear which population is 
most relevant. Should the sample be local or national? Should it include both sexes? If only 
males, should it include only those in the ages that commit most crimes? For another thing, 

PREPUBLICATION COPY 



I 
! 
! 
! 

I 

OVERVIEW 0-23 

random sampling is usually difficult, expensive, and impractical, so we are often forced to rely 
on convenience samples. Databases come from such diverse sources as blood banks, paternity- 
testing laboratories, laboratory personnel, clients in genetic-counseling centers, law-enforcement 
officers, and people charged with crimes. The saving point is that the DNA markers in which we 
are interested are believed theoretically and observed empirically to be essentially uncorrelated 
with the rules by which the samples are chosen. 

We are confident that these convenience samples are appropriate for forensic uses, mainly 
for two reasons. First, the loci generally used for identification are usually not parts of  functional 
genes and therefore are unlikely to be correlated with any behavioral or physical traits that might 
be associated with different subsets of the population. Second, empirical tests have shown only 
very minor differences among the frequencies of DNA markers from different subpopulations or 
geographical areas. 

Indeed, samples from different subgroups often show statistically significant differences. 
This is especially true if  the sample sizes are large, since in large samples, small differences can 
be statistically significant. But we are more concerned with the magnitude of the difference and 
the uncertainty in our calculations than with formal statistical significance. We shall deal with 
this farther on. 

Match Probability, Likelihood Ratio, and Two Fallacies 

Forensic calculations are conventionally presented in one of two ways: the probability of 
a random match (called the match probability), calculated from the frequencies of DNA markers 
in the database; and the likelihood ratio (LR). The LR is the ratio of the probability of  a match if 
the DNA in the evidence sample and that from the suspect came from the same person to the 
probability of a match if they came from different persons. Since the probability of  a match 
when the samples came from the same person is one (unless there has been a mistake), the 
likelihood ratio is simply the reciproc~.J of the match probability. 

A likelihood ratio of 1,000 says that the profile match is 1,000 times as likely i f  the DNA 
samples came from the same person as it would be if they came from two randomly chosen 
members of the population. It does not say that if the DNA samples match then they are 1,000 
times as likely to have come from the same person as from different persons. It is important to 
keep this distinction straight. The misstatement, a logical reversal of the first, is an example of 
"the prosecutor's fallacy". 

Although in the simplest cases the match probability and the likelihood ratio provide the 
same information (because one is the reciprocal of the other), there are cases in which the 
likelihood ratio is conceptually simpler. One such case happens with a mixed sample. This is 
illustrated in Chapter 5 (p XX) with an example in which the evidence sample has four bands, 
two of which are shared with the suspect. The match-probability approach, used in the 1992 
NRC report, ignores some of the data, whereas a complete analysis is easily obtained by using 
the LR. 

The second fallacy is "the defendant's fallacy". That is to assume that in a given 
population, anyone with the same profile as the evidence sample is as likely to have left the 
sample as is the suspect. If 100 persons in a metropolitan area are expected to have the same 
DNA profile as the evidence sample, it is a fallacy to conclude that the probability that the 
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suspect contributed the sample is only 1/100. The suspect was originally identified by other 
evidence; such evidence does not exist for the 99 other persons expected to have the same 
profile. However, if  the suspect was found through a search of a large DNA database, that 
changes the situation, as we shall soon discuss. 

Bayes's Theorem 

The reason that the prosecutor's fallacy is inviting is that, even though it gives a wrong 
answer, it purports to answer the question in which the court is really interestedmnamely, what 
is the probability that the evidence sample and the suspect sample came from the same person? 
Neither the match probability nor the likelihood ratio gives this. Yet, the latter can be used to 
obtain thi s probability, provided we are willing to assume a value for the prior probability that 
the two samples have a common source. The prior probability that the two saniples came from 
the same person i s the probability of that event based on evidence other than the DNA. 

The principle is more easily expressed if stated as odds rather than probability. ( Odds 
are the ratio of the probability that an event will occur to the probability that it will not: Odds = 
Prob/(1 - Prob); if the probability is 2/3, the odds in favor are 2/1, or as conventionally written, 
2:1 .) Specifically, the final (posterior) odds that the suspect and evidence DNA came from the 
same person are the prior odds multiplied by the likelihood ratio (LR): ' 

Posterior odds = Prior odds x LR. 

In other words, whatever you believe the odds to be without the DNA evidence, they are 
multiplied by LR when the DNA evidence is included. Although this rule (Bayes's Theorem) is 
routinely used in paternity cases, it has hardly ever been used in criminal cases not involving 
proof of paternity. 

Since the prior odds are hardly ever known even approximately and are usually 
• subjective, a practice that has been advocated is to give posterior odds (or probabilities) for a 
range of  prior odds (or probabilities). If  the likelihood ratio is very high, uncertainty about the 
value of the prior probability may make little difference in the court's decision. 

Suppose that the LR is one million. If the prior odds are 1:10, the posterior odds are 
100,000:1; if the prior odds are 1:100, the posterior odds are still I 0,000: I. 

Suspect Identified by Database Search 

A special circumstance arises when the suspect is identified not by an eyewitness or by 
circumstantial evidence but rather by a search through a large DNA database. I f  the only reason 
that the person becomes a suspect is that his DNA profile turned up in a database, the 
calculations must be modified. There are several approaches, of which we discuss two. The 
first, advocated by the 1992 NRC Report, is to base probability calculations solely on loci not 
used in the search. That is a sound procedure, but it wastes information, and if  too many loci are 
used for identification of the suspect, not enough might be left for an adequate subsequent 
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analysis. That will become less of a problem as STRs and other systems with many loci become 
more widely used. 

A second procedure is to apply a simple correction: Multiply the match probability by the 
size of the database searched. This is the procedur e we recommend. 

The analysis assumes that the database, although perhaps large, is nevertheless a small 
fraction of  the whole population. At present, that is the usual situation. However, as the 
databases grow large enough to be a substantial fraction of the population, amore complicated 
calculation is required. Although such a calculation can be straightforward, it is best handled on 
a case-by-case basis. 

Uniqueness 

Another issue---one that has not been resolved by the courtsmis uniqueness. The 1992 
NRC report said: "Regardless of the calculated frequency, an expert should--given...the 
relatively small number of loci usedand the available population datamavoid assertions in court 
that a particular genotype is unique in the population." Some courts have held that statements 
that a profile is unique are improper. Yet, with existing databases and afortiori with larger 
numbers of  loci, likelihood ratios much higher than the population of the world are often found. 
An LR of  60 billion is more than 10 times the world population. Should a profile that rare be 
regarded as unique? 

The definition of uniqueness is outside our province. It is for the courts to decide, but in 
case such a decision is to be made, we show how to do the relevant calculations. Before a 
suspect has been profiled, the probability that at least one other person in a population of N 
unrelated persons has the profile of the evidence DNA is at most NP, where P is the probability 
of the profile. Then the probability that the profile is unique is at least 1 - NP. 

Suppose the calculated profile probability P -- 1/(60 billion) and the world population N 
is taken as 6 billion. Then NP = 1/10. The probability that the profile is unique, except possibly 
for relatives, is at least about 9/10. 

Uncertainty about Estimated Frequencies 

Match probabilities are estimated from a database, and such calculations are subject to 
uncertainties. The accuracy of the estimate will depend on the genetic model, the actual allele 
frequencies, and the size of the database. In Chapter 5 (p XX) we explain how to compute 
confidence limits on the probabilities, if the databases are regarded as random Samples from the 
populations they represent. That, however, includes only part of the uncertainty. Remaining is 
the uncertainty due, not to the small sample size, but to the possibilities that the database is not 

• representative of the population of interest or that the mathematical model might not be fully 
appropriate. We therefore take a more realistic, empirical approach. As mentioned earlier, the 
uncertainty of a profile-frequency calculation that uses our methods and an adequate database (at 
least several hundred persons) is less than about 10-fold in either direction. We now explain 
where this conclusion comes from. 
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We used the published data and graphs assembled from around the world by the FBI to 
determine the extent oferror if an incorrect database is used. That should provide an upper limit 
for the uncertainty with the correct database. For example, suppose a crime is committed in 
Colorado by a man known to be white. In the absence of a local database, a national white 
database is used. Graphs (examples are Figures 5.3 and 5.4, p XX and XX) show that the 
individual values that are possibly incorrectly estimated lie within 10-fold above and below the 
"correct" value. We conclude that it is reasonable to regard calculated multilocus match 
probabilities as accurate within a factor of 10 either way. This is true for various subsets within 
the white, black, Hispanic, and east Asian populations. However, if  the database from the wrong 
racial group is used, the error may be larger (Figure 5.5, p XX). That argues for the use of the 
correct racial database if that can be ascertained; otherwise, calculations should be made for all 
relevant racial groups, i.e., those to which possible suspects belong. The databases should be 
large enough to have some statistical accuracy (at least a few hundred persons), and alleles 
represented fewer than five times should be rebinned (grouped so that no bin has fewer than 
five). 

Additional information comes from comparison of profiles within the databases. An 
early study used FBI and Lifecodes data for blacks, whites, Southeast Hispanics, and Southwest 
Hispanics. Among 7,628,360 pairs of profiles from within those databases, no four- or five-locus 
matching profiles were found, and only one three-locus match was seen. A newer and more 
extensive analysis, compiling data from numerous TWGDAM sources, summarized a large 
number of profiles from white, black, and Hispanic databases. Of 58 miiiion pairwise 
comparisons within racial groups, only two possible four-locus matches were found, and none 
were found for five or six loci. 

We conclude that, when several loci are used, the probability of a coincidental match is 
very small and that properly calculated match probabilities are correct within a factor of about 10 
either way. If the calculated probability of a random match between the suspect and evidence 
DNA is 1/(100 million), we can say with confidence that the correct value is very likely between 
1/(10 million) and 1/(1 billion). 

PCR-Based Tests 

As already mentioned, PCR-based tests have a number of advantages. They include the 
ability to identify individual alleles, as well as simplicity and quick turn-around. But there are 
disadvantages. Most of the loci used have a small number of alleles, so that many more loci are 
required for the same statistical power as provided by a few VNTRs. STRs are also based on 
repeating units, have a high mutation rate (although not as high as some VNTRs), have a fairly 
large number of alleles, and are usually capable of unique allelic identification. With 12 STR 
loci, there is discriminatory power comparable to that of four or five VNTRs, and comparisons 
between geographical and racial groups show similarities and differences comparable to those of 
VNTRs. 

The quantity O, which we use as a measure ofpopuiation substructure, is determined 
almost entirely by the population history rather than by the frequency of the alleles involved. It 
is also very small, less than about O.O1 in the United States. There has not been the extensive 
sampling of subpopulations and geographical areas for PCR-based systems that has been done 
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with VNTRs. New data show low values of 0 and good agreement with HW and LE. The 
uncertainty range appears to be about the same as that for VNTRs.We therefore believe that 
STRs can take their place along with VNTRs as forensic tools. They circumvent most of the 
matching and binning problems that VNTRs entail. 

T H E  C E I L I N G  P R I N C I P L E S  

The most controversial recommendations of the 1992 report are the ceiling principle and 
the interim ceiling principle. They were intended to place a lower limit on the size of the profile 
frequency by setting threshold values for allele frequencies used in calculations. The ceiling 
principle calls for sampling 100 persons from each of 15-20 genetically homogeneous 
populations spanning the racial and ethnic diversity of groups represented in the United States. 
For each allele, the highest frequency among the groups sampled, or 5%, whichever is larger, 
would be used. Then the product rule would be applied to those values to determine the profile 
frequency. But the data needed for applying this principle have not been gathered. We share the 
view of those who criticize it on practical and statistical grounds and who see no scientific 
justification for its use. 

The 1992 report recommended further that until the ceiling principle could be put into 
effect, an interim ceiling principle be applied. In contrast to the ceiling principle, the interim 
ceiling principle has been widely used, and sometimes misused. The rule says: "In applying the 
multiplication [product] rule, the 95% upper confidence limit of the frequency of each allele 
should be calculated for separate US 'racial' groups and the highest of these values or 10% 
(whichever is larger) should be used. Data on at least three major 'races' (e.g., Caucasians, 
blacks, Hispanics, east Asians, and American Indians) should be analyzed." 

The interim ceiling principle has the advantage that in any particular case it gives the 
same answer irrespective of the racial group. That is also a disadvantage, for it does not permit 
the use of well-established differences in frequencies among different races; the method is 
inflexible and cannot be adjusted to the circumstances of a particular case. The interim ceiling 
principle has been widely criticized for other reasons as well, and we summarize the criticisms in 
Chapter 5 (p XX). We agree with those criticisms. 

Our view is that sufficient data have been gathered to establish that neither ceiling 
principle is needed. We have given alternative procedures, all of which are conservative but less 
arbitrary. 

Although we recommend other procedures and believe that the interim ceiling principle is 
not needed, we recognize that it has been used and some will probably continue to use it. To 
anticipate this possibility, we offer several suggestions in Chapter 5 that will make the principle 
more workable and less susceptible to creative misapplications. 
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DNA IN THE COURTS 

Prior to 1992, there was controversy over our two main issues, laboratory error and 
population substructure. The 1992 NRC report was intended to resolve the controversy, but the . 
arguments went on. One reason is that the scientific community has not spoken with one voice; 
defense and prosecution witnesses have given highly divergent statistical estimates or have 
disagreed as to the validity of all estimates. For this reason, some courts have held that the 
analyses are not admissible in court. The courts, however, have accepted the soundness of the 
typing procedures, especially for VNTRs. The major disagreement in the courts has been over 
population substructure and possible technical or human errors. The interim ceiling principle, in 
particular, has also been the subject of considerable disagreement. We hope that our report will 
ease the acceptance of DNA analysis in the courts and reduce the controversy. 

We shall not summarize the various court findings and opinions here. The interested 
reader can find this information in Chapter 6, which also discusses the implications that our  
recommendations could have on the production and introduction of DNA evidence in court 
proceedings. 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions and recommendations are given at the ends of the chapters in which the 
relevant subject is discussed. For convenience, they are repeated here. 

Admissibility of DNA Evidence (Chapter 2) 

DNA analysis is one_of the greatest technical achievements for criminal investigation 
since the discovery of fingerprints. Methods of DNA profiling are firmly grounded in molecular 
technology. When profiling is done with appropriate care, the results are highly reproducible. In 
particular, the methods are almost certain to exclude an innocent suspect. 

One of the most widely used techniques involves VNTRs. These loci are extremely 
variable, but individual alleles cannot be distinguished, because of intrinsic measurement 
variability, and the analysis requires statistical procedures. The laboratory procedure involves 
radioactivity and requires a month'or more for full analysis. PCR-based methods are prompt, 
require only a small m o u n t  of material, and can yield unambiguous identification of  individual 
alleles. 

The state of  the profiling technology and the methods for estimating frequencies and 
related statistics have progressed to the point where the admissibility of properly collected and 
analyzed DNA data should not be in doubt. We expect continued development of  new and better 
methods and hope for their prompt validation, so that they can quickly be brought into use. 
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Laboratory  Errors  ( C h a p t e r  3) 

The occurrence of errors can be minimized by scrupulous care in evidence-collecting, 
sample-handling, laboratory procedures, and case review. Detailed guidelines for QC and QA 
(quality control and quality assurance), which are updated regularly, are produced by several 
organizations, including TWGDAM. ASCLD-LAB is established as an accrediting agency. The 
1992 NRC report recommended that a National Committee on Forensic DNA Typing (NCFDT) 
be formed to oversee the setting of DNA-analysis standards. The DNA Identification Act of 
1994 gives this responsibility tO a DNA Advisory Board appointed by the FBI. We recognize the 
need for guidelines and standards, and for accreditation by appropriate organizations. 

Recommendation 3.1. Laboratories should adhere to high quality standards (such 
as those defined by TWGDAM and the DNA Advisory Board) and make every effort to be 
accredited for DNA work (by such organizations as ASCLD-LAB). 

Proficiency Tests 

Regular proficiency tests, both within the laboratory and by external examiners, are one 
of  the best ways of assuring high standards. To the extent that it is feasible, some of the tests 
should be blind. 

Recommendation 3.2: Laboratories should participate regularly in proficiency tests, 
and the results should be available for court proceedings. 

Duplicate Tests 

We recognize that no amount of care and proficiency testing can eliminate the possibility 
of error. However, duplicate tests, performed as independently as possible, can reduce the risk of 
error enormously. The best protection that an innocent suspect has against an error that could 
lead to a false conviction is the opportunity for an independent retest. 

Recommendation 3.3: Whenever feasible, forensic samples should be divided into 
two or more parts at the earliest practicable stage and the unused parts retained to permit 
additional tests. The used and saved portions should be stored and handled separately. 
Any additional tests should be performed independently of the first by personnel not 
involved in the first test and preferably in a different laboratory. 

Popu la t ion  Genet i c s  ( C h a p t e r  4)  

Sufficient data now exist for various groups and subgroups within the United States that 
analysts should present the best estimates for profile frequencies. For VNTRs, using the 2p rule 
for single bands and HW for double bands is generally conservative for an individual locus. For 
multiple loci, departures from linkage equilibrium are not great enough to cause errors 
comparable to those from uncertainty of allele frequencies estimated from databases. 
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With appropriate consideration of the data, the principles in this report can be applied to 
PCR-based tests. For those in which exact genotypes can be determined, the 2p rule should not 
be used. A conservative estimate is given by using the HW relation for heterozygotes and a 

conservative value of 0 in Equation 4.4a for homozygotes. 

Recommendation 4.1: In general, the calculation of a profile frequency should be 
made with the product rule. If the race of the person who left the evidence-sample DNA is 
known, the database for the person's race should be used; if the race is not known, 
calculations for all racial groups to which possible suspects belong should be made. For 
systems such as VNTRs, in which a heterozygous locus can be mistaken for a homozygous 
one, if an upper bound on the genotypic frequency at an apparently homozygous locus 
(single band) is desired, then twice the allele (bin) frequency, 2p, should be used instead of 

p2. For systems in which exact genotypes can be determined, p2 + p(1 - p)0 should be used 

for the frequency at such a locus instead of p2. A conservative value of 0 for  the US 
population is 0.01; for some small, isolated a populations, a value of 0.03 may be more 
appropriate. For both kinds of systems, 2piPj should be used for heterozygotes. 

A more conservative value of 0 = 0.03 might be chosen for PCR-based systems in view 
of the greater uncertainty of calculations for such systems because of less extensive and less 
varied population data than for V'NTRs. 

I 
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Evidence DNA and Suspect from the Same Subgroup 

Sometimes there is evidence that the suspect and other possible sources of the sample 
belong to the same subgroup. That can happen, e.g., if they are all members of a an isolated 
village. In this case, a modification of the procedure is desirable. 

Recommendation 4.2: If  the particular subpopulation from which the evidence 
sample came is known, the allele frequencies for the specific subgroup should be used as 
described in Recommendation 4.1. If  allele frequencies for the subgroup are not available, 
although data for the full population are, then the calculations should use the population- 
structure equations 4.10 for each locus, and the resulting values should then be multiplied. 

Insufficient Data 

For some groups--and several American Indian and Inuit tribes are in this category-- 
there are insufficient data to estimate frequencies reliably, and even the overall average might be 
unreliable. In this case, data from other, related groups provide the best information. The groups 
chosen should be the most closely related for which adequate databases exist. These might be 
chosen because of geographical proximity, or a physical anthropologist might be consulted. 
There should be a limit on the number of such subgroups analyzed to prevent inclusion of more 
remote groups less relevant to the case. 
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Recommendation 4.3: If the person who contributed the evidence sample is from a 
group or tribe for which no adequate database exists, data from several other groups or 
tribes thought to be closely related to it should be used. The profile frequency should be 
calculated as described in Recommendation 4.1 for each group or tribe. 

Dealing with Relatives 

In some instances, there is evidence that one or more relatives of the suspect are possible 
perpetrators. 

Recommendation 4.4: If the possible contributors of the evidence sample include 
relatives of the suspect, DNA profiles of those relatives should be obtained. If these profiles 
cannot be obtained, the probability of finding the evidence profile in those relatives should 
be calculated with Formula 4.8 or 4.9. 

Stat is t ica l  I s sues  ( C h a p t e r  5) 

Confidence limits for profile probabilities, based on allele frequencies and the size of the 
database, can be calculated by methods explained in this report. We recognize, however, that 
confidence limits address only part of the uncertainty. For a more realistic estimate, we 
examined empirical data from the comparison of different subpopulations and of subpopulations 
within the whole. The empirical studies show that the differences between the frequencies of the 
individual profiles estimated by the product rule from different adequate subpopulation databases 
(at least several hundred persons) are within a factor of about 10 of each other, and that provides 
a guide to the uncertainty of the determination for a single profile. For very small estimated 
profile frequencies, the uncertainty can be greater, both because of the greater relative 
uncertainty of individually small probabilities and because more loci are likely to be multiplied. 
But with very small probabilities, even a larger relative error is not likely to change the 
conclusion. 

Database Searches 

If  the suspect is identified tl~, ough a DNA database search, the interpretation of the match 
probability and likelihood ratio given in Chapter 4 should be modified. 

Recommendation 5.1: When 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. 

If  one wishes to describe the impact of the DNA evidence under the hypothesis that the 
source of the evidence sample is someone in the database, then the likelihood ratio should be 
divided by N. As databases become more extensive, another problem may arise. I f  the database 
searched includes a large proportion of the population, the analysis must take that into account. 
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In the extreme ease, a search of the whole population should, of course, provide a definitive 
answer. 

Uniqueness 

With an increasing number of loci available for forensic analysis, we are approaching the 
time when each person's profile is unique (except for identical twins and possibly other close 
relatives). Suppose that, in a population of N unrelated persons, a given DNA profile has 
probability P. The probability (before a suspect has been profiled) that the particular profile 
observed in the evidence sample is not unique is at most NP. 

A lower bound on the probability that every person is unique depends on the population 
size, the number of loci, and the heterozygosity of the individual loci. Neglecting population 
structure and close relatives, 10 loci with a geometric mean heterozygosity of 95% give a 
probability greater than about 0.999 that no two unrelated persons in the world have the same 
profile. Once it is decided what level of probability constitutes uniqueness, appropriate 
calculations can readily be made. 

We expect that the calculation in the first paragraph will be the one more often employed. 

I 
I 
I 
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Matching and Binning 

VNTR data are essentially continuous, and, in principle, a continuous model should be 
used to analyze them. The methods generally used, however, involve taking measurement 
uncertainty into account by determining a match window. Two procedures for determining 
match probabilities are the floating-bin and the fixed-bin methods. The floating-bin method is 
statistically preferable but requires access to a computerized database. The fixed-bin method is 
more widely used and understood, and the necessary data tables are widely and readily available. 
When our fixed-bin recommendation is followed, the two methods lead to very similar results. 
Both methods are acceptable. 

Recommendation 5.2: If floating bins are used to calculate the random-match 
probabilities, each bin should coincide with the corresponding match window. If fixed bins 
are employed, then the ftxed bin that has the largest frequency among those overlapped by 
the match window should be used. 

Ceiling Principles 

The abundance of data in different ethnic groups within the major races and the 
genetically and statistically sound methods recommended in this report imply that both the 
ceiling principle and the interim ceiling principle are unnecessary. 

Further Research 

The rapid rate of discovery of new markers in eormection with human gene-mapping 
should lead to many new markers that are highly polymorphic, mutable, and selectively neutral, 
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but which, unlike VNTRs, can be amplified by PCR and for which individual alleles can usually 
be distinguished unambiguously with none of the statistical problems associated with matching 
and binning. Furthermore, radioactive probes need not be used with many other markers, so 
identification can be prompt and problems associated with using radioactive materials can be 
avoided. It should soon be possible to have systems so powerful that no statistical and 
population analyses will be needed, and (except possibly for close relatives) each person in a 
population can be uniquely identified. 

• Recommendat ion  5.3: Research into the identification and validation of  more and 
better marker  systems for forensic analysis should continue with a view to making  each 
profile unique.  

Legal Issues (Chapter 6) 

In assimilating scientific developments, the legal system necessarily lags behind the 
scientific world. Before making us, e of evidence derived from scientific advances, courts must 
scrutinize the proposed testimony to determine its suitability for use at trial, and controversy 
within the scientific community often is regarded as grounds for the exclusion of the scientific 
evidence. Although some controversies that have come to closure in the scientific literature 
continue to limit the presentation of DNA evidence in some jurisdictions, courts are making 
more use of the ongoing rdsearch into the population genetics of DNA profiles. We hope that 
our review of the research will contribute to this process. 

Our conclusions anti,recommendations for reducing the risk of laboratory error, for 
applying human population genetics to DNA profiles, and for handling uncertainties in estimates 
of profile frequencies and match probabilities might affect the application of the rules for the 
discovery and admission of evidence in court. Many suggestions can be offered to make our 
recommendations most effective: for example, that every jurisdiction should make it possible for 
all defendants to have broad discovery and independent experts; that accreditation, proficiency 
testing, and the opportunity for independent testing (whenever feasible) should be prerequisites 
to the admission of laboratory findings; that in resolving disputes over the adequacy or 
interpretation of DNA tests, the power of the court to appoint its own experts should be exercised 
more frequently; and that experts should not be barred from presenting any scientifically 
acceptable estimate of a random-match probability. We have chosen, however, to make no 
formal recommendations on such matters of legal policy; we do, however, make a 
recommcndati0n concerning'scientific evidence--namely, the need for behavioral research that 
will assist legal decision makers.in developing standards for communicating about DNA in the 
courtroom. 

Recommendation 6.1: Behavioral research should be carried out to identify any 
conditions that might cause a trier of fact to misinterpret evidence on DNA profiling and to 
assess how well various ways of presenting expert testimony on DNA can reduce such 

misunderstandings. 
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We trust that o ~  efforts to explain the state of the forensic science and some of the 
social-science findings that are pertinent to resolving these issues will contribute to better- 
informed judgments by courts and legislatures. 
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ILLUSTRATIVE EXAMPLE 

A Typical Case 

As an illustration, we have chosen an example that involves VNTR loci. The methods 
used for the other systems are very similar, except that they usually do not involve the 
complications of matching and binning, so the more complicated situation is better for 
illustration. We shall analyze the same data in several ways. 

Suppose that samples of blood are obtained from a crime scene and DNA from two 
suspects, 1 and 2. We should like to know whether the profile of either suspect matches the 
profile of the evidence DNA. 

First we isolate the DNA from the three samples, making sure that all three have been 
handled separately and that each step in the chain of custody has been checked and documented. 
The DNA is first cut into small segments by an enzyme, Hae III. The fragments from the 
evidence sample (E) and from the two suspects (S 1 and $2) are placed in small wells in the gel, 
each sample in a separate lane. Along with these three are a number of controls, as illustrated in 
Figure 0.4, each with its own lane. The laboratory has been careful not to put any of the three 
DNA samples into adjacent lanes to prevent possible leakage of DNA into the wrong lane. 

After being placed in an electric field for a carefully determined time, the DNA in all the 
lanes is transferred by blotting to a nylon membrane (stronger and easier to handle than the gel). 
Then a radioactive probe that is specific for locus D2S44 is flooded onto the membrane. The 
probe adheres to the corresponding region in the DNA sample, and the nonadhering DNA is 
washed off. The membrane is then placed in contact with a photographic film to prepare an 
autorad. Figure 0.7 illustrates the result in this case. 

The rough size of the fragment can be determined from the scale in the figure. In 
practice, the scale is a ladder, a group of DNA fragments that differ from each other in 
increments of  approximately 1,000 base pairs (the ladder can be seen in Figure 0.4) It is 
immediately apparent (Figure 0.7) that E and S 1 match as far as the eye can tell, but that $2 is 
clearly different. That alone is sufficient to exclude $2 as a suspect. The sizes of the six bands 
are determined by comparison with the ladder. This operation is ordinarily done by a computer 
programmed to scan the autorad and measure the sizes of the bands. 

The calculations (or computer output) are shown in Table 0.2. The measured value of 
each band is given, along with upper and lower limits of the uncertainty window, which spans 
the range from 2.5% below to 2.5% above the measured value. Comparing the uncertainty 
window of S 1 and E for the smaller band, we see that the windows overlap; the upper limit of S 1, 
1,153, is within the range, 1,109 to 1,165, of E. Likewise, the uncertainty windows of the larger 
bands also overlap. In contrast, the uncertainty windows for the two bands from $2 do not 
overlap any of  the evidence bands. So our visual impression is confirmed by the measurements. 
$2 is cleared, whereas S 1 remains as a possible source of the evidence DNA. 
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Figure O.7. Diagram of a hypothetical autorad for evidence DNA (E) and two suspects (S 1 and S2). Note 
that E and Sl appear to match, whereas S2 is clearly not the source of the evidence DNA. The numbers at 
the two sides are numbers of base pairs. 
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Table 0.2. The Uncertainty Windows for a VNTR Marker (Probe D2S44) in an Illustrative 
Example. 

Source Band Size 2.5% Uncertainty 

O-37 

Window 

E Larger 1,901 48 1,853 to 1,949 
Smaller 1,137 28 1,109 to 1,165 

S 1 Larger 1,876 47 1,829 to 1,923 
Smaller 1,125 28 1,097 to 1,153 

$2 Larger 3,455 86 3,369 to 3,541 
Smaller 1,505 38 1,467 to 1,543 
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The next step is So compute the size of the match window (Table O.3), which will be used 
to find the frequency of this marker in a relevant database of DNA marker frequencies. This is 
the measurement E plus and minus 5% of its value. So for the larger band the limits are 1,901 - 
95 and 1,901 + 95, or 1,806 to 1,996. We then look at a bin-frequency table, shown in Table O.1 
(p XX). The table shows that the lower limit, 1,806, lies in bin 11, and the upper limit, 1,996, is 
in bin 12. Notice that the frequency of the alleles in bin 11 is 0.083 and that in bin 12 is 0.050, 
so we take the larger value, 0.083. This is shown as the frequency in the rightmost column of 
Table 0.3. 

Continuing, we find the size of the smaller band of E is 1,137, and its lower and upper 
limits are 1,080 and 1,194. Both of these values are within bin 6 in Table S.1. Its frequency is 
0.024, shown in the right column of Table 0.3. 

Now the membrane is "stripped", meaning that the probes are washed off. Then the 
membrane is flooded with a new set of probes, this time specific for locus D17S79. Assume that 
the measurements o rE  are 1,685 and 1,120, and that the uncertainty windows orE  and S1 again 
overlap. The + 5% match window for the larger band is 1,601 to 1,769, and comparing this with 
Table S. 1 shows that the match window overlaps bins 9 and 10, of which 9 has the higher 
frequency, 0.263. In the same way, the match window for the smaller band overlaps bands 4 and 
6, and the larger frequency is 0.015. 

Again, the membrane is stripped and a new probe specific for D1S7 is added. This time, 
there is only one band. The individual is either homozygous, or heterozygous and the second 
band did not appear on the gel. So we apply the 2p rule, doubling the frequency from 0.068 to 
0.136. Now the process is continued through two more probes, D4S139 and D10S28, with the 
frequencies shown in the Table 0.3. (If you wish, you may verify these numbers from Table 4.5, 
p XX, which also shows frequencies for black and Southeastern Hispanic databases.) 

The next step is to compute the probability that a randomly chosen person has the same 
profile as the evidence sample, E. For this, we use the product rule with the 2p rule for the single 
band. For each double band, we compute twice the product of the two frequencies. For the 
single band, we use twice the allele frequency. Thus, going down through the table, the 
probability is 

2(0.083)(.024) x 2(0.263)(0.015) x 2(0.068) x 2(0.072)(0.131) x 2(0.047)(0.065) 
= 4.9 x 10 q°, or about 1 in 2 billion. 

The maximum uncertainty of this estimate is about 10-fold in either direction, so the true 
value is estimated to lie between 1 in 200 million and 1 in 20 billion. 

Suspect Found by Searching a Database 

In the example above, we assumed that the suspect was found through an eyewitness, 
circumstantial evidence, or from some other information linking him to the crime. Now assume 
that the suspect was found by searching a database. If  the database consists of  10,000 profiles, 
we follow the rule of  multiplying the calculated probability by that number. Thus, the match 
probability, instead of  one in 2 billion, is 10,000 times greater, or one in 200,000. 
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Table 0.3. 
Example. 

Match Windows and Frequencies for Several VNTR Markers in an Illustrative 

0-39 

Locus Band Size 5% Match Window Bin(s) Freq. 

I 
I 
I 
I 

D2S44 Larger 1,901 95 1,806 to 1,996 11, 12 0.083 
Smaller 1,137 57 1,080 to 1,194 6 0.024 

D17S79 Larger 1,685 84 1,601 to 1,769 9, 10 0.263 
Smaller 1,120 56 1,064 to 1,176 4, 6 0.015 

D 1 $7 Single 14 0.068 
D4S 139 Larger 10 0.072 

Smaller 13 0.131 
D 10S28 Larger 9 0.047 

Smaller 16 0.065 

I 
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Probability of a random match, 5 loci: 
P = 2(0.083)(0.024) x 2(0.263)(0.0151 x 2(0.058) x 2(0.0721(0.13 I) x 2(0.047)(0.065) 

= I/(2 billion) 
Uncertainty range: I/(200 million) to I/(20 billion) 
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Suspect and Evidence from the Same Subpopulation 

It might be that the crime took place in a very small, isolated village, and the source of 
the evidence and suspect are both known to be from that village. In that case, we use the 
modified Equation 2b. 

Consider first D2S44, in which Pl = 0.083 and P2 -- 0.024. Suppose that the village is 

very small and that we wish to be very conservative, so we take 0 = 0.03. The probability from 
Equation O.2b is 

2 x [0.03 + (0.97 x 0.083)] x [0.03 + (0.97 x 0.024)] = 0.010786. 

1.03 x 1.06 

Continuing in the same way through the other four loci, using Equation 2a for D1 $7, and 
multiplying the results gives about 1/(600 million). 

A PCR-Based System 

We shall not give a specific example for a PCR-based system. The reason is that the 
situation is simpler, since there is usually no matching and binning. The detailed procedures are 
specific for each system and will not be repeated here. The techniques in general (e.g., for STRs) 
are the same as for VNTRs. They involve positions of bands in gels and photographs of the 
bands. The methods often use chemical stains rather than radioactive probes; that saves time. 
The allele frequency is determined directly from the database, and the calculations of match 
probabilities and likelihood ratios are exactly the same as those just illustrated. 
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Introduction 

"Whether the practical results to be derived from his researches will repay the 
pains he has bestowed upon them we must take leave to doubt. It will be long 
before a British jury will consent to convict a man upon the evidence of his finger 
prints; and however perfect in theory the identification may be, it will not be easy 
to submit it in a form that will amount to legal evidence." 

--From an 1892 review in The Athenaeum of 
Finger Prints, by Sir Francis Galton 

DNA technology makes possible the study of human variability at the most basic level--  
the level of genetic material, DNA. Previous methods using blood groups and proteins have 
analyzed gene products, rather than DNA itself. In addition to providing more direct genetic 
information, DNA can withstand environmental conditions that destroy proteins, so old, badly 
degraded samples of bodily fluids still can provide abundant information. If the array of DNA 
segments (markers) used for comparison is large enough, the probability that two unrelated 
persons (or even close relatives, except identical twins) will share all of them is vanishingly 
small. The techniques for analyzing DNA are already very powerful; they will become more so. 

DNA analysis is only one of a group of techniques that make use of new and increasingly 
sophisticated advances in science and technology. Some of the subjects involved are 
epidemiology, survey research, economics, and toxicology. Increasingly, the methods are 
technical and statistical, as with forensic DNA analysis. The issues are at the interface of science 
and law, and involve the difficult problem of accommodating the different traditions in the t w o  
areas. For a discussion of scientific and legal issues involved in the use of scientific evidence in 
the courts, see Federal Judicial Center (1994). 

T H E  1992 N A T I O N A L  R E S E A R C H  C O U N C I L  R E P O R T  

DNA techniques began to be used in criminal cases in the United States in 1988. The 
emergence of numerous scientific and legal issues led to the formation in 1989 of the National 
Research Council Committee on DNA Technology in Forensic Science. That committee's 
report, issued in 1992 (NRC 1992), aff'n'med the value of DNA typing for forensic analysis and 
hailed it as a major advance in the field of criminal investigation. In an introductory statement, 
the committee wrote: 

We recommend that the use of DNA analysis for forensic purposes, including the 
resolution of both criminal and civil cases, be continued while improvements and 
changes suggested in this report are being made. There is no need for a general 
moratorium on the use of the results of DNA typing either in investigation or in 
the courts. 
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To improve the quality of DNA-typing information and its presentation in court, the 
report recommended various policies and practices, including 

Completion of adequate research into the properties of typing methods to determine the 
circumstances under which they yield reliable and valid results (p 8, 61-63). 1 

Formulation and adherence to rigorous protocols (p 8, 97ff). 
Creation of a national committee on forensic DNA typing to evaluate scientific and 

technical issues arising in the development and refinement of DNA-typing technology (p 8, 70- 
72). 

Studies of the relative frequencies of distinct DNA alleles in 15-20 relatively 
homogeneous subpopulations (p 14, 90, 94). 

A ceiling principle using, as a basis of calculation, the highest allele frequency in any 
subgroup or 5%, whichever is higher (p 14, 95). 

A more conservative "interim ceiling principle" with a 10% minimum until the ceiling 
principle can be implemented (p 14, 91-93). 

Proficiency testing to measure error rates and to help interpret test results (p 15, 88-89). 
Quality-assurance and quality-control programs (p 16, 97-109). 
Mechanisms for accreditation of laboratories (p 17, 23, 100-101). 
Increased funding for research, education, and development (p 17, 153). 
Judicial notice of the scientific underpinnings of DNA typing (p 23,i33). 
Financial support for expert witnesses (p 23, 148-149). 
Databases and records freely available to all parties (p 23, 26, 93-95). 
An end to occasional expert testimony that DNA typing is infallible and that the DNA 

genotypes detected by examining a small number of loci are unique (p 26, 92). 

1-2 

Many of the recommendations of the 1992 report have been implemented. Some of the 
perceived difficulties at the time, such as insufficient information on the differences among 
various population subgroups, have been largely remedied. Studies of different subgroups, 
although not done exactly in the manner advocated by the report, have been extensive. New 
techniques and improvements in old ones have increased the power and reliability of DNA data. 

Nevertheless, controversy over the forensic applications of DNA has continued, and the 
report has been strongly criticized (Balazs 1993; Devlin, Risch, and Roeder 1993; 1994; Kaye 
1993; Morton, Collins, and Balazs 1993; Collins and Morton 1994). The most contentious issues 
have involved statistics, population genetics, and possible laboratory errors in DNA profiling. In 
1994, the National Research Council established the present committee to update the 1992 
report. 

' Page references indicate where the topics are discussed in the 1992 NRC report. 
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T H E  C O M M I T T E E ' S  T A S K  

The committee's task statement reads: 

The committee will perform a study updating the previous NRC report, DNA 
Technology in Forensic Science. The study will emphasize statistical and 
population genetics issues in the use of DNA evidence. The committee will 
review relevant studies and data, especially those that have accumulated since the 
previous report. It will seek input from appropriate experts, including those in the 
legal and forensics communities, and will encourage the submission of  cases from 
the courts. Among the issues examined will be the extent of population 
subdivision and the degree to which this information can or should be taken into 
account in the calculation of probabilities or likelihood ratios. The committee will 
review and explain the major alternative approaches to statistical evaluation of  
DNA evidence, along with their assumptions, merits, and limitations. It will also 
specifically rectify those statements regarding statistical and population genetics 
issues in the previous report that have been seriously misinterpreted or led to 
unintended procedures. 

Thus, a number of issues addressed by the 1992 report are outside our province. Such 
issues as confidentiality and security, storage of samples for possible future use, legal aspects of 
data banks on convicted felons, non-DNA information in data banks, availability and costs of 
experts, economic and ethical aspects of new DNA information, accountability and public 
scrutiny, and intemational exchange of information are not in our charge. 

The major issues addressed in this report are in three groups: 

• The accuracy o f  laboratory determinations. How reliable is genetic typing? What are the 
sources of  error? How can errors be detected and corrected? Can their rates be determined? 
How can the incidence of errors be reduced? Should calculation of the probability that an 
uninvolved person has the same profile as the evidence DNA include an estimate of the 
laboratory error rate? 
• The accuracy o f  calculations based on population-genetics theory and the available 
databases. How representative are the databases, which originate from convenience samples 
rather than random samples? How i's variability among the various groups in the US population 
best taken into account in estimating the population frequency of  a DNA profile? 
• Statistical assessments o f  similarities in DNA profiles. What quantities should be used to 
assess the forensic significance of a profile match between two samples? How accurate are these 
assessments? Are the calculations best presented as frequencies, probabilities, or likelihood 
ratios? 

Those three sets of questions are related. All fall within the committee's task of  analyzing 
"statistical and population genetics issues in the use of DNA evidence," and of reviewing "major 
alternative approaches to statistical evaluation of DNA evidence." To help answer the questions, 
we discuss the current state of scientific knowledge of forensic DNA-typing methods (Chapter 
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2), ways of ensuring high standards of laboratory performance (Chapter 3), population-genetics 
theory and applications (Chapter 4), statistical analysis (Chapter 5), and legal considerations 
(Chapter 6). 

In the remainder of this chapter, we elaborate on some of the developments that have 
occurred since the 1992 report and on the scope of our review and recommendations. In 
addition, we attempt to clarify various preliminary points about forensic DNA typing before 
undertaking a more detailed analysis of the methodological and statistical issues in later chapters. 

As will be seen in this report, we agree with many of the findings and recommendations 
of  the 1992 report but disagree with others. Statements and recommendations on which we do 
not comment are neither endorsed nor rejected. 

T H E  V A L I D I T Y  O F  D N A  T Y P I N G  

The techniques of DNA typing outlined in Chapter 2 are fully recognized by the scientific 
community. To the extent that there are disagreements over the use of  these techniques to 
produce evidence in court, the differences in scientific opinions usually arise when the DNA 
profile of an evidence sample (as from a crime scene) and that of a sample from a particular 
person (such as a suspect) appear to be the same. (Although much of DNA analysis involves 
comparing a sample from a crime scene with one from a suspect, useful comparisons can aiso be 
made with DNA from other sources, for example, a victim Or a third party who happened to be 
present at the scene of a crime). In general, there are three explanations for a finding that two 
profiles are indistinguishable: the samples came from the same person, the samples came from 
different persons who happen to have ihe same DNA profile, and the samples came from 
different persons but were handled or analyzed erroneously by the investigators or the laboratory. 

At the time of the 1992 report, there were various approaches to assessing the first and 
second possibilities. Although current information is much more extensive, opinions still differ 
as to how best to make probability calculations that take advantage of  the great power of DNA 
analysis while being scrupulously careful to protect an innocent person from conviction. Wc 
hope in this report to narrow the differences. 

THE USE OF DNA FOR EXCLUSION 

The use of DNA techniques to exclude a suspect as the source of  DNA has not been a 
subject of controversy. In a sense, exclusion and failure to exclude are two sides of  the same 
coin, because the laboratory procedures are the same. But there are two important differences: 

• Exclusion--declaring that two DNA samples do not match and therefore did not come from 
the same person--does not require any information about frequencies of  DNA types in the 
population. Therefore, issues of population genetics are not of concern for exclusion. However, 
in a failure to exclude, these issues complicate the calculation of chance matches of  DNA from 
different persons. 
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• Technical and human errors will occur no matter how reliable the procedures and how careful 
the operators. Although there are more ways of making errors that produce false exclusions than 
false matches, courts regard the latter, which could lead to a false conviction, as much more 
serious than the former, which could lead to a false acquittal. 

There have been various estimates of the proportion of innocent prime suspects in major 
crimes. FBI (1993a) reports that in one-third of the rape cases that were examined, the named 
suspect was eliminated by DNA tests. Undoubtedly the true proportions differ for different 
crimes and in different circumstances. Nonetheless, DNA testing provides a great opportunity 
for the falsely accused, and for the courts, because it permits a prompt resolution of a case before 
it comes to court, saving a great deal of expense and reducing unnecessary anxiety. Furthermore, 
a number of convicted persons, some of whom have spent as long as 10 years in prison, have 
been exculpated by DNA testing. 2 

Because cases in which a suspect is excluded by nonmatching DNA almost never come to 
court, experts from testing laboratories usually testify for the prosecution. In exceptional cases, 
the prosecution, relying on other evidence, proceeds in the face of nonmatching DNA profiles, 
and the laboratory experts testify for the defense. 3 In all cases, the job of the laboratory is the 
same: to analyze the DNA in samples and to interpret the results accurately and without 
prejudice for or against either party. 

C H A N G E S  S I N C E  T H E  1992 R E P O R T  

P o p u l a t i o n  D a t a  

A major change in the last four years has been in the amount of available population data 
on DNA frequencies in different groups and different geographical regions (see Chapters 4 and 
5). Although considerable information was available at the time of the 1992 report, the writers of 
that report believed that the data were too sparse and the methods for detection of  population 
subdivision too weak to permit reliable calculations of coincidental-match probabilities. In 
particular, they feared that subsets of the population might have unusual allele frequencies that 
would not be revealed in an overall population average or not be well represented in the 
databases used to estimate frequencies. The 1992 report therefore recommended the use of an ad 
hoc approach for the calculation of an upper bound on the frequencies that would be found in any 
real population; this approach used what was termed the "ceiling principle." The report 
recommended that population frequency data be collected on homogeneous populations from 15- 
20 racial and ethnic groups. The highest frequency of a marker in any population, or 5%---- 
whichever was higher, was to be used for calculation. Until the highest frequencies were 
available, an "interim ceiling principle" was to be used. That would assign to each marker the 
highest frequency value found in any population database (adjusted upward to allow for 

2 Scores of convicted felons are petitioning courts to allow tests to be performed on preserved samples, and 
more than seventeen of those exonerated by post-conviction DNA testing have been released. See Developments... 
(1995). 

3 For example, State v. Hammond, 221 Conn. 264, 604 A.2d 793 (1992). 
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statistical uncertainty) or 10%---whichever was higher. The result would be a composite profile 
frequency that did not depend on a specific racial or ethnic database and would practically 
always exceed the frequency calculated from the database of the reference populations. 

The ceiling principles have been strongly criticized by many statisticians, forensic 
scientists, and population geneticists (Cohen 1992; Weir 1992a, 1993a; Balazs 1993; Devlin, 
Risch, and Roeder 1993, 1994; Morton, Collins, and Balazs 1993; Collins and Morton 1994; 
Morton 1994), and supported by others (Lempert 1993; Lander and Budowle 1994). Most courts 
that have discussed it have accepted it as a way of providing a "conservative" estimate. 
Conservative estimates deliberately undervalue the weight of the evidence against a defendant. 
Statistically accurate estimates, based as they are on uncertain assumptions and measurements, 
can yield results that overvalue the weight of evidence against the defendant, even though on 
average they produce values that are closer to the true frequency than those produced by 
conservative estimates. 

As detailed in Chapters 4 and 5, information is now available from a number of relevant 
populations, so that experts can usually base estimates on an appropriate database. Indeed, the 
1992 committee might not have intended to preclude such estimates, at least if accompanied by 
interim ceiling figures. In this context, Lander (a member of that committee) and Budowle 
(1994) state: 

Most importantly, the report failed to state clearly enough that the ceiling 
prin ipi . . . . . . . . . . . . .  . . . . .  ' +: . . . . .  I..,,1.~¢; . . . . .  ia;~l~ d i d  n n t  h~ r  c e was intenaed a~ all uau~t-,~ul~, vat, v~. ,.,~,.,...uv.., . . . . . . . . . . . . . . .  

experts from providing their own "best estimates" based on the product rule. The 
failure was responsible for the major misunderstanding of the report. Ironically, it 
would have been easy to correct. 

Technical Improvements 

A second change since 1992 is mainly incremental. Individually small but collectively 
important procedural modifications have improved the technical quality of the DNA-testing 
process. One has only to compare DNA autoradiographs (see Chapter 2) made five years ago 
with those of today. Computer analysis and better equipment improve efficiency and can 
increase measurement accuracy. Perhaps most important, DNA-laboratory analysts have gained 
experience, not just in individual laboratories but collectively across the field. A mistake whose 
cause is discovered is not likely to be repeated. Laboratory quality-assurance programs are better 
developed, and there are now organizations that provide standards and conduct proficiency tests. 
These are discussed in Chapter 3. 

A common technique of forensic DNA testing uses loci that contain variable-number 
tandem repeats (VNTRs), explained in Chapter 2. These are still of primary importance and are 
the major topic of  our discussion, although we discuss other kinds of genetic markers as well. 
The standard VNTR system entails data that are subject to imprecision of measurement, so that 
very similar DNA patterns cannot be reliably distinguished; we discuss these problems in 
Chapter 5. Furthermore, most current VNTR methods require radioactive materials, and the 
procedures are slow; it can take six weeks or more for a complete analysis. Chemilumineseent 
systems can reduce the time, since waiting for sufficient radioactive decay is unnecessary, and 
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these systems are coming into use. Increasingly, more-rapid methods are being used, and these 
usually permit precise identification of genes. Although this change is gradual, we are 
approaching a time when analysis will be quicker, cheaper, and less problematic than current 
methods. We foresee a time when each person can be identified uniquely (except for identical 
twins). 

P A T E R N I T Y  T E S T I N G  

Paternity testing has traditionally used blood groups and protein markers, but these have 
been supplemented if  not largely supplanted by the much more powerful DNA methods. The 
basic procedures are the same for paternity testing as for crime investigation (Walker 1983; 
AABB 1994), and the experience of paternity-testing laboratories can be valuable in the criminal 
context as well. Indeed, parentage testing sometimes provides evidence in a criminal 
proceeding 4. The laboratories can provide information of use in forensic analysis. For example, 
a discrepancy between mother and child can offer information about error rates or mutation (see 
Chapter 2). Many laboratories do both forensic and paternity analysis. 

Nevertheless, the two applications are different in important respects. Paternity testing 
involves analysis of the genetic relations of child, mother, and putative father; crime 
investigations usually involve the genetically simpler question of whether two DNA samples 

: came from the same person. Mutation (see Chapter 2) is a factor to be taken into account in 
paternity testing; it is not an issue in identity testing. In cases brought to establish paternity for 
child support, inheritance, custody, and other purposes, the law gives the claims of the parties 
roughly equal weight and uses a civil, rather than the higher criminal, standard of proof. The 
1992 report's recommendations for conservative population and statistical analyses of data were 
motivated by the legal requirement of proof beyond a reasonable doubt applied in criminal trials. 
Those recommendations are therefore inappropriate for civil cases. In particular, the report did 
not propose either of the ceiling principles for paternity testing, and their use in civil parentage 
disputes is inappropriate. Likewise, the recommendations in the present report apply to criminal 
forensic tests and not to civil disputes. 

R E G U L A T O R Y  O V E R S I G H T  

The 1992 Report (p 70-72) recommended the formation of a National Committee on 
Forensic DNA Typing (NCFDT), to provide advice on scientific and technical issues as they 
arise. The NCFDT would have consisted "primarily of molecular geneticists, population 
geneticists, forensic scientists, and additional members knowledgeable in law and ethics" to be 
convened under an appropriate government agency. Two suggested agencies were the National 
Institutes of Health and the National Institute of Standards and Technology. 

4 E.g., State v Spann, 130 N.J. 484, 617 A.2d 247 (1993); Commonwealth v Cumin, 409 
Mass. 218, 565 N.E.2d 440 (1991). 
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Neither agency has accepted or been given the responsibility and funding. Instead, the 
DNA Identification Act of  1994 (Public Law 103-322) provides for a DNA advisory board to be 
appointed by the Federal Bureau of Investigation from nominations submitted by the National 
Academy of Sciences and other organizations. The board, which is now in place, will set 
standards for DNA testing and provide advice on other DNA-forensic matters.. This makes it 
unlikely that the proposed NCFDT will come into being. We expect the new DNA Advisory 
Board to issue guidelines for quality-assurance and proficiency tests that testing laboratories will 
be expected to follow. Laboratories will not be able to obtain federal laboratory-development 
funds unless they demonstrate compliance with the standards set by the advisory board. 

SEEMINGLY CONTRADICTORY NUMBERS 

The uncertainties of assumptions about population structure and about population 
databases and a desire to be conservative have led some experts to produce widely different 
probability estimates for the same profile. In court one expert might give an estimate of one in 
many millions for the probability of a random DNA match and another an estimate of one in a 
few thousandmlarger by a factor of 1,000, or more (for an example, see Weir and Gaut [1993]; 
other examples are given in Chapter 6). Such discrepancies have led some courts to conclude 
that the data and _~,_ _ a . . . . . . . . .  1 : _ 1 . 1 _  1tar . . . . . . . . . . . .  k , ~ k ; 1 ; ~ ,  , ~ o , ; , . ~ , , ~  r ~ r t ; c ' i l l n r l v  t h e  h i ~ h e r  metnou~ arc ~U~ll~tol~. ,-,o~,~v,,l, t ,  t v v , , v , , , :  w . ~ _ . . * * o ,  ~ d . . . . . .  ,~ 

values, are intended to be conservative, sometimes extremely so. 
Experts are likely to differ far more in their degree of conservatism than in their best 

(statistically unbiased) point estimates. If two experts give c o n s e r v a t i v e  estimates that differ 
widely, they might both be correct; they often differ not in their expertise, but in their 
conservatism. For instance, i r a  says that the distance from Los Angeles to New York is more 
than 1,000 miles and B says that it is more than 2,000 miles, both are correct; if  C says that it is 
more than 100 miles, this, too, is correct, but excessively conservative and, as a result, much less 
informative. It might also be misleading, for example, if  this gross underestimate led a person to 
think that he could drive from Los Angeles to New York on one tankful of gasoline. Extreme 
differences arise if one expert relies solely on direct counts of genetic types in the database and 
uses no population genetics theory whereas the other makes assumptions grounded in theory. 
The two experts' best estimates, if both were to use this theory, are likely to be fairly close. 

In fact, some have proposed that profile probabilities should be estimated from direct 
counts of profiles in the database. One problem is that there are trillions of possible five-locus 
profiles, the overwhelming majority of which are not found in any database. How does one 
interpret all those zero profile frequencies? One suggestion is to assign an arbitrary value 
determined by an upper 95% confidence limit. For a database of 100 individuals, this leads to a 
value of 0.03 for this upper limit; for a database of 1,000, this upper limit is 0.003. The 1992 
report suggests that the upper 95% confidence limit be used not only for the zero class, but also 
instead of the face value estimate for other frequencies as well. However, the report goes on to 
say that "such estimates do not take advantage of the full potential of the genetic approach." We 
emphatically agree with this statement. 

Even under the assumption that the database is a random sample, the direct-counting 
procedure is excessively conservative, giving values several orders of magnitude greater than 
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even the most conservative estimates based on genetic assumptions. It does not make use of 
knowledge of  the nature of the markers, of standard population genetic theory, and of population 
data. It therefore throws out a great deal of relevant information that should be used. For these 
and other reasons, we reject the counting method (see Chapter 5). 

V E R Y  S M A L L  P R O B A B I L I T I E S  

If a testing laboratory uses genetic markers at four or five VNTR loci, the probability that 
two unrelated persons have identical DNA profiles might well be calculated to be one in 
millions, or billions, or even less. The smaller the probability, the stronger is the argunaent that 
the DNA samples came from the same person. Some have argued that such a small 
probability--much smaller than could ever be measured directly--lacks validity because it is 
outside the range of previous observations. Yet they might accept as meaningful the statement 
that the probability that two persons get the same bridge hand in two independent deals from a 
well-shuffled deck is about one in 600 billion, a number far outside anyone's bridge experience 
and 100 times the world population. 

The proper concern is not whether the probability is large or small, but how accurate it is. 
Probabilities are not untrustworthy simply because they are small. In most cases, given 
comparable non-DNA evidence, a judge or jury would probably reach the same conclusion if the 
probability of  a random match were one in 100,000 or one in 100 million. 

Because of  the scientific approach of statisticians and population geneticists, treatment of 
DNA evidence has become a question of probabilities. But some other kinds of evidence are 
traditionally treated in absolute terms. The probative value of DNA evidence is probably greater 
than that of most scientific evidence that does not rely on statistical presentations, such as 
firearms, poisoning, and handwriting analysis. We urge that the offering of statistical evidence 
with DNA profiles not be regarded as something unusual and mysterious. In fact, because much 
of science is quantitative, the DNA precedent might point the way to more scientific treatment of 
other kinds of  evidence. 

F I N G E R P R I N T S  A N D  U N I Q U E N E S S  

The history of  fingerprints offers some instructive parallels with DNA typing (Stigler 
1995). Francis Galton, the first to put fingerprinting on a sound basis, did an analysis 100 years 
ago that is remarkably modem in its approach. He worked out a system for classifying, filing, 
and retrieving. He showed that a person's fingerprints do not change over time. He invented an 
analysis that circumvented the fact that small parts of a fingerprint are not strictly independent. 
He also found that fingerprints of relatives were similar, although not identical, and that there 
were no unique racial patterns. 

Galton concluded that, given a particular fingerprint pattern on a specified digit, such as 
the left index finger, the probability that a second specified person would have a matching 
pattern on the same digit was less than the reciprocal of 40 times the world population at that 
time, and hence the probability that a pattern identical to the given one occurred on the same 

PREPUBLICATION COPY 



THE EVALUATION OF FORENSIC D N A  EVIDENCE 1-10 

finger of anyone else in,the population of the world would be less than 1/40. When prints from 
several fingers are compared, the probability that all will match becomes very small. This 
means, Galton said, that if two sets of prints are identical they must have come from the same 
person. 

Although Galton paid careful attention to probabilities, his successors usually have not; 
but see Stoney and Thornton (1986). It is now simply accepted that fingerprint patterns are 
unique. 

The 1992 report (p. 92) stated that "an expert shouldngiven the relatively small number 
of  loci used and the available population data--avoid assertions in court that a particular 
genotype is unique in the population." Yet, what meaning should be attached to a profile 
frequency that is considerably less than the reciprocal of the world population? Given a person 
with a profile the frequency of which is estimated at only one-tenth the reciprocal of the world 
population, the probability that no one else in the world has this profile is about 9/10. Should 
this person be regarded as unique? If  not, how high should the probability be for the profil e to be 
regarded as unique? That is for society or the courts, not the present committee, to decide, but 
we discuss these issues in Chapter 5. Given that such a decision might be made, we show how to 
do the requisite calculations. 

. . . . . . . . . . .  / ' s  l ~ A ' l - t l r T l r  , r ' l i ~ T / ' ~ I k T  J ~ ' ~ l l r t ~ ' ~ k T T l ~ l O  A ~ T T ~  ~ T T 1 ) f ~ T ) f i T T 1 ) ~  
D I ~ 3 I ~ I N A I I I N t ,  ] [ ' U J V U I . ~ A I  lt.$1~l t J l ' ~ J l d r o / - ~ t ~ l l . a  o ~ v u x , ~ u t 2 J t  o 

There is no generally agreed-on vocabulary for treating human diversity. Major groups 
are sometimes designated as races, and at other times as ethnic groups. Ethnic group is also used 
to designate subgroups of maj or groups. The 1992 report used ethnic group both ways. 
Furthermore, groups are mixed, all the classifications are fuzzy at the borders; and the criteria for 
membership are variable. For such reasons, some assert that the word race is meaningless 
(Brace 1995). But the word is commonly used and generally understood, and we need a 
vocabulary. 

For convenience, uniformity, and clarity, in this report we designate the major groups in 
the United States--white (Caucasian), black (African American ), Hispanic, east Asian 
(Oriental), and American Indian (Native American)---as races or racial groups. We recognize 
that most populations are mixed, that the definitions are to some extent arbitrary, and that they 
are sometimes more linguistic (e.g., Hispanic) than biological. In fact, people often select their 
own classification. Nevertheless, there are reproducible differences among the races in the 
frequencies of DNA profiles used in forensic settings, and these must be taken into account if 
errors are to be minimized. 

Groups within the races---such as Finnish and Italian within whites and different tribes 
among American Indiansnwill  be designated as subgroups. A subgroup can be small, such as 
the members of a small community descended from a handful of ancestors, or large, such as all 
those whose ancestors came from a large European country. Because it has different meanings, 
ethnic group will not be used unless its meaning is clear from context. 

Today, there are extensive data on DNA-type frequencies in diverse populations around 
the United States and in many parts of the world. The data are divided by race and geography 
and sometimes by ancestry within a race. The sources are varied; they include blood banks, 
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paternity-testing laboratories, hospitals, clinics, genetic centers, and law-enforcement agencies. 
Although the use of suchconvenience sampling has been questioned, the degree of similarity 
between data sets from different sources and different geographical regions supports their general 
reliability. Furthermore, the VNTR markers used for forensics have no known effects, so there is 
no reason to think that they would be associated with such characteristics as a person's 
occupation or criminal behavior. 

As emphasized in the 1992 report, the United States is not a homogeneous melting pot. 
In Chapter 4, we specifically address the problems arising from the fact that the population is 
composed of local communities of different ancestries, not completely mixed. Because it is 
difficult to find pure local groups in the United States, we rely more on data from ancestral areas. 
For example, rather than looking for populations of Danish or Swiss Americans, which are mixed 
with other populations, we look at data from Denmark and Switzerland. These will differ more 
from each other than will their American relatives, who have to various degrees had their 
differences reduced by admixture. The study of European groups should lead to an overestimate 
of  the differences among white ethnic groups in the United States and so permit conservative 
calculations. 

The 1992 report assumed for the sake of discussion that population structure exists. We 
go further: we are sure that as population databases increase in numbers, virtually all populations 
will show some statistically significant departures from random mating proportions. Although 
statistically significant, many of the differences will be small enough to be practically 
unimportant. 

T H E  N A T U R E  O F  O U R  R E C O M M E N D A T I O N S  

To deal with uncertainties about population structure, the 1992 report recommended a 
ceiling principle and an interim ceiling principle. We replace those ad hoe recommendations 
with the explicit assumption that population substructure exists and recommend formulae that 
take it into account. We consider special cases, such as relatives of  a suspect or instances in 
which a suspect and an evidence sample are known to come from the same subgroup. We also 
discuss the uncertainties of the various calculations. 

We discuss but do not propose rules for addressing laboratory error. Laboratory 
procedures have become more standardized since the last report, largely because of the work of 
the Technical Working Group on DNA Analysis and Methods (TWGDAM 1991-1995). In 
addition, DNA-typing and proficiency tests are now common. TWGDAM and the FBI's new 
DNA Advisory Board can modify their recommendations as technical changes and experience 
warrant. Rather than make specific technical recommendations, and especially rather than try to 
anticipate changes, we prefer to leave the detailed recommendations to those groups and trust 
professional scrutiny and the legal system to call attention to shortcomings. Laboratories now 
use a variety of testing procedures; in particular, DNA-amplifieation methods are common and 
new markers are coming into use. We affirm the importance of laboratories' adhering to high 
standards, of following the guidelines, and of participating in quality-assurance and 
accreditation programs. 
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We make no attempt to prescribe social or legal policy. Such prescriptions inevitably 
involve considerations beyond scientific soundness. Nevertheless, we recognize the connection 
between our scientific assessments and the efforts of the legal system to develop rules for using 
forensic DNA analyses; we describe the relationship between our conclusions about scientific 
issues and the admissibility and weight of DNA evidence in Chapter 6. 

Finally, we recognize that technical advances in this field are very rapid. We can expect 
in the near future methods that are more reliable, less expensive, and less time-consuming than 
those in use today. We also expect more rapid and more efficient development of  population 
databases that makes use of DNA already in storage. We urge as rapid development of new 
systems as is consistent with their validation before they are put into general use. 
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Genetic and Molecular Basis of DNA Typing 

This chapter describes the two principal kinds of genetic systems used in forensic 
DNA typing. Both take advantage of the great molecular variability in the human 
population, which makes it very unlikely that two unrelated persons have the 
same DNA profile. The first kind involves highly variable chromosomal regions 
that differ in length; the length measures are imprecise, so statistical procedures 
are needed to address the uncertainty. In the second kind, genetic variability is 
less, but the gene determination is usually unambiguous. Before describing the 
systems, we set forth some principles of genetics and molecular biology necessary 
for understanding them. 

F U N D A M E N T A L S  O F  G E N E T I C S  1 

In higher organisms, the genetic material is organized into microscopic structures called 
chromosomes. A fertilized human egg has 46 chromosomes (23 pairs), which, with appropriate 
staining and microscopic techniques, are visible in the cell nucleus. The two members of a pair 
are homologous. One member of each pair comes from the sperm and the other from the egg. 
Through the process of chromosomal duplication and separation (mitosis) at the time of cell 
division, the two daughter cells and the parent all are identical in chromosomal content, and, with 
a few exceptions, all the ceils in the body should have chromosomes identical with those of the 
fertilized egg. The process sometimes errs: some cells have too many or too few chromosomes, 
and some differentiated tissues (such as liver) might have some cells with a different 
chromosome number (Therman and Susman 1993). But for the most part, cells throughout the 
body are identical in chromosomal composition. 2 The most important exception occurs in the 
development of the reproductive cells. During formation of sperms and eggs, the process of 
reduction division (meiosis)--a chromosomal duplication followed by two cell divisionsDhalves 
the number of chromosomes from 46 to 23. Thus, sperms and eggs have only one member of 
each chromosome pair. The double number, 46, is restored by fertilization. A cell (or organism) 
with two sets of chromosomes is diploid. A cell, such as an egg, with one set is haploid. 

Chromosomes vary greatly in size, but the two members of a homologous pair (one 
maternal and one paternal) are identical in microscopic appearance, except for the sex- 

' Introductions to genetics and molecular biology are available in various textbooks. Mange and Mange (1994) 
have written an easy-to-read, yet quite complete elementary textbook of human genetics. The basics of forensic 
DNA technology are given by Kirby (1992). For more details, see Ballantyne et al (1989), Lee and Gaensslen 
(1990), Pena et al. (1993), and Saferstein (1993). A clear summary of the general principles and techniques is given 
in the Summary and Chapters 1 and 2 of the 1992 report 0qRC 1992). 

2 More important for our purpose, tissues with different numbers of chromosomes (except for some 
malignancies) have the same DNA content as diploid cells. 
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chromosome pair, X and Y, in which the male-determining Y is much smaller than the X. A set 
of  23 chromosomes with the genetic information they contain is termed the genome. 

A chromosome is a very thin thread of DNA, surrounded by other materials, mainly 
protein. If  straightened out, an average chromosome would be an inch or more long. But it is 
arranged as coils within coils and so can be packed into a cell only a thousandth of an inch in 
diameter. The DNA thread is not visible in an ordinary microscope, and a stained chromosome 
is more rod-like than thread-like during the mitotic stages when it is most visible. 

The DNA thread is actually double---two strands coiled around each other like a twisted 
rope ladder with stiff wooden steps (Figure 2.1). The basic chemical unit of DNA is the 
nucleotide, consisting of a base (a half-step in the ladder) and a sugar-phosphate complex (the 
adjacent section of the rope). There are four kinds of bases, designated A, G, T, and C; A stands 
for adenine, G for guanine, T for thymine, and C for cytosine. The nucleotides of  one DNA 
strand pair up in a specific fashion with those of the other to form the ladder; because of their 
specific size and complementary shape, T always pairs with A, and G with C. A DNA strand has 
a chemical directionality that is defined by the antisymmetry of the chemical connections 
between the successive sugars and phosphates in the two strands. In double-stranded DNA, the 
two strands run in opposite directions. 

Because of the pairing rule just described, if we know the sequence of nucleotides on one 
strand, we automatically know the sequence on the other strand. A short segment of double- 
stranded DNA is shown below; the arrows indicate opposite directionality of the two strands. 

TAGCTTACGCC--> (1) 

~-- AT CGAATGCGG (2) 

Note that a T is always opposite an A and a G opposite a C. Because the chemical bonds holding 
the two bases (half-steps) together are weak, the two members of a base pair easily come apart; 
when that happens, the DNA ladder separates into two single strands. If  a short single-strand 
segment, such as (1), is free in the cell, it will tend to pair with its complement, (2), even if the 
complement is part of a much longer piece of DNA. This process, termed hybridization, can 
occur in vitro and is one of the key properties that make DNA typing possible. In the laboratory, 
the two strands of DNA are easily separated by heat and rejoin at lower temperatures, so the 
process can be manipulated by such simple procedures as changing the temperature; chemical 
treatments can also be used. 

The total DNA in a genome mounts  to about 3 billion nucleotide pairs; because there are 
23 chromosomes per genome, the average length of a chromosome is about 130 million 
nucleotide pairs. A gene is a segment of DNA, ranging from a few thousand to more than a 
hundred thousand nucleotide pairs, that contains the information for the structure of a functional 
product, usually a protein. The specific sequence of nucleotides in a gene acts as an encoded 
message that is translated into the specific amino acid sequence of a polypeptide or protein. The 
gene product might be detected only chemically or might lead to a visible trait, such as eye 
pigment. An alteration (mutation) of the gene might compromise the gene function and result in 
a disease, such as cystic fibrosis. The position on the chromosome where a particular gene 
resides is its locus. 
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Figure 2.1. Diagram of the double-helical structure of DNA in the chromosome. 
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Alternative forms of a gene, such as those producing normal and sickle-cell hemoglobin, 
are called alleles. If the same allele is present in both chromosomes of a pair, the person is 
homozygous; i f  the two alleles are different, the person is heterozygous. (The corresponding 
nouns are homozygote and heterozygote.) A person's genetic makeup is the genotype. Genotype 
can refer to a single gene locus with two alleles, A and a, in which case the three possible 
genotypes are AA, Aa, and aa; or it can be extended to Several loci or even to the entire set of 
genes. In forensic analysis, the genotype forthe group of analyzed loci is called the DNA 
profile. (The word fingerprint is sometimes used, but to avoid confusion with dermal 
fingerprints we shall use the word profile). 

The number of human genes is thought to be between 50,000 and 100,000; the number is 
quite uncertain. It is known, however, that genes make up only a small fraction of all the DNA 
in the genome. Even functional genes, especially larger ones, contain noncoding regions 
(introns). In fact, the great bulk of DNA has no known function. The chromosomal segments 
used most often in forensic analysis are usually in nonfunctional regions. 

The sequence ofnucleotides in the genome determines the genetic difference between 
one person and another. But the DNA of different persons is actually very similar. 
Corresponding sequences from the same genes in two people differ by an average of less than 
one nucleotide in 1,000 (Li and Sadler 1991). Yet the total number of nucleotides in a haploid 
genome is so large, about 3 billion, that any two people (unless they are identical twins) differ on 
+ ~ ' ^  average in . . . . . . .  1 .~;11;,~,~ ,~,,t,l,,,~t~rl~ k/In~t nfthe differences are outside the coding regions 
(genes), so the average number of nucleotide differences in the functional regions between two 
unrelated persons is much less. Nevertheless, the number of differences in the functional regions 
is large enough to account for the genetic diversity in the human population that is so apparent in 
such things as body shape, hair color, and facial appearance. 

Before a cell divides, each chromosome is copied. In this process, the two strands of 
DNA in a short stretch separate, and each single strand copies its opposite, according to the A-T, 
G-C rule. The process proceeds, zipper-like, along the chromosome until there are two double 
strands where there was one before. (The entire chromosome is not actually copied sequentially 
from end to end--this would require more time than the interval between cell divisions; rather, 
there are multiple starting points along the chromosome.) When the cell divides, the two 
identical chromosomes, each half-old and half-new, go into separate daughter cells and ensure 
the genetic identity of the two cells. 

Genes that are on the same chromosome are linked; that is, they tend to be inherited 
together. However, during the formation of a sperm or egg, the two members of a chromosomal 
pair line up side by side and randomly exchange parts, a process called crossing over or 
recombination. Therefore, genes that were once on the same chromosome might eventually be 
on a partner chromosome (Figure 2.2). Genes that are very close to one another on the same 
chromosome might remain associated for many generations before they are separated. Genes 
that are on nonhomologous chromosomes are inherited independently, as are genes far apart on 
the same chromosome. The allelie combinations eventually become randomized in the 
population, quickly if the loci are on nonhomologous chromosomes or far apart on the same 
chromosome, more slowly if the loci are closer together. 

PREPUBLICATION COPY 

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



Ji 

I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
i 

I 
I 
,I 
I 
I 
I 

GENETIC AND MOLECULAR BASIS OF DNA TYPING 

A B 

a b 

A B 

a b 

A B 

a b 

Figure 2.2. The exchange of parts between homologous chromosomes (crossing over). The chromosomes 
pair (upper), break at corresponding points (middle), and exchange parts (lower). The result is that genes 
that were formerly on the same strand are separated, and vice versa. For example, alleles A and B, which 
were formerly on the same chromosome, are now on homologous chromosomes, and A and b, formerly 
separated, are now together. (This shows only the two strands that participate in the event. Needless to 
say, the actual molecular details of the process are more complicated.) 

PREPUBLICATION COPY 

2-5 

• . . , . ' .  .• . ' ' .  . . . . . .  



2-6 THE EVALUATION OF FORENSIC DNA EVIDENCE 

The process of DNA copying, although nearly exact, is not perfect, so a gene is 
sometimes changed to another form. This mistake, which can also happen in other ways (e.g., 
because of radiation and some chemicals), is called a mutation. Ordinarily this occurs very 
rarely; the probability of a typical gene's mutating is 1/100,000 or less per generation) 

In view of the identical DNA composition in most cells, analysis of DNA from various 
tissues yields the same results. This is an important feature of DNA profiling because it means 
that cells from various parts of the body (such as blood, semen, skin, hair, and saliva) can be 
used. 

V N T R  T Y P I N G  

The regions of DNA that have most often been used in forensic analysis have no product 
and no known function. They are known as minisatellites or variable-number tandem repeats 
(VNTRs). VNTR regions are not genes, and our interest in them is solely related to their use for 
identifying individuals. We therefore refer to them as markers. 

In these regions, usually ranging from 500 to 10,000 nucleotide pairs, a core sequence of 
some 15-35 base pairs is repeated many times consecutively along the chromosome. In a VNTR, 
the number of repeats varies from person to person. At a given marker locus, sequences with 
.~:~-~" . . . .  + . . . .  k . . . .  ,e . . . . .  +~. - I  ,,,~;÷ . . . . . .  l l ~ r l  , . , l la loe  ~ , r~n  t h n 1 1 ( r h  t h e  ~xznr¢] w ~  n r i # i n a l l v  

applied to functional genes. 
Because different alleles consist of different numbers of repeats, VNTR alleles can be 

identified by their lengths. If DNA fragments of different lengths are placed on a semisolid 
medium (gel) in an electric field, they migrate at different rates; different-sized fragments can 
therefore be identified by the distance they travel between electrodes in such a gel. 

The VNTR loci chosen for forensic use are on different chromosomes, or sometimes very 
far apart on the same chromosome, so they are independently inherited• VNTR loci are 
particularly convenient for identification because they have a very large number of alleles, often 
a hundred or more. 

One reason for the great variability of VNTRs is their high mutation rate, as much as I% 
per generation (Jeffreys and Perm 1993). The repeated units predispose the chromosomes to 
mistakes in the process of replication and crossing over, thus increasing or decreasing the length 
(Armour and Jeffreys 1992; O]aisen et al. 1993). The large number of alleles means that the 
number of possible genotypes is enormous. For example, at a locus with 20 alleles, there are 20 
homozygous genotypes, in addition to [(20)(I 9)]/2 = 190 heterozygous ones, for a total of 210. 

• • • 4 With four such IocI, the number ofgenotypes is 210 or about 2 billion• With five loci, this 

3 The human body has an enormous number of cells. Rarely, mutations occur in the body cells during 
development or later, after the organism has formed. Such so-called somatic mutations play an important role in the 
causation of cancer, but they are not a problem in forensic testing because the tiny fraction of  mutant cells in a tissue 
sample are swamped by the much larger number ofnonmutant cells. There is a remote possibility that a mutation 
might occur so early in embryonic development that DNA in eggs or sperm might differ from that in blood from the 
same person. We are not aware of  any such instance in forensic work, although rare occurrences have been 
observed by researchers. Regardless, when any sample shows a three-allele pattern at one locus but not at others, 
additional testing should be done to resolve the anomaly. If  it should occur, it could lead to the conclusion that two 
samples of DNA from the same person came from two different persons. 
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number becomes more than 400 billion. The corresponding number of genotypes at a locus with 
50 alleles is 1,275; the number for four such loci exceeds 2 trillion. 

Another advantage of VNTRs for forensic work is thatnone of the alleles is very 
common. The different alleles are much more similar in frequency than multiple alleles of most 
genes. That is undoubtedly due to the high mutation rate and to the fact that most mutations 
increase or decrease the length of a VNTR by only one or a few units. 

The essentials of the typing procedure are as follows (FBI 1990). The details vary 
somewhat from laboratory to laboratory; in a well-run operation, there are tests and checks at 
each stage to prevent errors. The technique is illustrated in Figure 2.3. First, the DNA is 
extracted from the source material and put into solution; the procedure differs according to 
whether the source is blood, 4 saliva, hair, semen, or other tissue. A portion of the DNA solution 
is tested to determine whether the amount and quality of DNA are sufficient for the analysis to be 
continued. 

The next step involves cutting the DNA into small fragments. This is done with a 
restriction enzyme that recognizes a specific short DNA sequence and cuts the molecule at that 
point. For example, the enzyme HaelII, widely used in forensic work, finds the sequence GGCC 
(CCGG on the other strand that is paired with it) wherever it exists and cuts both strands of the 
DNA between the G and the C. Thus, the DNA is cut into small pieces whose lengths are 
determined by the distances between successive GGCC sequences. This four-base sequence 
occurs millions of times in the genome, so the total DNA is chopped up into millions of 
fragments. Of course, the use of this enzyme generally requires that there be no GGCC 
sequences within any VNTR marker that will be analyzed; when such sequences are present, 
there are breaks within the VNTR leading to fragments of other sizes, and the analysis becomes 
more complicated. 

The collection of fragrnents is then placed into a well on a fiat gel, and the gel is placedin 
an electric field. After an appropriate length of time, the fragments migrate different distances in 
the electric field, depending mainly on their sizes, the smaller ones migrating more rapidly. This 
process is called electrophoresis. At this stage, the fragments are invisible. They are then 
chemically treated to separate the double strands into single ones. 

Because the gels are difficult to work with, the single-stranded fragments are then 
transferred directly to a nylon membrane, to which they adhere. This process is called Southern 
blotting, named after its inventor. The fragments are then in the same positions on the membrane 
as they were on the gel. The next step is to flood the membrane with a single-stranded probe, a 
short segment of single-stranded DNA chosen to be complementary to a specific VNTR. The 
probe will hybridize with the DNA fragment that contains the target VNTR sequence and adhere 
to it. Any probe that does not bind to this specific DNA sequence is washed off. The probe also 
contains radioactive atoms. The nylon membrane is then placed on an x-ray film, and emissions 
from the probe expose the film at locations along the membrane where the probe has adhered to 
the VNTR. The film with its pictures of the radioactive spots is called an autoradiograph, or 
autorad. The process requires several days for sufficient radioactive decay to produce a visible 
band on the film. 

4 Because red blood cells have no nuclei, they have no DNA. But white blood cells do have nuclei and are 
numerous enough for a small amount of blood usually to be sufficient for an analysis. 
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Figure 2.3. An outline of the DNA profiling process. The figure illustrates a procedure for RFLP analysis 
of DNA extracted from whole blood. However, nuclei are not usually isolated as a separate step in DNA 

typing. 
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Corresponding fragments from different persons differ in the number of repeat units; 
hence, the sizes of the fragments vary. That is reflected in their migrating at different rates in the 
electric field and showing up as bands in different positions on the autorad. 

The number of different repeat units in VNTR markers can be very large. As a 
consequence, determining the exact number of repeats is beyond the resolving power of the usual 
laboratory technology, and analysis must allow for the resulting imprecision of the measurement. 
If  two bands are visible on an autorad, the person is heterozygous. But if the bands occur in 
indistinguishable positions, so that only one is visible, the person is presumed to be homozygous. 
That causes no difficulty; treating a group of indistinguishable alleles as a single allele is a 
standard practice in traditional genetics. 

Forensic VNTR DNA analysis involves testing at several loci, usually four or five, but 
often more. The analyst follows the procedure described above for one class of radioactive DNA 
(one probe). After an autoradiograph has been produced for one radioactive probe, this probe is 
washed off (stripped), another DNA probe targeting another VNTR locus on another 
chromosome is applied, and the procedure is repeated. The whole process is repeated for each of 
the multiple probes. Because it takes several days for sufficient radioactivity to be emitted to 
produce a visible band on the film, the entire process of four or five probes takes several weeks. 

The position of a radioactively labeled band on the membrane is an indication of the size 
of  the VNTR, usually expressed as the number of nucleotide pairs. Because of measurement 
uncertainty, the size of a band is not known exactly, and it is necessary to take this uncertainty 
into account in analyzing autorads (see Chapter 5). 

Figure 2.4 shows an autorad for one locus (D1S7) in an actual case. (In this notation, the 
first number, 1 in this case, indicates that this locus is on chromosome number one.) Suspects S 1 
and $2 were charged with having beaten to death two victims, V 1 and V2. Blood stains (E 
blood) were found on the clothing of S 1. K562 is from a human cell line and is a widely used 
laboratory standard. Lanes 1, 4, 6, 9, and 13 show standard DNA fragments used as a molecular- 
weight sizing ladder. Using multiple lanes for the sizing ladder allows more accurate sizing of 
the DNA fragments. The quality-control lane (QC) is a blood stain given to the analyst at the 
beginning of  the ease, to be processed in parallel with the evidence sample; it is a blind test for 
the analyst and must meet laboratory specifications. In this particular case, full testing using 10 
loci gave consistent matches between E blood and Victim 1. 

Bands of similar size are often grouped into bins, sets of VNTR alleles of similar size. 
The usual width of a bin is about 10% of the mean size of  the VNTR segment at the center of the 
bin. The alleles within a bin are treated as though they are a single allele. The words 
homozygous and heterozygous then apply to persons whose DNA falls into the same or different 
bins. 

The presence of a single band in a lane might mean that the person is homozygous, but 
the person could also be heterozygous and the second band for some reason is not visible. Two 
bands might be so close together that they appear as one on the gel, a second band might be too 
faint to see (sometimes a problem with degraded material), or the second band might be from an 
allele so large or small as to fall outside the size range that can be distinguished by 
electrophoresis. There is a rule for dealing with this situation, and we discuss it in Chapter 4. 
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Figure 2.4. An autoradiograph from an actual case. This autorad illustrates restriction fragment-length 
variation at the D1S7 locus. The lanes from left to right are: (1) standard DNA fragment sizing ladder; (2) 
K562, a standard cell line with two bands of known molecular weight; (3) within-laboratory blind quality- 
control sample; (4) standard DNA-fragment sizing ladder; (5) DNA from the evidence blood stain; (6) 
standard DNA-fi-agment sizing ladder; (7) DNA from the first victim; (8) another sample from the first 
victim; (9) standard DNA-fragment sizing ladder; (10) DNA from the second victim; (11) DNA from the 
first suspect; (12) DNA from the second suspect; (13) standard DNA-fragment sizing ladder. Courtesy of 
the State of California Department of Justice DNA Laboratory. 
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In an effort to avoid the use of radioactivity, some laboratories are beginning to use 
luminescent molecules as labels on their probes. An added benefit of this approach is that 
analysis of each probe can be completed within a single working day. As these methods are 
perfected and become more widespread, the time required for an analysis will be greatly reduced 
and the problems of disposal of radioactive waste circumvented. 
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PCR-BASED METHODS 

The polymerase chain reaction (PCR) is a laboratory process for copying a chosen short 
segment of DNA millions of times. The process is similar to the mechanism by which DNA 
duplicates itself normally. The PCR process consists of three steps. First, each double-stranded 
segment is separated into two strands by heating. Second, these single-stranded segments are 
hybridized with primers, short DNA segments (20-30 nucleotides in length) that complement and 
define the target sequence to be amplified. Third, in the presence of the enzyme DNA 
polymerase, and the four nucleotide building blocks (A, C, G, and T), each primer serves as the 
starting point for the replication of the target sequence. A copy of the complement of each of the 
separated strands is made, so that there are two double-stranded DNA segments. This three-step 
cycle is repeated, usually 20-35 times. The two strands produce four copies; the four, eight 
copies; and so on until the number of copies of the original DNA is enormous. The main 
difference between this procedure and the normal cellular process is that the PCR process is 
limited to the amplification Of a small DNA region. This region is usually not more than 1,000 
nucleotides in length, so PCR methods cannot, at least at present, be used for large DNA regions, 
such as most VNTRs. There is a possibility that this limitation may soon be removed (Barnes 
1994). 

The PCR process is relatively simple and is easily carried out in the laboratory. Results 
can be obtained within a short time, often within 24 hours, in contrast with the several weeks 
required for a complete VNTR analysis. Because the amplification is almost unlimited, PCR- 
based methods make possible the analysis of very tiny amounts of DNA. This advantage makes 
the technique particularly useful for forensic analysis, in that the amount of DNA in some 
forensic samples, such as single shed hairs or saliva traces on cigarette butts, is minute. The 
technique extends DNA typing to evidence samples that at present cannot be typed with other 
approaches. Moreover, the small amount of DNA required for PCR analysis makes it easier to 
set aside portions of samples for repeat testing in the same or another laboratory. Amplification 
of samples that contain degraded DNA is also possible; this allows DNA typing of old and 
decayed samples, remains of ftre and accident victims, decayed bodies, and so on. 

There is another advantage of PCR-based methods. They usually permit an exact 
identification of each allele, in which case there are no measurement uncertainties. Thus, the 
calculations and statistical analysis associated with matching and binning of V'NTRs are not 
needed. Nevertheless, ambiguity can sometimes arise if there are mutations that alter individual 
repeats, and binning or some other adjustment may be required. 

Given those advantages, it is not surprising that PCR-based typing is widely and 
increasingly used in forensic DNA laboratories in this country and abroad. Many forensic 
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laboratories carry out PCR-based typing along with VNTR typing. Some laboratories, 
particularly smaller ones, have gone exclusively to PCR techniques. 

Once the amount of DNA is amplified by PCR methods, the analysis proceeds in 
essentially the same way as with VNTRs. There are minor procedural modifications, but the 
general procedures are the same--identification of fragments of different size by their migration 
in an electric field. 

Another class of repeated units is STRs, short tandem repeats of a few nucleotide units. 
These are very common and are distributed widely throughout the genome (Edwards et al. 1992; 
Hammond et al. 1994). Because the total length is short, STRs can be amplified with PCR. 
Alleles differing in size can be resolved to the scale of single bases with both manual and 
automated sequencing technologies. Moreover, it has proved possible to co-amplify STRs at 
multiple loci, allowing significant increases in test processing (Hammond 1994; Klimpton et al. 
1993). They do not have as many alleles per locus as VNTRs, but that is compensated by the 
very large number of loci that are potentially usable. As more STRs are developed and validated, 
this system is coming into wide use. 

Any procedure that uses PCR is susceptible to error caused by contamination leading to 
amplification of the wrong DNA. The amplification process is so efficient that a few stray 
molecules of contaminating DNA can be amplified along with the intended DNA. Most such 
mistakes are readily detected after the PCR analysis is completed because the contaminating 

contamination is likeIy to lead to a false-negative result; that is, a nonmatch might be declared 
when a match actually exists. Nevertheless, false-positive results are also possible, in which the 
profile from an evidence sample is falsely declared to match the genetic type of another person. 
That could happen, for example, if by mistake the same amplified sample were used twice in a 
given analysis, instead of two different samples. Procedures for minimizing the occurrence of 
errors are discussed in Chapter 3. 

A second disadvantage of  most markers used in PCR-based typing is that they have fewer 
alleles than VNTRs and the distribution of  allele frequencies is not as fiat. Hence, more loci are 
required to produce the same amount of information about the likelihood that two persons share a 
profile. Furthermore, some of these loci are functional (they are genes, not just markers). Those 
are more likely to be subject to natural selection and therefore might not conform strictly to some 
of the population-genetics assumptions used in evaluating the significance of a match (discussed 
in Chapter 4). In future, loci that are brought on as markers should be chosen so as not to be 
linked to important disease-produ'cing genes, so that the markers can more confidently be treated 
as neutral, and to provide greater assurance of genetic privacy. In fact, some three-base repeating 
units are the cause of  severe human diseases (Wrogemann et al. 1993; Sutherland and Richards 
1995), and even some VNTRs might have disease associations (Krontiris 1995). These are not 
used in forensics, however. 

One application of PCR in forensic work has used the DQA locus (the gene is called 
DQA, its product, DQct) (Blake et al. 1992; Comey et al. 1993). In distinction to VNTRs, the 
alleles at this locus code for a protein. This locus is part of the histocompatibility complex, a 
group of highly variable genes responsible for recognizing foreign tissue. Eight alleles at the 
DQA locus have been identified, although only six are commonly used in forensic work. The 
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different alleles can be distinguished by specific probes. With these six alleles there are 21 
possible genotypes; six homozygous and 15 heterozygous. 

Analysis of DQA uses the same DNA hybridization technique as VNTR analysis. In this 
case, probes specific for individual alleles are placed in designated locations on a membrane 
(because the probes, rather than the DNA to be typed, are fixed on the membrane, this is called a 
r e v e r s e  blot). The amplified DNA is then added, and the DNA from whatever DQA alleles are 
present hybridizes with the appropriate probe. A stain reaction specific for double-stranded 
DNA shows up as a colored spot on the membrane wherever specific hybridization occurs. The 
positions of the colored spots on the membrane strip indicate which alleles are present. 

The DQA system has several advantages. It is quick and reliable, so it is useful as a 
preliminary test. It can also be used, with other markers, as part of a more detailed DNA profile. 
In practice, a substantial fraction of suspects are cleared by DNA evidence, and prompt exclusion 
by the DQA test is obviously preferable to waiting months for results of a VNTR test. On the 
average, the DQA genotype of a given person is identical with that of about 7% of the population 
at large, so an innocent person can expect to be cleared in short order 93% of the time. This high 
probability might not be achieved if the sample includes DNA from more than one individual. 

Another system that is beginning to be widely used is the Amplitype polymarker (PM) 
DNA system. This system analyzes six loci simultaneously: DQA, LDLR (low-density- 
lipoprotein receptor), GYPA (glycophorin A, the MN blood-groups), HBGG (hemoglobin 
gamma globin), D7S8 (an anonymous genetic marker on chromosome 7), and Gc (group-specific 
component). There are two or three distinguishable alleles at each locus. The system has been 
validated with tests for robustness with respect to environmental insults (Herrin et al. 1994; 
Budowle, Lindsay, et al. 1995), and there is substantial information on population frequencies, 
which is discussed in Chapter 4. 

Other PCR-based techniques have been or are being developed. For example, D1 $80 is a 
VNTR in which the largest allele is less than 1,000 bp long. Its value for forensic analysis has 
been validated in a number of tests (Sajantila et~ al. 1992; Herrin et al. 1994; Budowle, Baechtel, 
et al. 1995; Cosso and Reynolds 1995). The locus consists of a 16-base unit that is repeated a 
variable number of times. There are more than 30 distinguishable alleles. The size classes are 
fully discrete, so usually each allele can be distinguished unambiguously. However, some 
ambiguous alleles are caused by insertion or deletion of a single base and these complicate the 
analysis. 

Another class of genetic marker is mitochondrial DNA. Mitochondria are microscopic 
particles found in the cell, but outside the nucleus, so they are not associated with the 
chromosomes. The transmission of mitochondria is from mother to child; the sperm has very 
little material other than chromosomes. Ordinarily, all the mitochondrial particles in the cell are 
identical. There is no problem distinguishing heterozygotes from homozygotes, since only one 
kind of DNA is present. Since mitochondrial DNA is always transmitted through the female, all 
the children of  one woman have identical mitochondrial DNA. Therefore, siblings, maternal 
half-siblings, and others related through female lines are as much alike in their mitochondrial 
DNA as identical twins. Mitochondrial DNA is particularly useful for associating persons 
related through their maternal lineage, for example, for  associating skeletal remains to a family. 

A highly variable region ofrnitochondrial DNA is used for forensic analysis. The 
techniques have been validated, and there is a growing body of frequency data. For a detailed 
account of the methodology and validation, see Wilson et al. (1993). A disadvantage for forensic 
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2-14 THE EVALUATION OF FORENSIC D N A  EVIDENCE 

use is that siblings cannot be distinguished, nor can other maternally related relatives, such as 
cousins related through sisters. Since mitochondria are inherited independently of the 
chromosomes, mitochondrial information can be combined with nuclear data to yield 
probabilities of a random match (see Chapter 4). 

A promising technique is minisatellite repeat mapping, or digital typing, which, apart 
from length variation, detects sequence differences within the base sequences repeated in VNTRs 
(Jeffreys et al. 1991; Armour and Jeffreys 1992; Moncton et al. 1993). Although technical 
limitations still need to be overcome before this system can be used in forensic analysis, it could 
have a particular advantage, in that it uses the same loci that have already been extensively 
studied in various populations and subpopulations. 

Table 2.1 summarizes the most widely used systems. 

C O N C L U S I O N S  

DNA analysis is one of the greatest technical achievements for criminal investigation 
since the discovery of fingerprints. Methods of DNA profiling are firmly grounded in molecular 
technology. When profiling is done with appropriate care, the results are highly reproducible. In 
particular, the methods are almost certain to exclude an innocent suspect. 

tottery x.Jzz~ ux  ttzo u t u ~ t  w z u ~ l y  u ~ u  L~UIUHqUe5 l I lVOlVe5 V IN 1£%S. T h e s e  loci  ~ [ e  

extremely variable, but individual alleles cannot be distinguished, because of intrinsic 
measurement variability, and the analysis requires statistical procedures. It involves radioactivity 
and requires a month or more for full analysis. PCR-based methods are prompt, require only a 
small amount of material, and can yield unambiguous identification of individual alleles. 
Various PCR methods, particularly STRs, are increasingly being used. 

The state of the profiling technology and the methods for estimating frequencies and 
related statistics have progressed to the point where the admissibility of properly collected and 
analyzed DNA data should not be in doubt. We expect continued development of new and better 
methods and hope for prompt validation so that they can quickly be brought into use. 
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Table 2.1 Genetic Markers Used in Forensic Identification 

Nature o f  Variation at Locus 

2-15 

| 

I 

I I I 

'Number of Alleles ', Diversity 5 Locus Example ', Method of Detection 
I I I 

Variable Number Tandem Repeat (VNTR) - Loci containing repeated core sequence 
elements, typically 15-35 bp in length. Alleles differ in number of  repeats and are 
differentiated on the basis o f  size. 

m 
. 

! 

I 
I 
I 
I 
! 

i 
I 

D2S44 (core 
repeat 31 bp) 

D1 $80 (core 
repeat 16 bp) 

Intact DNA digested with 
restriction enzyme, 
producing fi:agrnents that 
are separated by gel 
electrophoresis. Alleles 
detected by Southern 
blotting followed by 
probing with locus-specific 
radioactive or 
chemiluminescent probe. 

Amplification of allelic 
sequences by PCR; discrete 
allelic products separated by 
electrophoresis and 
visualized directly. 

At least 75 (size 
range 700-8500 bp); 
allele size distribution 
continuous. 

ca. 95% in all 
populations 
studied 

ca. 30 (size range 
350-1000 bp); alleles 
can be discretely 
distinguished. 

80-90%, 
depending on 
population. 

Short Tandem Repeat (STR) - Like VNTR loci except that the repeated core sequence 
elements are 2-6 bp in length. Alleles differ in number of  repeats and are differentiated 
on the basis o f  size. 

HUMTHO1 
(tetranucleotide 
repeat) 

Amplification of aUelic 
sequences by PCR; discrete 
aUelic products separated by 
eleetrophoresis bn 
sequencing gels and 
visualized directly. 

8 (size range 179-203 
bp); alleles can be 
discretely 
distinguished. 

70-85%, 
depending on 
population. 

I 
I 
i 
I 

5 In a randomly mating diploid population, diversity is the same as heterozygosity. In general, including 
haploid mitochondria, the value is 1-Z@i 2 (for explanation, see Chapter 4). 
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Table 2.1, cont. 

Simple Sequence Variation - Nucleotide substitution in a defined segment o f  sequence. 

I 
I 
i 

DQA (an expressed 
gene in the 

histocompatibility 
complex) 

Polymarker (a set of 
5 loci) 

Mitochondrial DNA 
Control Region (D- 
loop) 

Amplification of allelic 
sequences by PCR; 
discrete alleles detected by 
sequence-specific probes. 

Amplification of allelic 
sequences by PCR; 
discrete alleles detected by 
sequence-specific probes. 

Amplification of control- 
region sequence and 
sequence determination 

8 (6 used in DQA 
kit) 

' Loci are bi- or tri- I 

allelic; 972 
genotypic 
combinations 

Hundreds of 
sequence variants 
known 
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depending on 
population 

37-65%, 
depending on 
locus and 
population 

Greater than 
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Ensuring High Standards of Laboratory Performance 

If DNA from an evidence sample and DNA from a suspect or victim share a 
profile that has a low frequency in the population, this suggests that the two DNA 
samples came from the same person; the lower the frequency, the stronger the 
evidence. But the possibility remains that the match is only apparentmthat an 
error has occurred and the true profile of one of the sources differs from that 
reported by the laboratory. We describe here ways that laboratory errors, 
particularly errors that might falsely incriminate a suspect, can arise, how their 
occurrence might be minimized, and how to take into account the fact that the 
error rate can never be reduced to zero. 

Although this report focuses mainly on methods for computing the frequencies of profiles 
in various populations and the uncertainty in estimates of such quantities (Chapters 4 and 5), it is 
important to understand that those estimates will be of little value if there has been an error in 
determining that the two DNA profiles match. A reported match in DNA samples that is the 
result of error in the handling or analysis of the samples could lead to the conviction of an 
innocent person, and an erroneously reported exclusion could also have serious consequences. 
Although there are more ways for an error to lead to a false exclusion than a false match, the US 
system of  justice is more concerned with the latter, since it regards false conviction as worse than 
false acquittal. 

We recognize that some risk of error is inevitable, as in any human endeavor, whatever 
efforts a laboratory takes to eliminate mistakes. Nonetheless, safeguards can be built into the 
system to prevent both types of errors and to identify and correct them. It is important that 
forensic laboratories use strict quality-control standards to minimize the risk of error. 

Q U A L I T Y  C O N T R O L  A N D  Q U A L I T Y  A S S U R A N C E  

I N  T H E  L A B O R A T O R Y  

The maintenance of high laboratory standards rests on a foundation of sound quality 
control (QC) and quality assurance(QA). Quality control and quality assurance refer to related 
but distinct components of a laboratory's effort to deliver a quality product (ANSI/ASQC A3- 
1978). Quality control refers to measures that are taken to ensure that the product, in this case a 
DNA-typing result and its interpretation, meets a specified standard of quality. Quality 
assurance refers to measures that are taken by a laboratory to monitor, verify, and document its 
performance. Regular proficiency testing and regular auditing of laboratory operations are both 
essential components of QA programs. QA thus serves as a functional check on QC in a 
laboratory. Demonstration that a laboratory is meeting its QC objectives provides confidence in 
the quality of its product. 
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3-2 THE EVALUATION OF FORENSIC DNA EVIDENCE 

Current QC and QA Guidelines 

The 1992 report (NRC 1992) outlined many features of desirable QC and QA as part of a 
proposed regulatory program (p 104-105): 

• "Individual analysts have education, training, and experience commensurate with the 
analysis performed and testimony provided. 

• "Analysts have a thorough understanding of the principles, use, and limitations of methods 
and procedures applied to the tests performed. 

• "Analysts successfully complete periodic proficiency tests and their equipment and 
procedures meet specified criteria. 

• "Reagents and equipment are properly maintained and monitored. 
• "Procedures used are generally accepted in the field and supported by published, reviewed 

data that were gathered and recorded in a scientific manner. 
• "Appropriate controls are specified in procedures and are used. 
• "New technical procedures are thoroughly tested to demonstrate their efficacy and 

reliability for examining evidence material before being implemented in casework. 
• "Clearly written and well-understood procedures exist for handling and preserving the 

integrity of evidence, for laboratory safety, and for laboratory security. 
._ ,,r:o,.~,,_.~.. laboratory ,-n~rtie'inates,- . . . .  ~ in a program~ of extemal _proficiency testing that periodically 

measures the capability of its analysts and the reliability of its analytic results. 
• "Case records--such as notes, worksheets, autoradiographs, and population data banks-- 

and other data or records that support examiners' conclusions are prepared, retained by the 
laboratory, and made available for inspection on court order after review of the reasonableness 
of a request." 

Although not QC or QA features, the following are listed as desirable aspects of a 
regulatory program (NRC 1992, p 105): 

• "Redundancy of programs is avoided, so that unnecessary duplication of effort and costs 
can be eliminated. 

• "The program is widely accepted by the forensic-science community. 
• "The program is applicable to federal, state, local, and private laboratories. 
• "The program is enforceable--i.e.,.., failure to meet its requirements will prevent a 

laboratory from continuing to perform DNA typing tests until compliance is demonstrated. 
• "The program can be implemented within a relatively short time. 
• "The program involves appropriate experts in forensic science, molecular biology, and 

population genetics." 
This list substantially summarizes more-detailed and more-specific guidelines developed 

by the Technical Working Group on DNA Analysis Methods (TWGDAM), a group composed of 
forensic DNA analysts from government and private laboratories around the United States and 
Canada. TWGDAM meets several times a year to discuss problems, report on cooperative 
studies, and share procedures and experiences. It has published guidelines and reports that 
address various aspects of forensic DNA analysis and laboratory procedure (TWGDAM 1989, 
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LABORATORY PERFORMANCE 3-3 

1990a, b, 1991, 1994b,c, 1995). The most recent guidelines define current accepted standards of 
practice for forensic DNA laboratories in North America. 

The crime laboratory accreditation program sponsored by the Laboratory Accreditation 
Board of the American Association of Crime Laboratory Directors (ASCLD-LAB) requires 
extensive documentation of all aspects of laboratory operations (including the education, 
training, and experience of personnel; the specification and calibration of equipment and 
reagents; the validation and description of analytic methods, the definition of appropriate 
standards and controls, the procedures for handling samples, and the guidelines for interpreting 
and reporting data), proficiency testing, internal and external audits of laboratory operations, and 
a plan to address deficiencies with corrective action and weigh their importance for laboratory 
competence. The TWGDAM QC and QA guidelines are specifically endorsed by ASCLD-LAB 
as part of the foundation for accreditation. Laboratories that seek accreditation must submit all 
their documentation to an accreditation review team and must undergo a week-long site 
inspection by that team. The site inspection includes a critical evaluation of randomly selected 
case files to verify that the QC standards as documented are being met. Accredited laboratories 
must annually certify to ASCLD-LAB that they continue to meet defined standards; they submit 
proficiency test results to ASCLD-LAB for review. The ASCLD-LAB accreditation program 
began in 1981; by the end of 1994, 128 forensic laboratories in the United States, one in Canada, 
and two in Australia had received accreditation. Forensic laboratories in Australia, New 
Zealand, Singapore, and Hong Kong were also preparing for ASCLD-LAB accreditation, as was 
the FBI laboratory in Washington, DC. 

The College of American Pathologists (CAP) has recently established a program for 
laboratory accreditation in molecular pathology, which includes forensic identity-testing and 
parentage-testing. The program is similar to the ASCLD-LAB program in its requirements for 
documentation of procedures and of equipment and facilities, QC, QA, etc., and it requires 
proficiency-testing in the form of participation in an approved program for interlaboratory 
comparison. As with the ASCLD-LAB program, the accreditation process includes on-site 
inspection of laboratory operations and records. 

The American Society of Crime Laboratory Directors (ASCLD) has published general 
guidelines for forensic-laboratory management (ASCLD 1987). (Despite the similarity in their 
names, ASCLD and ASCLD-LAB are separate entities with distinct governing bodies.) The 
guidelines cover all aspects of forensic analysis and affirm the key element of QA: the 
responsibility of laboratory managers for all aspects of laboratory operations and performance, 
including defmition and documentation of standards for personnel training, procedures, 
equipment and facilities, and performance review. 

The DNA Identification Act of 1994 establishes a federal framework for setting national 
standards on QA and proficiency-testing. It authorizes grant funding to be made available to 
state and local jurisdictions to improve the quality and availability of DNA analysis in forensic 
laboratories. To be eligible for funding, these jurisdictions must certify that a laboratory will 
satisfy or exceed QA standards published by the director of FBI; that DNA samples and analyses 
will be made available only to criminal-justice agencies, courts, and defendants; and that each 
DNA analyst will undergo external proficiency-testing at intervals not exceeding 180 days. The 
standards for QA and the standards for testing proficiency of forensic laboratories are to be 
developed by the DNA Advisory Board (See Chapter 1). 
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The Role of Proficiency-Testing and Audits 

| 
Proficiency-testing and audits are key assessment mechanisms in any program for critical 

self-evaluation of laboratory performance. Proficiency-testing entails the testing of  specimens 
submitted to the laboratory in the same form as evidence samples. Audits are independent 
reviews of laboratory operations conducted to determine whether the laboratory is performing 
according to a defined standard. Both forms of assessment can be conducted internally or 
externally, that is, by people inside or outside the laboratory. Good QA programs have a mixture 
of regular internal and external assessment. 

The most straightforward form of proficiency-testing is open, or declared. The analyst is 
presented with a set of samples, typically about five, in a mock case scenario and is asked to 
determine which samples could have a common source. The analyst is aware that the samples 
are being used in a proficiency test. Open proficiency-testing evaluates analytical methods and 
interpretation of results; it identifies systematic problems due to equipment, materials, the 
laboratory environment (such as, contamination), and analyst misjudgment. A benefit of open 
proficiency-testing conducted by external entities is that many laboratories earl test the same set 
of samples, thus allowing interlaboratory comparison of performance and statistical evaluation of 
collective results. At present, external proficiency-testing in forensic DNA analysis is offered by 
three vendors: Collaborative Testing Services, Cellmark Diagnostics (UK), and the College of 
American Pathologists. All provide summary reports on the results of each proficiency test. 

Open proficiency-testing is required trader TWGDAM guidelines and is a requirement 
both for laboratory accreditation by ASCLD-LAB and for board certification of  analysts by the 
American Board of  Criminalistics (ABC). TWGDAM specifies that each analyst take at least 
two proficiency tests per year; the results, including any corrective action for discrepancies, are 
to be documented. The ASCLD-LAB accreditation program follows TWGDAM in requiring at 
least two proficiency tests for analysts per year and requires in addition that one of the tests be 
external. Results are reported by the proficiency-test vendor to ASCLD-LAB as a Condition of 
continuing accreditation. A committee of ASCLD-LAB reviews the discrepancies and may 
invoke sanctions up to and including suspension of accreditation. ABC similarly requires at least 
one external proficiency test per year, the results of which are to be reported to ABC. 

A second form of proficiency-testing, full-blind proficiency-testing, goes a step beyond 
open proficiency-testing in that the analyst does not know that a proficiency test is being 
conducted. It has been argued that full-blind testing provides a truer test of functional 
proficiency because the analysts will not take extra care in analyzing samples. Whether or not 
that is so, this form of proficiency-testing evaluates a broader aspect of laboratory operation, 
from the receipt of  the "evidence" at the front desk through analysis and interpretation to final 
reporting. 

The logistics of full-blind proficiency-tests are formidable. The "evidence" samples have 
to be submitted through an investigative agency in the jurisdiction of the laboratory and have to 
arrive in the laboratory with case documentation and an identified contact investigator. Without 
such full cover, a ease would likely be recognized as nonroutine, and a blind test suspected. The 
TWGDAM guidelines recommend one full-blind proficiency test per laboratory per year if such 
a program can be implemented. The DNA Identification Act of 1994 required that the director of 
the National Institute of  Justice (NIJ) report to Congress on the feasibility of  establishing a full- 
blind proficiency-testing program. The NIJ has reported that, although several of  the large 
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laboratory systems conduct blind testing in-house, there is no blind, extemal, DNA profiency- 
testing program generally available to public or private laboratories. The report mentioned some 
potentially serious issues with blind testing, including the cost of implementation, the risk that 
DNA data from an innocent donor to the test might end up in criminal DNA databanks, and the 
chance that the test would impose excessive costs and time demands on law-enforcement 
agencies. The NIJ has contracted a study to review current testing programs and to examine 
alternative ways of  performing blind tests. 

Regular audits of laboratory operations complement proficiency-testing in the monitoring 
of  general laboratory performance. The objective of  the audit is to compare a laboratory's 
performance with its professed quality policies and objectives. Audits cover all phases of 
laboratory operations related to performance and accordingly touch on matters not covered by 
proficiency-testing, such as, equipment-calibration schedules and case-management records. The 
TWGDAM QA guidelines recommend audits every two years (TWGDAM 1995) by persons 
independent of the DNA laboratory operation, preferably including at least one from another 
organization (typically a laboratory from a jurisdiction in another state). 

The objective of both proficiency-testing and auditing is to improve laboratory 
performance by identifying problems that need to be corrected. Neither is designed to measure 
error rates. 

S A F E G U A R D I N G  A G A I N S T  E R R O R  

Every human activity is associated with some risk of error. There are potential sources of 
error at every stage in the processing of physical evidence, from collection in the field through 
laboratory analysis to interpretation of results of analysis. Not all lapses have deleterious 
consequences; many have no consequences. Many are readily identified and can be corrected. 
The lapses of most concern, however, are the ones that might lead to a false match. False 
exclusions are important but are unlikely to lead to false convictions. There is no single solution 
to the problem of error. To achieve accurate results, care and attention to detail and independent 
checks must be used at all stages of the analytical process. This section surveys potential sources 
of error, the consequences of errors, and safeguards to prevent them. 

Sample Mishandling and Data-Recording Errors 

Mixups or mislabelings of samples or results can occur at any point where evidence is 
handled or data recorded, that is, from the time of evidence collection in the field to the writing 
of the final report. The consequences of sample mishandling depend on which samples are 
mishandled. There are circumstances in which undetected mishandling can lead to false 
matches; the genetic types of the samples might be determined correctly but the inferred 
connections among the samples can be incorrect because of sample mixup. Sample mishandling 
and incorrect recording of data can happen with any kind of physical evidence and are of great 
concern in all fields of forensic science. The concern regarding mishandling is compounded by 
the reality that most forensic laboratories have little or no control over the handling of  evidence 
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elsewhere. Accordingly, it is desirable to have safeguards not only to protect against mixups in 
the laboratory but also to detect mixups that might have occurred anywhere in the process. 

Safeguards against sample mishandling in the field include proper training of personnel 
involved in sample collection (such as, crime-scene personnel) and submission of complete 
evidence items (rather than clippings or scrapings) to the laboratory. Mixups in the laboratory as 
samples are being removed from evidence items for analysis can be minimized by sample- 
handling policies that allow only one evidence item to be handled at a time. Sample mixup or 
mislabeling in the analysis stream (for example, transfer of a sample solution to the wrong tube, 
loading of a sample into the wrong lane on an electrophoresis gel, and misrecording of data) can 
be minimized by rigorous adherence to defined procedures for sample-handling and data entry. 

Redundancy in testing provides a check on sample integrity. Testing of multiple items 
can serve as a check on consistency of results; inconsistencies among items believed to be of 
common origin can signal a mixup. For example, demonstration that bloodstains from different 
evidence items have the same DNA profile is less likely if a sample mixup occurred. Gender 
testing in cases in which both males and females are involved can also serve as a consistency 
check and has been used to verify suspected mislabeling. One benefit of the high discriminating 
power of DNA typing is the detection of sample-mishandling errors that might not have been 
recognized with classical blood-group and protein-marker testing. 

Because an analyst might fail to notice an inconsistent result or a recording error, it is 
;,~,.,,-,,-~,, t,~ h~v~ analytical results reviewed by a second person, preferably one not familiar 
with the origin of the samples or issues in question. An independent reviewer can also catch 
flaws in analytical reasoning and interpretation. Independent "second reading" is common in 
forensic laboratories and is required by the guidelines (TWGDAM 1991, 1995). 

The ultimate safeguard against error due to sample mixup is to provide an opportunity for 
retesting. In most cases, it is possible to retain portions of the original evidence items and 
portions of the samples from different stages of the testing. Sample retention is particularly easy 
when PCR-based typing methods are used for testing. If samples have been retained, questions 
of error due to mishandling can be resolved by retesting. Allegations of sample mishandling lose 
credibility if  those making the allegation have rejected the opportunity for a retest. Sample 
retention whenever possible is recommended in the TWGDAM QA guidelines and is standard in 
many laboratories. As stated in the Guidelines (TWGDAM 1995), "testing of evidence and 
evidence samples should be conducted to provide the maximum information with the least 
consumption of the sample. Whenever possible, a portion of the original sample should be 
retained or returned to the submitting agency, as established by laboratory policy." 

Even the strongest evidence will be worthless---or worse, could lead to a false 
conviction----if the evidence sample did not originate in connection with the crime. Given the 
great individuating potential of DNA evidence and the relative ease with which it can be 
mishandled or manipulated by the careless or the unscrupulous, the integrity of the chain of 
custody is of paramount importance. 

Faulty Reagents, Equipment, Controls, or Technique 

Problems with reagents, equipment, controls, or technique usually lead to failed tests (no 
results) or to ambiguous test results. Situations in which such problems might lead to a false 
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match or a false exclnsion will be uncommon if testing is accompanied by appropriate controls. 
In any case, adherence to a standard QC program provides safeguards against these kinds of 
laboratory error. Regular monitoring of reagents and equipment is part of  any standard QA 
program. Use of appropriate QC standards and of positive and negative controls is part of 
routine testing; failure of the standards and controls to behave as expected in a test signals a 
problem with the analytical system and might disqualify test results. Moreover, regular 
monitoring of  test outcomes with standards and controls allows recognition of gradually 
emerging problems with reagents, equipment, controls, standards, and overall procedure that 
might otherwise be overlooked. For example, almost all North American forensic laboratories 
that perform VNTR analysis use DNA from the human cell line K562 as a positive typing 
control; correct sizing of restriction fragments from K562 DNA is prerequisite to accepting a 
typing result as reportable. Monitoring of K562-fragment size measurements within a laboratory 
over time and comparison of measurements between laboratories allow identification of"drift" 
due to procedural modification, reagent variation, or equipment deterioration. 

Inevitably, breakdowns in reagent quality, equipment, controls, or technique occur at 
times. For example, in the loading of an electrophoresis gel, a sample loaded in one lane might 
leak into an adjacent lane, which might then appear to contain a mixed sample. Confusion 
resulting from lane-leakage problems is typically avoided by leaving alternate lanes empty or by 
placing critical samples in nonadjacent lanes, and this should always be done. In this and other 
situations involving such lapses, a breakdown is usually readily apparent from the appearance of 
the results. Review of analytical results by a second analyst who is unfamiliar with the issues in 
the case protects against lapses ofjudgrnent on the part of the primary analyst. 

Evidence Contamination 

Contamination has been used as an umbrella term to cover any situation in which a 
foreign material is mixed with an evidence sample. Different kinds of  contamination have 
different consequences for analysis. Contamination with nonbiological materials (gasoline, grit, 
etc.) or with nonhuman biological materials (microorganisms, plant materials, etc.) can result in 
test failures but not in genetic typing errors. Part of marker validation includes testing to 
determine whether the marker can be detected in nonhuman species and if so, whether its 
presence there might cause confusion in typing. It is generally found that the markers identified 
by the single locus probes used in forensic RFLP analysis and by PCR-based typing are detected 
in but a few nonprimate species; if such markers are used, that fact should obviously be taken 
into account.. That is an advantage of DNA typing over enzyme and blood-group testing. 
Contamination with human material, however, is a possible source of concern for DNA tests. 

Three kinds of  sample contamination were described in the 1992 National Research 
Council report (p 65-67) and are briefly summarized here. For each, appropriate safeguards and 
controls can be built into the analytical system to protect against contamination and to detect it 
when it does occur. 

• Inadvertent contamination can occur in the course of  sample-handling by investigative or 
laboratory personnel or by others. The background environment from which the evidence is 
collected can also cause contamination. The concern about contamination is not peculiar to 
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biological evidence; extraneous evidence (such as a detective's cigarette butt found at the scene) 
is always a concern. The important consequences of those sorts of contamination are that 
samples might appear to be mixtures of material from several persons and, in the worst case, that 
only the contaminating type might be detected. The concern is greater with PCR-based typing 
methods than with VNTR analysis because PCR can amplify very small amounts of DNA. A 
false match could occur if the genetic type of the contaminating materials by chance matched the 
genetic type of a principal (such as a suspect) in the case or, worse, if the contaminant itself came 
from a suspect in the case. The best safeguard against inadvertent contamination is to have 
rigorous procedures for sample-handling from field to laboratory. Particular attention should be 
given to keeping evidence samples separated from reference samples. In RFLP analysis, 
evidence and reference samples can be kept apart up to the time they are loaded onto the 
analytical gel. With PCR-based typing, evidence and reference samples can be analyzed 
separately as well. Contamination from sample-handling or from the background environment 
can be detected in several ways. Background control samples-samples collected from areas 
adjacent to bloodstains or other evidence sites--can be used to determine whether background 
contamination is present. Background control testing is not a new idea; it has long been used in 
forensic blood-grouping. Knowledge of the genetic types of people who might contribute 
contaminating material can be used to assess the possibility of contamination from those people. 
Testing for multiple loci increases the chance of differentiating between contaminant and true 
sources of a sample. Finally, redundancy in testing provides a consistency check; the chance that 
multiple samples would ali be contaminated the same way is small. 

• Mixed samples are contaminated by their very nature. Postcoital vaginal swabs, for 
example, are expected to contain a mixture of semen and vaginal fluids, and shed blood from 
different persons might run together. Such samples are part of the territory of forensic science 
and must be dealt with whenever feasible. Sperm DNA can be separated from nonsperm DNA 
with differential DNA extraction. Detection of sample mixtures of other kinds is generally 
revealed with genetic typing. Mixtures show the composite of the individual types present; the 
proportions of the different types reflect the proportions of the contributors to the mixture. 
Testing samples collected from different areas of a mixed stain can sometimes allow the genetic 
types of the contributors to be more clearly distinguished. 

• Carryover contamination is well recognized in PCR testing, although it is not an issue in 
RFLP analysis. This kind of contamination occurs when a PCR amplification product finds its 
way into a reaction mix before the target template DNA is added. The carryover product can 
then be amplified along with the DNA from an evidence sample, and the result can be that an 
incorrect genetic type is assigned to the evidence sample. A false match can occur if the genetic 
type of the contaminant matches by chance the genetic type of a principal in the case; in the 
worst case, the contaminant originates from another party in the case. Primary safeguards 
against carryover contamination include the use of different work areas for pre-PCR and post- 
PCR sample-handling, the use of biological safety hoods, the use of dedicated equipment (such 
as pipetters), and maintenance of a one-way flow of material from pre-PCR to post-PCR work 
areas so that PCR product cannot come into contact with sample materials. Those safeguards are 
outlined in the TWGDAM QC and QA guidelines (TWGDAM 1991, 1995). Sterile precautions 
similar to those used in handling infectious-disease agents in microbiology laboratories may also 
protect against carryover contamination; many of the contamination issues in PCR work and in 
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LABORATORY PERFORMANCE 3-9 

infectious-disease microbiology are largely the same. Procedural safeguards can also be used. 
Genetic typing of evidence samples before the typing of reference samples protects against 
contamination of the former with the latter. Standard blank controls can be used to detect 
reagent and work area contamination. If there is any question regarding PCR carryover 
contamination, retained portions of the evidence item can be tested. 

Analyst Bias 

An analyst can be biased, consciously or unconsciously, in either direction. Genetic- 
typing results, however, are usually unambiguous; one cannot make one genetic type look like 
another simply by wishing it so. In RFLP analysis, patterns must meet empirically defined 
objective match criteria to be said to match. If enough loci are tested, it is extremely unlikely 
that two unrelated persons would have indistinguishable RFLP banding patterns. 

Bias in forensic science usually leads to sins of omission rather than commission. 
Possibly exculpating evidence might be ignored or rejected. Contradictory test results or 
evidence of sample mixture may be discounted. Such bias is relatively easy to detect if test 
results are reviewed critically. Both TWGDAM and ASCLD-LAB accreditation guidelines 
stipulate that case files be reviewed internally by a qualified second analyst before a report is 
released. That not only reveals bias but also reveals mistakes in recording and oversights. 
Independent review by a defense expert provides even stronger protection against the possibility 
.that bias will lead to a false match. This is most effective if the defense expert is thoroughly 
familiar with the standard procedures of the testing laboratory so that exceptions from the 
standard can be noted. 

It has been argued that when the analysis of a test result involves subjective judgment, 
expectations or other biases can influence an analyst's interpretation (Nisbett and Ross 1980). 
For example, it has been suggested that analysts examining VNTR autoradiographs sometimes 
interpret faint bands as real or artifactual so as to produce a match with a suspect's profile 
(Lander 1989; Thompson and Ford 1991, p 140-141; Thompson 1995). The protocols of the 
next paragraph should greatly reduce such bias, if it exists. 

Laboratory procedures should be designed with safeguards to detect bias and to identify 
cases of true ambiguity. Potential ambiguities should be documented; in particular, any visual 
overrides of the computer-assisted imaging devices used for making measurements in RFLP 
analysis must be noted and explained. Internal review can detect cases of bias and true 
ambiguity as well as oversights and mistakes in recording. 

S H O U L D  A N  E R R O R  R A T E  B E  I N C L U D E D  IN  C A L C U L A T I O N S ?  

Some commentators have argued that the rate of profile matching due to laboratory error 
should be estimated and combined with the random-match probability (calculated with methods 
described in Chapter 4) to give only a single, summary statistic. But withholding the 
components of the summary statistic from the judge or jury would deprive the trier of fact of the 
opportunity to evaluate separately the possibility that the profiles match by coincidence as 
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opposed to the possibility that they are reported to match by reason of laboratory or handling 
error. We discuss the legal arguments for and against such an exclusionary rule in Chapter 6. 
Here, we consider whether statistical analysis can provide a meaningful and accurate estimate of 
the probability of a laboratory or handling error that would produce a reported match between 
samples of nonmatching DNA. 

• The question to be decided is not the general error rate for a laboratory or laboratories 
over time but rather whether the laboratory doing DNA testing in this particular case made a 
critical error. The risk of error in any particular case depends on many variables (such as number 
of  samples, redundancy in testing, and analyst proficiency), and there is no simple equation to 
translate these variables into the probability that a reported match is spurious. 

• To estimate accurately, from proficiency test results, the overall rate at which a laboratory 
declares nonmatching samples to match, as has been suggested, would require a laboratory to 
undergo an unrealistically large number of proficiency trials. Suppose that two laboratories each 
have under specific conditions a false-positive error-rate of 0.10%--one match per 1,000 
nonmatching proficiency trials. To establish that rate accurately, it would be necessary for each 
laboratory to undergo many thousands of trials. If one laboratory were to pass 1,000 proficiency 
tests without error, the 95% upper confidence limit for the error rate would be 0.30%. If the 
other laboratory had made one error, the limit would be 0.47%. 1 Those results are not 
significantly different statistically. Both laboratories could have a true rate of 0.10%, but a court 
or jury might regard the laboratory that made no errors in the test as significantly better than the 
one that made a single error. To put the numbers in context, only the largest forensic laboratories 
could have performed DNA testing in as many as 1,000 cases; no laboratory performs more 
proficiency tests than case tests, and none should be expected to. 

• The pooling of proficiency-test results across laboratories has been suggested as a means 
of  estimating an "industry-wide" error rate (Koehler et al. 1995). But that could penalize the 
better laboratories; multiple errors on a single test by one laboratory could substantially affect the 
overall estimated false-match error rate. Surveys of proficiency test results in the pre-DNA era 
show that the preponderance of errors originated in a small proportion of laboratories 
(Sensabaugh and Northey 1985; Sensabaugh 1987). Laboratories that made such errors today 
would have to document corrective action, which might include suspension of  the analysts 
responsible for the errors (TWGDAM 1991). 

• Estimating rates at which nonmatching samples are declared to match from historical 
performance on proficiency tests is almost certain to yield wrong values. When errors are 
discovered, they are investigated thoroughly so that corrections can be made. A laboratory is not 
likely to make the same error again, so the error probability is correspondingly reduced. There 
has been much publicity about proficiency-trial errors made by Cellmark in 1988 and 1989, the 
first years of its operation. Two matching errors were made in comparing 125 test samples, for 
an error rate of  1.6% in that batch. The causes of the two errors were discovered, and sample- 
handling procedures were modified to prevent their recurrence. There have been no errors in 450 

' For the first case, with no errors, the upper 95% confidence limit, L, was calculated from the equation: (1 - 
L)  N = 0.05, where N is the number  o f  error-free tests In the case where one'error was made in N tests, the equation 
was (1 - L) N + NL(1 - L) TM = 0.05. The interpretation o f  a confidence limit is discussed in Chapter 5. 
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LABORATORY PERFORMANCE 3-11 

additional tests through 1994. Clearly, an estimate of 0.35% (2/575) is inappropriate as a 
measure of  the chance of error at Cellrnark today. 

For all those reasons, we believe that a calculation that combines error rates with match 
probabilities is inappropriate. The risk of error is properly considered case by case, taking into 
account the record of the laboratory performing the tests, the extent of redundancy, and the 
overall quality of the results. However, there is no need to debate differing estimates of false- 
match error rates when the question of a possible false match can be put to direct test, as 
discussed in the next section. 

R E T E S T I N G  

A wrongly accused person's best insurance against the possibility of  being falsely 
incriminated is the opportunity to have the testing repeated. Such an opportunity should be 
provided whenever possible. As we have previously noted, retesting provides an opportunity to 
identify and correct errors that might have been made during the course of  analysis. 

Whenever feasible, investigative agencies and testing laboratories should provide for 
repeat testing. Evidence items should be divided into two or more parts at the earliest possible 
time, and one or more parts retained for possible repeat testing. Ideally, the division should be 
made before DNA is extracted, and each part should be handled by different personnel. If  
division before DNA extraction is not feasible, the division should be made as soon as possible 
afterward and certainly before any analytical tests are initiated. Retained samples should be 
stored separately from analyzed samples under conditions that inhibit deteriorative loss, that is, at 
freezer temperatures and, for intact specimens, in the dry state. If  retesting is called for, it should 
be done by an independent laboratory with different personnel. A defendant who believes that 
the match is spurious should welcome the opportunity for an independent repeat test. Legal 
aspects of  retesting are discussed in Chapter 6. 

C O N C L U S I O N S  A N D  R E C O M M E N D A T I O N S  

"Laboratory Errors 

The occurrence of errors can be minimized by scrupulous care in evidence collecting, 
sample-handling, laboratory procedures, and case review. Detailed guidelines for QC and QA 
(quality control and quality assurance), which are updated regularly, arc produced by several 
organizations, including TWGDAM. ASCLD-LAB is established as an accrediting agency. The 
1992 NRC report recommended that a National Committee on Forensic DNA Typing (NCFDT) 
be formed to oversee the setting of DNA-analysis standards. The DNA Identification Act of 
1994 gives this responsibility to a DNA Advisory Board appointed by the FBI. We recognize the 
need for guidelines and standards and for accreditation by appropriate organizations. 
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3-12 THE EVALUATION OF FORENSIC DNA EVIDENCE 

Recommendation 3.1: Laboratories should adhere to high quality standards (such 
as those defined by TWGDAM and the DNA Advisory Board) and make every effort to be 
accredited for DNA work (by such organizations as ASCLD-LAB). 

Proficiency Tests 

Regular proficiency tests, both within a laboratory and by extemal examiners, are one of 
the best ways of ensuring high standards. To the extent that it is feasible, some of the tests 
should be blind. 

Recommendation 3.2: Laboratories should participate regularly in proficiency tests, 
and the results should be available for court proceedings. 

Duplicate Tests 

We recognize that no amount of care and proficiency-testing can eliminate the possibility 
of error. However, duplicate tests, performed as independently as possible, can reduce the risk of 
error enormously. The best protection that an innocent suspect has against an error that could 
lead to a false conviction is the opportunity for an independent retest. 

Recommendation 3.3: Wheneverfeasible, forensic samples should be divided into 
two or more parts at the earliest practicable stage and the unused parts retained to permit 
additional tests. The used and saved portions should be stored and handled separately. 
Any additional tests should be performed independently of the first by personnel not 
involved in the first test and preferably in a different laboratory. 
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Population Genetics 

Much of  the controversy about the forensic use of DNA has involved population 
genetics. In this chapter, we first explain the principles that are generally 
applicable. We then consider the special problem that arises because the 
population of the United States includes different population groups and 
subgroups with different allele frequencies. We develop and illustrate procedures 
for taking substructure into account in calculating match probabilities. We then 
show how those procedures can be applied to VNTRs and PCR-based systems. 

Consider the comparison of DNA from a crime-scene specimen and from a suspect. 
(Actually, the evidence DNA need not come from the crime scene, nor the second sample from a 
suspect, but we use this vocabulary for convenience.) Under current procedures, if the DNA 
profile from the crime-scene sample reportedly matches that of  the suspect, there are two 
possibilities (aside from error): the DNA at the crime scene came from the suspect or the DNA at 
the crime scene came from someone else who had the same profile as the suspect. If  the DNA 
profile in question is common in the population, the crime-scene DNA might well have come 
from someone other than the suspect. If it is rare, the matching of the two DNA profiles is 
unlikely to be a mere coincidence; the rarer the profile, the less likely it is that the two DNA 
samples came from different persons. 

To assess the probability that DNA from a randomly selected person has the same profile 
as the evidence DNA, we need to know the frequency of that profile in the population. That 
frequency is usually determined by comparison with some reference data set. A very small 
proportion of the trillions of possible profiles are found in any database, so it is necessary to use 
the frequencies of individual alleles to estimate the frequency of a given profile. That approach 
necessitates some assumptions about the mating structure of the population, and that is where 
population genetics comes in.l 

ALLELE AND GENOTYPE PROPORTIONS 

It is conventional in genetics to designate each gene or marker locus with a letter and 
each allele at that locus with a subscript numeral. So, A10 designates the tenth allele at locus A, 
B 5 the fifth allele at locus B, and so on. When we want a statement to apply to any of the alleles 
of a given locus, we use a literal subscript, such as i or j. We designate the frequencies (it is 
customary to use the word frequency for relative frequency, meaning proportion) of alleles with 
the letter p and a corresponding subscript. Thus, the frequency of  allele A3 is P3 and of allele A i 

1 An elementary exposition of population genetics is found in Hartl and Clark (1989). A more advanced 
text, with discussion of  many of the formulae used here, is Nei (1987). Practical details of estimation and analysis 
are given by Weir (1990). 
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is Pi. The sum of all the Pi values is 1 because it includes all the possibilities. Symbolically, if X 
stands for summation, X Pi = 1. 

At the DQA locus, discussed in Chapter 2, six alleles are customarily used in forensic 
analysis (Table 4.1). For example, allele DH (designated as 1.1 in the table), has a proportion of 
0.150, or 15.0%, in the black population; this was computed from the proportions in the right- 
hand portion of the table. The first six genotypes include the 1.1 allele (the top one has two 
copies) and adding their frequencies--0.036 + (0.076 + 0.009 + 0.036 + 0.027 + 0.080)/2-- 
yields 0.150. The division by 2 is because in heterozygotes only half the alleles are DLI. 

RANDOM MATING AND HARDY-WEINBERG PROPORTIONS 

In the simplest population structure, mates are chosen at random. Clearly, the population 
of the United States does not mate at random; a person from Oregon is more likely to mate with 
another from Oregon than with one from Florida. Furthermore, people often choose mates 
according to physical and behavioral attributes, such as height and personality. But they do not 
choose each other according to the markers used for forensic studies, such as VNTRs and STRs. 
Rather, the proportion of matings between people with two marker genotypes is determined by 
their frequencies in the mating population. If the allele frequencies in Oregon and Florida are the 
same as those in the nation as a whole, then the proportions tol-~ ~l,ut},V~,o+'--'~" m" ¢h,~ta,,, cairn . . . . . . . . . . . . . . . .  ~ ts t~  will he 

the same as those for the United States, even though the population of the whole country clearly 
does not mate at random. 

We use random mating to refer to choice of mates independently of genotype at the 
relevant loci and independently of ancestry. The expected proportions with random mating are 
called the Hardy-Weinberg (HW)proportions, after G. H. Hardy, a British mathematician, and 
Wilhelm Weinberg, a German physician. For example, suppose that the proportions of alleles 
AI, A2, and A 3 are Pl, P2, and P3, respectively. The proportions of the three alleles among the 
sperm are given along the top of Table 4.2, and among the eggs, along the left margin. (It is 
intuitively reasonable and easily demonstrated that random mating is equivalent to combining 
gametes at random.) The genotypes and their frequencies are ~iven in the interior of the table. 
The proportion, or frequency, of A1A1 homozygotes is thus P l ,  and the proportion of A2A 3 (we 
do not distinguish between A2A3 and A3A2) heterozygotes is P2P3 + P3P2 = 2p2p3. 

According to Table 4.1, the proportions of alleles D2 and D4 in the white population are 
0.109 and 0.271. If  we assume HW and treat the sample allele frequencies as if they 2 were the 
true population frequencies, then the proportion of genotype D2D2 would be (0.109) = 0.012, or 
1.2%; as Table 4.1 shows, the observed fraction in this sample is 2.2%. The proportion of 
genotype D2D4 would be 2(0.109)(0.271) = 0.059, or 5.9%; the observed value is 4.6%. Neither 
of those differences is statistically significant. (Note that genotype Di.3Di.3 was not found in the 
black database of 224 persons. With multiple alleles and four or five loci, as with VNTRs, most 
genotypes are not found in any given database.) 

The HW relationship is easily stated symbolically. Using letter subscripts for generality, 
we let Pi and pj be the population proportions of two alleles A i and Aj. If  capital letters designate 
the genotypic proportions, the HW expectations are 
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Table 4.1. Observed and Expected Frequencies ofDQA Genotypes Based on 224 Blacks and 
413 Whites) 

i 
! 

ALLELES 

Allele Frequency % 

GENOTYPES 

Observed (Expected) 
Frequency % 

Allele Black White Genotype Black White 

1.1 15.0 13.7 1.1/1.1 3.6 (2.3) 2.2 (1.9) 

I 
i 
I 
I 
I 
i 

I 

I 
I, 

1.2 26.3 19.7 

1.3 4.5 8.5 

2 12.1 10.9 

3 11.8 20.1 

4 30.3 27.1 

1.1/1.2 7.6 (7.9) 3.6 (5.4) 

1.1/1.3 0.9 (1.4) 2.9 (2.3) 

1.1/2 3.6 (3.6) 1.9 (3.0) 

1.1/3 2.7 (3.5) 5.3 (5.5) 

1.1/4 8.0 (9.1) 9.2 (7.4) 

1.2/1.2 8.5 (6.9) 4.6 (3.9) 

1.2/1.3 2.2 (2.4) 3.4 (3.4) 

1.2/2 4.0 (6.4) 4.6 (4.3) 

1.2/3 7.1 (6.2) 8.2 (7.9) 

1.2/4 14.7 (16.0) 10.4 (10.7) 

1.3/1.3 0.0 (0.2) 1.2 (0.7) 

1.3/2 2.2 (!.1) 1.5 (1.9) 

1.3/3 1.3 (1.1) 1.7 (3.4) 

1.3/4 2.2 (2.7) 5.1 (4.6) 

2/2 2.2 (1.5) 2.2 (1.2) 

2/3 1.3 (2.9) 4.8 (4.4) 

2/4 8.5 (7.4) 4.6 (5.9) 

3/3 0.9 (1.4) 4.4 (4.0) 

3/4 9.4 (7.2) 11.4 (10.9) 

4/4 8.9 (9.2) 6.8 (7.3) 

Homozygotes 24.1 (21.5) 21.4 (19.0) 

Heterozygotes 75.7 (78.9) 78.6 (81.0) 

I 
I 
I 

8 

1990). 
Homozygous genotypes in boldface. Data fi'om Maryland State Crime Laboratory (Helmuth, Fildes, et al. 
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homozygotes: AiAi: Pii = Pi 2 , (4.1a) 
heterozygotes: AiAj: PU = 2ptPj, i¢j .  (4.1b) 

In words, the simple rule is: The proportion of persons with two copies of the same allele 
is the square of that allele's frequency, and the proportion of persons with two different alleles is 
twice the product of  the two frequencies. 

If  for some reason a population does not exhibit HW proportions, as will be the case if 
mating in the previous generation(s) has not been random, only a single generation of random 
mating is needed to produce HW proportions. This is clear from Table 4.2, which shows that the 
proportions of gametes that unite to produce individuals in the next generation depend only on 
the allele frequencies, not the parental genotypes of the current generation. That property adds 
greatly to the usefulness of Equations 4.1, because it increases the probability that they are 
accurate. Populations from different parts of the world with different allele frequencies can be 
homogenized in a single generation, provided that mating is random. Of course, exactly random 
mating is very unlikely, but the equations are accurate enough for many practical purposes. In 
Chapter 5 we give estimates of the degree of uncertainty caused by departures from random 
mating proportions. 

Table 4.1 shows how close actual populations come to HW proportions for DQA. The 
deviations from HW expectations are not great. In the white population, there is a small but 
statistically significant excess of homozygotes (P ~ .03); there is an excess in the black 
population '-- '- . . . . . . .  ,^,;,,+:,.,,u,, sigp;,q,,~,,, 2 it ;¢ nnt unusual to fred a slilzhtly higher at:so, ou t  it is uuL ~tata~,~,,,~, . . . . . . . . . . . . . . . . . . . . . .  - _ _ 

proportion of homozygotes than predicted. We consider reasons for that later in the chapter. 

The usual X 2 procedure is weak as a test for departure from HW proportions. The following test has 
considerably more power to detect departures from equilibrium of particular interest in population genetics 
(Robertson and Hill 1984). In a database of  size N, let X~j denote the number of  persons of  genotype AiA j. We 
assume the model 

E(X U) = 2Npi~j(1-0) 
E(Xi i )  : N [ P i  + p i ( l  " Pi)0] 

for i *j; 
for i =j .  

w e  want to test the hypothesis that 0 = 0 (i.e., HW proportions; see section on subpopulation theory for a 
discussion of  0). It can be shown that a score test, which can be expected to be particularly powerful in detecting 
small values of  0, is based on the statistic 

T = [Y"i ( X i i / Q i ) "  N ] / [ N ( K  - I)] 11'2, 

where K is the number of  alleles and Qi is the maximum likelihood estimate ofpi  i f0  = 0; in this case, Qi is the 
observed proportion of  Ai alleles. 

An excess ofhomozygotes will lead to a positive value ofT.  Provided that N is large enough, the statistic T has 
approximately a standard normal distribution i f0  = 0. 

In this case, for the white population in Table 4.1, the Xi~ values are 413(0.022), 4 1 3 ( 0 . 0 4 6 ) , . . .  ; the values 
ofpi are 0.137, 0.197 . . . .  ; N = 413; and K = 6. Substituting those values in the equation gives T = 1.88, which 
from a table of the normal probability integral gives P = 0.03. For the black population, T = 0.77, giving P ~. 0.22, 
where P refers to the probability. 
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Table 4.2 Hardy-Weinberg Proportions for a Locus with Three Alleles. 

Alleles 

4-5 

(and Frequencies) 
in Eggs 

Alleles (and Frequencies) in Sperm 

I 

i 

A, (p,) 

A2 (P2) 

A3 (133) 

A, (p,) A2 (P2) A3 (P3) 

AIA, (P,Pl) AIA2 (PIP2) AIA3 (PIP3) 

A2AI (P2Pl) A2A2 (P2P2) A2A3 (P2P3) 

A3AI (P3Pl) A3A2 (P3P2) A3A3 (P3P3) 

I 
i 

I 
I1 
I 
I 
I 
I 
I 
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In forensic applications, we are often interested in the magnitude of a difference, not just 
its statistical significance 3. In the example above, the deficiency in the observed frequency of 
heterozygotes is greater in the black population than in the white, but only in the latter is it 
statistically significant. This is because statistical significance depends strongly on sample size: 
in large samples, quite small differences can be statistically significant but may not be 
biologically meaningful. 

HW Proportions in a Large Sample 

The data in Table 4.1 show approximate agreement with HW expectations, but there is 
some discrepancy. In the black population, the deficiency ofheterozygotes is about 4%, and in 
the white population, it is about 3%. Most of this discrepancy comes from uncertainty 
introduced because of the sizes of the databases (224 and 413 persons). With larger samples, we 
would expect the agreement to be better. 

To examine a much larger sample, we consider data on the M-N blood group locus in the 
New York City white population for six periods between 1931 and 1969. At this locus, there are 
two alleles, M and N, and therefore three genotypes, MM, MN, and NN. The data include 6,001 
persons (12,002 genes). We chose this locus for three reasons. First, there are only two alleles, 
and all three genotypes are identified. Second, the allele frequencies are close to 1/2, 
maxim;.zing the power to detect depA_rU_ ,_res from HW ratios. Finally, the observations are highly 
reliable technically. They are from A. S. Wiener, the leading blood-group expert of the time. 
New York City is certainly not a homogeneous population. The persistence of two alleles at 
intermediate frequencies in many populations suggests that these blood groups are subject to 
natural selection, but the selection is probably weak, and there arc only minor allele-frequency 
differences among various European countries (Mourant 1976, p 251-260). 

These blood-group data (Table 4.3) show that, even in a population as heterogeneous as 
that of New York City, HW ratios are very closely approximated for traits that arc not factors in 
mate selection. The overall heterozygote frequency is within about 1% of its HW expectation. 
Agreement with HW expectations should bc at least as close for loci, such as most of those used 
in forensics, that are thought to be selectively neutral. 

In the United States, bin frequencies within a racial group are usually similar in different 
regions. The top two graphs in Figure 4.1 show the similar distribution in white populations in 
Illinois and Georgia. Comparison of the black and the white populations illustrates a point often 
made by population geneticists--namely, that differences among individuals within a race are 
much larger than the differences between races. Nevertheless, the intergroup differences arc 
large enough that the FBI and other forensic laboratories keep separate databases for whites and 
blacks, and two separate databases for Hispanics, one for those from the eastern United States 
and another for those from the West. 

3 The homozygote excess in this data set is larger than is usually found for this locus in more extensive 
recent studies (such as Kivas et al. 1995). The data in Table 4.1 come from a variety o f  sources. The data on the 
black population come mainly from disease-screening programs in California. The data on whites come from a 
forensic laboratory and from the CEPH (Centre d'Etude du Polymorphisme Humain) collection o f  family data, 
stored in France and used for genetic linkage studies. 
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Table 4.3. M-N Blood Group Genotypes in New York City Whites. a 

4-7 

! Sample Total MM MN NN PM PN Relative Error 

I 
I 
I 
I 
I 

1 236 71 116 49 0.5466 0.4534 0.0083 

2 461 132 232 97 0.5380 0.4620 -0.0123 

3 582 166 289 127 0.5335 0.4665 0.0024 

4 3,268 1037 1,623 608 0.5656 0.4344 -0.0107 

5 954 287 481 186 0.5529 0.4471 -0.0198 

6 500 158 249 93 0.5650 0.4350 -0.0131 

Total 6,001 1,851 2,990 1,160 0.5576 0.4424 -0.0099 

a The columns show the total number, numbers of the three genotypes, the allele frequencies, and the relative 
error is computed as follows: The expected number ofheterozygotes is 2pMPN X Total. For sample 1 this is 
2(0.5466)(0.4534)(236) = 116.975; relative error = (116.975 - 116.0)/116.975 = 0.0083, or 0.83%. The sources of 
the six convenience samples are (1) parents, (2) mothers, (3) patients and hospital staff, (4) donors and paternity 
cases, (5) professional donors, (6) paternity cases. Data from Mourant et al. (1976), p 274. 
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Figure 4.1. Fixed VNTR bins with frequencies of each bin in the United States. The locus is D2S44 with 
the enzyme HAE Ill. Top: Illinois Whte population. Center: Georgia white population. Bottom: US 
black population. From FBI (1993B), p 52, 51,185. 
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POPULATION GENETICS 4-9 

Exclusion Power  o f  a Locus  

The data in Table 4.1 can be used for another purpose. As ment ioned in Chapter 2, DQA 
data can dist inguish samples from different individuals 93% o f  the t ime, clearing many  innocent 
suspects. The overall probability that two independent  persons will have the same DQA 
genotype is the sum of  the squares o f  the genotype frequencies, as illustrated in Box 4.1.4 

Box 4.1. Calculating the Exclusion Power of  a Locus 

I 
I 
I 
I 

We can illustrate the 93% average exclusion power of DQA by reference to the data in Table 4.1. 
The probability that two randomly chosen persons have a particular genotype is the square of  its 
frequency in the population. The probability that two randomly chosen persons have the same 
unspecified genotype is the sum of the squares of  the frequencies of  all the genotypes. Summing the 

. • • • 2 +  squares of  the expected genotype frequencies (,n parentheses) for the black population yields 0.023 
0.0792 + . . .  + 0.0922 = 0.078. We used expected rather than observed genotype frequencies to obtain 
greater statistical precision. For the white population, thevalue is 0.063. The average is about 0.07. The 
exclusion power is the probability that the two persons do not  have the same genotype, or 1 - 0.07 = 
0.93. 

If there are n loci, and the sum of squares of  the genotype frequencies at locus i is Pi, then the 
exclusion power is 1 - (P;P2...Pn). Five loci with the power of  DQA would give an exclusion power of 1- 
(0.07) s = 0.999998. 

l 
I 

Table 4.4 shows the frequency of  bins (the V N T R  equivalent o f  a l le les- -See  Chapter  2) 
for two V N T R  loci. D2S44 has an exclusion power  o f  about 99%. The exclusion power  o f  
D1 $79 is smaller  because it has fewer alleles and more  varied bin frequencies; its exclusion 
power  is about  93%. 

I , 

i . 

I 
I 

I 
4 The concept of exclusion power was initially described by Fisher (1951). The calculation of the exclusion 

i power can be simplified, especially if the number of alleles is large, by noting that in HW proportions the 
unconditional probability of identical genotypes is 

Pi + 2Pipj = 2  Pi 2 - Pi 
i i , j : i < j  

Each sum on the right has n terms, where n is the number of alleles, rather than n(n + 1)/2, the number of genotypes. 
Note that the sum in parentheses on the right-hand side is the homozygosity, fs- 

An approximation to the probability of identical genotypes, due to Wong et. al (1987; see also Brenner and 
Morris 1990), is 2fs 2 - fs 3. This gives the maximum value and is quite accurate for small for when the allele 
frequencies are roughly equal. 
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Table 4.4. Bin (Allele) Frequencies at Two VNTR Loci (D2S44 and D17S79) in US White 
Population a 

I 
I 
i 

D2S44 D17S79 

Bin Size Range N Prop. Bin Size Range N Prop. I 
3 0- 871 8 0.005 1 0- 639 16 0.010 

4 872- 963 5 0.003 2 640- 772 5 0.003 

5 964- 1,077 24 0.015 3 773- 871 11 0.007 

6 1,078- 1196 38 0.024 4 872- 1,077 6 0.004 

7 1,197- 1,352 73 0.046 6 1,078- 1,196 23 0.015 

8 1,353- 1,507 55 0.035 7 1,197- 1,352 348 0.224 

9 1,508- 1,637 197 0.124 8 1,353- 1,507 307 0.198 

10 1,638- 1,788 170 0.107 9 1,508- 1,637 408 0.263 

11 1,789- 1,924 131 0.083 10 1,638- 1,788 309 0.199 

12 1,925- 2,088 79 0.050 11 1,789- 1,924 44 0.028 

13 2,089- 2,351 131 0.083 12 1,925- 2,088 50 0.032 

14 2,352-2,522 60 0.038 13 2,089- 2,351 16 0.010 

15 2,523-2,692 65 0.041 14 2,352- 9 0.006 

16 2,693-2,862 63 0.040 

17 2,863-3,033 136 0.086 1,552 0.999 

18 3,034- 3,329 141 0.089 

19 3,330- 3,674 119 0.075 

20 3,675- 3,979 36 0.023 

21 3,980- 4,323 27 0.017 

22 4,324- 5,685 13 0.008 

25 5,686- 13 0.008 

1,584 1.000 

a D2 and DI 7 indicate that these are on chromosomes 2 and 17.. N is the number of  genes (twice the number 
of  persons). Each bin includes a range of  sizes (in base pairs) grouped so that no bin has fewer than five genes in 
the data set; this accounts for nonconsecutive bin numbers. Data from FBI (1993b), pp. 439, 530. 

i 
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POPULATION GENETICS , .  4-11 

DEPARTURES FROM HW PROPORTIONS 

Clearly, the HW assumption is hardly ever exactly correct. The issue in forensic DNA 
analysis is whether the departures are large enough to be important. The earlier report (NRC 
1992) recommended that databases be tested for agreement with HW expectations and that loci 
that exhibit statistically significant differences from the expectation be discarded. In our view, 
that places too much emphasis on formal statistical significance. In practice, statistically 
significant departures are more likely to be foufid in large databases because the larger the 
sample size, the more likely it is that a small (and perhaps unimportant) deviation will be 
detected; in a small database, even a large departure might not be statistically significant (see 
Table 4.1 for an example). If  the approach recommended in 1992 is followed, the loci with the 
largest databases, which are the most reliable, would often not be used. As stated earlier, our 
approach is different. We explicitly assume that departures from HW proportions exist and use a 
theory that takes them into account. But, as can be seen from the MN data in Table 4.3, we 
expect the deviations to be small. 

Departures from HW proportions in populations can occur for three principal reasons. 
First, parents might be related, leading to inbreeding. Inbreeding decreases the proportion of 
heterozygotes, with a compensatory increase in homozygotes. 

Second, the population can be subdivided, as in the United States. There are major racial 
groups (black, Hispanic, American Indian, East Asian, white). Allele frequencies are often 
sufficiently different between racial groups that it is desirable to have separate databases. Within 
a race, there is likely to be subdivision. The blending in the melting pot is far from complete, 
and in the white population, for example, some groups of people reflect to a greater or lesser 
extent their European origins. A consequence of population subdivision is that mates might have 
a common origin. Translated into genetic terms, that means that they share some common 
ancestry--that they are related. Thus, the consequences of population structure are qualitatively 
the same as those of inbreeding: a decrease ofheterozygotes and an increase ofhomozygotes. 5 

Third, persons with different genotypes might survive and reproduce at different rates. 
That is called selection. We shall not consider this possibility, however, because the VNTR and 
other loci traditionally used in forensic analysis are chosen specifically because they are thought 
to be selectively neutral or nearly so. Some, such as DQA, are associated with functional loci 
that are thought to be selected but show no important departures from HW expectations. 

Inbreeding and Kinship 

Inbreeding means mating of two persons who are more closely related than if they were 
chosen at random. The theory of inbreeding was worked out 75 years ago by Sewall Wright, 

5 There is a theoretical possibility of  an increase in heterozygosity. It can happen in a population of  ftrst- 
generation children of  different ancestral populations. But such populations are usually mixed with second- 
generation children, in whom heterozygosity is reduced, and there are other matings. So the effect of  population 
subdivision is to increase homozygosity in the overwhelming majority, if not all, cases. 
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4-12 THE EVALUATION OF FORENSIC DNA EVIDENCE 

who defined the inbreeding coefficient, F (explained in Wright 1951). He gave a simple 
algorithm for computing F for any degree of relationship of parents. The kinship coefficient, also 
designated by F and used to measure degree of relationship between two persons, is the same as 
the inbreeding coefficient of a (perhaps hypothetical) child. 6 For parent and child, F = 1/4; for 
sibs, 1/4; for half sibs, 1/8; for uncle (or aunt) and nephew (or niece), 1/8; for first cousins, 1/16; 
and for second cousins, 1/64. 

With inbreeding, the expected proportion ofheterozygotes is reduced by a fraction F; that 
of homozygotes is correspondingly increased: Thus, with inbreeding, 

AiAi: Pii = Pi 2 + Pi( 1 - Pi) F, (4.2a) 
A~Aj: P~j = 2pd)j(l - F). (4.2b) 

Because F for first cousins is 1/16, a population in which everybody had married a ftrst cousin in 
the previous generation would be 1/16 less heterozygous than if marriages occurred without 
regard to family relationships. 

Population Subgroups 

The white population of the United States is a mixture of people of various origins, 
. . . . .  1_. ~ . . . . . . . .  n-a.. hlo,.t. ~,~1 l-llepanlc ncmulations also have multiple origins. Matings tend 
I I I L I S U 2 ¢  1 2 , I . U V p ~ , " x .  * x x ~ ,  v A ~ , . ,  . . . . . . . . . . . .  r - a t  - 

to occur between persons who are likely to share some common ancestry and thus to be 
somewhat related. Therefore, homozygotes are somewhat more common and heterozygotes less 
common than if mating were random. 

The related problem of greatest concern in forensic applications is that profile frequencies 
are computed (under the assumption of HW proportions) from the population-average allele 
frequencies. If there is subdivision, that practice will always lead to an underestimate of 
homozygous genotype frequencies and usually to an overestimate of heterozygote frequencies. 

To understand that, consider a population divided into subpopulations, each in HW 
proportions. Let Pi denote the frequency of the allele A i in the entire population. If  that entire 
population mated at random, the frequencies of the genotypes AiA i and AiA j (i ;~ j)  would be pi 2 
and 2ptpj, respectively. The relationship between those hypothetical genotype frequencies and 
the actual frequencies of homozygotes, Pii, and heterozygotes, Pij, in the entire population is 
given by Wahlund's principle and its extension to multiple alleles and covariances ('Nei 1965). 

That is, 

Pii = Pi 2 + Vi, (4.3a) 
P~j = 2ptPj + 2Cij, (4.3b) 

6 Wright's algorithm is given in standard textbooks (Hartl and Clark 1989, p 238ff; see also Wright 1951). 
One defmition of the inbreeding coefficient is the probability that the two homologous genes in a person are 
descended from the same gene in a common ancestor or one from the other. The kinship coefficient of two persons 
is the corresponding probability of identity by descent of two genes, randomly chosen, one from each person. From 
those definitions, Wright's algorithm can readily be derived. The algorithm is easily modified for genes on the X- 
chromosome, but since they constitute such a small fraction of the genome, this is an unnecessary refinement for our 
purposes. 
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POPULATION GENETICS 4-13 

where Vi designates the variance of the frequency ofA i and C o the covariance of the frequencies 
of A i and Aj among the subpopulations. 7 

The variance, being the sum of squared quantities, is always positive. The average 
covariance is negative, because the sum of the variances and covariances over all the alleles must 
equal zero (because the left-hand terms and first terms on the right, when summed over alleles, 
must each add to 1). Covariances for specific pairs of alleles, however, might be either positive 
or negative. In particular, if the allele frequencies are very 10w and the population is small, they 
might become positive. If the population is strongly subdivided, the likelihood of positive 
covariances decreases, because the average value is negative and large. 

Thus, to repeat, computing the frequency of a genotype from the population-average 
allele frequencies, rather than using the average of the actual subpopulation genotype 
frequencies, will always underestimate the frequency of homozygotes and usually overestimate 
the frequency of heterozygotes. 

As an illustrative example, consider the data in Table 4.5. They come from four white 
populations--three European and one Canadian. The homozygosities are given in the next-to- 
bottom line. The weighted average homozygosity for the four populations, s with weights 
proportional to the sizes of the databases, is 0.0759. For the pooled populations, assuming that 
the total pool mated at random, the homozygosity is 0.0745. As the Wahlund principle states, 
the average homozygosity of the subpopulations is greater and the heterozygosity less than those 
of  the pooled population. 

The striking feature of the table is not the greater heterozygosity of the pooled population, 
which is expected, but the smallness of the difference. The four populations and the composite 
all differ from HW proportions only very slightly. The data on M-N blood groups (Table 4.3) 
suggest that this is not surprising. 

7 Suppose that the proportion of persons in subpopulation k is w k and the frequency of A i in that 
subpopulation is P~k- Let the random variable 7q denote the frequency of Ai in each subpopulation. Thus, gi = Pi.k 
with probability Wk, and the average value of hi is 

I . 

I 

I 

I 

I 
! 

I 

Then 

Pi = E ( ~ i ) =  Z W k P i , k  - 
k 

Pii = E(TTi 2) = Pi 2 + V i ,  
Pij = E(2rq~j) ffi 2ptpj + 2Ci j ,  

where 

V i ----- V a r ( ~ i ) -  Z Wk(P i ,k -  p i )  2 ' 
k 

Cij - Cov(7~i, 7~j) -  Z Wk(Pi, k -- Pil(PJ,k -- Pj). 
k 

s The weighted average homozygosiW of the subpopulations, assuming random mating within 
subpopulations, is Z~k Wk Pi.k 2, where w k is the proportion of persons in the k-th subpopulation and P~k is the 
frequency of allele A~ in the k-th subpopulafion. The expected homozygosity if the entire population mated at 
random is •i Pi 2, where Pi -- Y-"kWl, Pi,k • 
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4-14 THE EVALUATION OF FORENSIC DNA EVIDENCE 

Table 4.5. Bin (Allele) Frequencies and Proportions in Four Populations and Their Weighted 

Averages a 

Bin Canadian Swiss French Spanish Total 

I 
I 
i 

ni Pi ni Pi ni Pi ni Pi ni Pi 

1 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 t 
2 1 0.001 0 0.000 1 0.002 1 0.002 3 0.001 
3 1 0.001 1 0.001 0 0.000 3 0.005 5 0.002 
4 5 0.005 1 0.001 3 0.005 2 0.004 11 0.004 
5 8 0.009 13 0.016 3 0.005 6 0.004 30 0.011 
6 21 0.023 16 0.020 10 0.016 7 0.014 54 0.019 
7 35 0.038 48 0.060 26 0.042 23 0.045 132 0.046 
8 41 0.045 30 0.037 24 0.039 17 0.033 112 0.039 
9 130 0.142 100 0.124 68 0.110 52 0.102 350 0.123 

10 78 0.085 73 0.091 67 0.109 43 0.085 261 0.092 
11 72 0.079 67 0.083 35 0.057 48 0.094 222 0.078 
12 81 0.088 60 0.075 43 0.070 24 0.047 208 0.073 
13 81 0.088 59 0.073 56 0.091 50 0.098 246 0.086 
14 23 0.025 24 0.030 29 0.047 18 0.035 94 0.033 
15 19 ~ n n ' ~  a• o na7 la 0_023 19 0.037 90 0.032 

V . U ~ I  , . . ' u  . v  , • . . . . . . .  

16 44 0.048 40 0.050 27 0.044 22 0.043 133 0.047 
17 98 0.107 71 0.088 72 0.117 61 0.120 302 0.106 
18 69 0.075 64 0.080 53 0.086 36 0.071 222 0.078 
19 64 0.070 61 0.076 48 0.078 36 0.071 209 0.073 
20 18 0.020 12 0.015 10 0.016 18 0.035 58 0.020 
21 11 0.012 11 0.014 11 0.018 13 0.026 46 0.016 
22 5 0.005 7 0.009 8 0.013 3 0.006 23 0.008 
23 0 0.000 2 0.002 0 0.000 0 0.000 2 0.001 
24 1 0.001 2 0.002 0 0.000 3 0.006 6 0.002 
25 7 0.008 2 0.002 5 0.008 0 0.000 14 0.005 
26 3 0.003 2 0.002 3 0.005 2 0.004 10 0.004 
27 0 0.000 0 0.000 0 0.000 0 0.000 0 0.000 
28 0 0.000 0 0.000 0 0.000 1 0.002 1 0.000 

Total (2N) 916 0.999 804 0.998 616 1.001 508 0.998 2,844 0.999 

Horn. = Y~pi 2 0.079 0.073 0.077 0.073 0.074 

fs-- 0.0759 fT = 0.0745 0 = 0.0015 

I 
I 
I 

I 
I 
I 
I 
I 
I 
I 

I 
a The bins are numbered (see Table 4.3). The number at the bottom is the total number of genes (twice the 

number of persons). The locus is D2S44, and the enzyme is Hae IlL Data from FBI (1993b), pp. 461,464-468. 
Three French populations were pooled. 
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POPULATION GENETICS 4-15 

SUBPOPULATION THEORY 

We can deal with a structured population by using a theory that is very similar to that of 
inbreeding. We shall reserve the symbol F for inbreeding caused by a specified degree of 
relationship of the parents, such as cousins. The symbol 0 is oiten used in forensic science, so 
we employ it to designate the effects of population subdivision. The following formulae, which 
are analogous to those for inbreeding, define a parameter 0ij for each genotype A i A  j. These 
formulae do not require that the subpopulations mate at random or even that they be distinct. 

AiAi: Pii = Pi 2 + Pi( 1 - pi)0i i ,  (4.4a) 
AiAj: Pij = 2pd~j(1 - 0ij), i ~ j .  (4.4b) 

In general, the parameters 00 may be positive or negative. However, substituting the inequalities 
Pii -< Pi and Pij < 1 into equations 4.4a and 4.4b, respectively, demonstrates that 0ij < 1 for every i 
andj. 

Let fo denote the actual homozygosity in the entire population, and let h o = 1 - f0 denote 
the corresponding heterozygosity. If the population were divided into distinct subpopulations 
and mating were random within each subpopulation, we would designate f0 and ho by fs and hs, 
respectively. If  mating were random within the entire population, these quantities would become 
fx and hr, respectively. 

The average of the parameters 0ij over all genotypes is precisely Wright's (1951) fixation 
index Frr: 

= fo - fr = hr - ho = Fr r . (4.5) 
1 - fr hr 

For an elementary explanation of Equation 4.5 for equal subpopulation numbers, see Hartl and 
Clark (1989, p 293); Nei (1987, p 162) presents a more detailed treatment. We also provide an 
alternative and more general derivation (Appendix 4A). 

It is clear that 0 is a composite quantity, averaged over all genotypes, whereas Equations 

4.4 involve eii and Oij for individual genotypes. In general, 0 may be positive or negative, but e 
< 1. However, i f  the local populations are mating at random or if  there is local inbreeding, then 

the true value of 0 is positive. In empirical data, i f  statistical uncertainties are taken into 

account, 0 is almost always positive or very small. For selectively neutral loci, population 
values of eij for particular genotypcs may be negative only temporarily, except in highly unusual 
situations. Of  course, point estimates from samples, which arc quite inaccurate, may be negative 
even when the tree value is positive (Weir and Cockerham 1984; Nei 1987; Chakraborty and 
Danker-Hopfe 1991). 

Most of  the forensic literature posits distinct subpopulations in HW proportions. In that 
case, comparison of Equations 4.4 with Equations 4.3 shows that eli and eij are given by 
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4-16 THE EVALUATION OF FORENSIC DNA EVIDENCE 

0ii = Vi/[Pi(1 " Pi)] ,  

0 U = 

(4.6a) 
(4.6b) 

Because variances are always greater than or equal to zero, we now have 0ii >_ 0. However, 0ij 
can be either positive or negative, although its average value is positive, because the average 
value of the covariance is negative. 

Now 0 becomes 

= f s - f r  = hr - h s  = Fsr , (4.7) 
1 - f r  h r 

which must be nonnegative. The symbols FST (Wright 1951), GST (Nei 1973, 1977), and 0 
(Cockerham 1969, 1973; Weir 1990) have very similar meanings and for our purposes can be 
regarded as interchangeable (Chakraborty and Danker-Hopfe 1991). According to Equation 4.7, 

if the subpopulations are distinct and in HW proportions, then 0 = FST. 
• Table 4.5 shows that the frequencies in the four populations are quite similar. 

Furthermore, the values agree well with those from the United States in Table 4.4. The value of 

is about 0.0015, as shown in Box 4.2. 

I 
I 
I 
I 
I 

I 
i 

l 
[ ]  

I I  
m 

Box 4.2. Calculating 0 : An Example 

From Equation 4.7, we have 0 = (fs - fT)/(1 - iT). Positing local random mating, we obtain the 
expected homozygote frequencies by squaring each allele frequency in Table 4.5 and summing the 
frequencies for each population. The four values are then averaged using weights proportional to the 
sizes of the databases to give fs. Then fT is calculated as the sum of the squares of the allele frequencies 
for the pooled data. We obtain fs = 0.0759 and fr = 0.0745, 

so 0 = (0.0759- 0.0745)/(1 - 0.0745)= 0.0015. 

A glance at Equation 4.7 tells us that 0 cannot be large if fs and fT are small, as they must be for 
loci with a large number of alleles, each of low frequency. 

I 
I 
I 
I 

We chose European populations in the example because they are likely to differ more 
than the US subpopulations descended from those European countries. The original differences 

are diminished in the United States by mixing with other groups, so we would expect 

calculated for white populations in the United States to be smaller than 0 calculated for 
European and Canadian populations. 

We can use Tables 4.3 and 4.4 for another comparison. Treating the composite European 
and Canadian populations as one randomly mating subpopulation and the US population as the 

other, 0 turns out to be 0.0004. These are, of course, estimates for particular databases, and the 
estimate is subject to random fluctuation. 

If  mating is random in each subpopulation, then 0 in Equation 4.7 depends only on the 

allelic (rather than the genotypic) frequencies. In that case, 0 can be estimated more accurately, 
because allele frequencies are subject to smaller sampling fluctuations than are genotype 
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frequencies. There are several statistical methods for estimating 0 from sample allele 
frequencies. They vary with the assumptions made and the accuracy desired, but the estimates 
are very close to one another (Weir and Cockerham 1984; Nei 1987; Chakraborty and Danker- 
Hopfe 1991). 

T A K I N G  P O P U L A T I O N  S T R U C T U R E  I N T O  A C C O U N T  

In the early days of DNA population analysis, there appeared to be a clear excess of 
homozygotes and a deficiency of heterozygotes (Lander 1989; Cohen 1990). The excess was so 
large as to suggest a high degree of population stratification; Lander described it as "spectacular 
deviations from Hardy-Weinberg equilibrium." The large deviations, however, turned out to be 
an artifact, a limitation of the laboratory method (Devlin et al. 1990). As discussed in Chapter 2, 
a single VNTR band does not necessarily indicate a homozygous person. It might arise because 
a second band is obscured for some reason. When that was taken into account, the excess 
homozygosity disappeared, and a number of studies have since confirmed that the database 
populations are very close to HW proportions (e.g., Chakraborty 1991; Risch and Devlin 1992; 
Devlin et al. 1992; Chakraborty et al. 1992; Weir 1992a, b). It is also illustrated by our numerical 
examples. Yet, the US population is not exactly in HW proportions. In a large-enough sample, 
the departure from HW could surely be demonstrated. As emphasized before (NRC 1992), the 
power of standard methods to detect a statistically significant deviation is very small; very large 
samples are required. But there are stronger methods, and we have used one earlier (See 
Footnote 2). 

To restate: our approach is not to assume HW proportions, but to use procedures that take 
deviations from HW into account. To do that, we return to discussions of population structure as 

measured by O. 

If  we assume the population to be subdivided, there are two options. One is to use 0 

empirically. The second is to estimate neither 0 nor the individual values of 0ij, but to take 
advantage of the fact that for practical purposes they can be assumed to be positive. 

The first option is to measure 0 empirically and substitute it for 0ij in Equations 4.4. 

For US white, black, and Hispanic populations in the FBI databases, the value of  0 is usually 
less than 0.01---often considerably less (Weir 1995). We illustrated that forD2S44 earlier in this 
chapter. In particular, the value for whites is estimated (from data obtained from Lifecodes, a 
commercial DNA laboratory) as 0.002, for Blacks 0.007, and for Hispanics 0.009 (Roeder et al. 
1995). So deviations of individual subpopulations from HW are likely to be minor. 

However, for VNTRs we recommend that instead of estimating 0ij and applying 
Equations 4.4, no adjustment be made for heterozygotes and that the more conservative "2p rule" 
be used for homozygotes. This rule is explained and justified as follows. 

We assume only that 0ij is positive for all pairs of alleles. We know that for 
heterozygotes the HW calculation is generally an overestimate, because from Equation 4.4b the 
true value includes (1 - 0ij). The assumption of HW proportions always gives overestimates of  
heterozygotes when 0ij > 0. Therefore, even if we do not know the actual value of  each 0ij, we 
can obtain conservative estimates of match probabilities for all heterozygotes by assuming HW 
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proportions. Negative estimates of 0ii are observed for some data, but these are usually very 
close to zero and are almost certainly the consequence of sampling errors. In any case, they are 
usually so small (and thus 1 - 0ij is so close to one) as to have little effect on the calculations, 

That is not the case with homozygotes, as is clear from Equation 4.4a, because with small 
allele frequencies, a small value of 0ii Call introduce a large change in the genotype frequency. 
However, we can obtain conservative estimates of match probabilities for homozygotes by using 
the 2p rule. Single bands can be from either homozygotes or heterozygotes in which the second 
allele has been missed. It has been suggested•that a single band at allele A i be assigned a 
frequency of2pi (Budowle, Giusti, et al. 1991; Chakraborty et al. 1992; NRC 1992). That has 
been criticized for being too conservative because it includes in the frequency estimate several 
heterozygotes that can usually be ruled out. But an exact correction is not feasible in most cases, 
because the nature of the missing band is uncertain. 

We can make a virtue of the suggested procedure. It can be shown 9 that if 2pi is assigned 
to the frequency of a single band at the position of allele Ai,  then this simple formula gives an 
estimate that is necessarily larger than the true frequency. The upper bound always holds, but it 
is necessary only if some single bands represent heterozygotes. We emphasize that the 2p rule is 
intended only for loci, such as VNTRs, in which alleles are rare and single bands may be 
ambiguous. 

We arrive at a simple procedure for obtaining a conservative estimate, that is, one that 
generally underestimates the weight of the evidence against a defendant: Assign the frequency 
2pi to each single band and 2pp 1 to each double band. In arriving at this important conclusion 
we have made only one assumption: that 0ij (i c j) is positive. Then the HW rule is conservative, 
because in a structured population, heterozygote frequencies are overestimated and, with this 
adjustment, so are homozygote frequencies. 

Empirical data show that with V'NTRs departures from HW proportions are small enough 
for the HW assumption to be sufficiently accurate for forensic purposes. For example, a 0-value 
of  0.01, larger than most estimates, would lead to an error in genotype estimates of about 1%. 
Nevertheless, to be conservative, we recommend that the HW principle, with the value 2pi for a 
single band at allele Ai, be used. 

I 
I 
I 
I 
I 
I 
I 
I 
i 
I l l  

I 
I 
I 

9 Let X and Y stand for the maternal and paternal alleles at the A locus. A single band at the position o f  
allele A~ can be either an AiAi homozygote  or a heterozygote with one of  the alleles being Ai. Thus, we want  the 

probabili ty that at least one allele is Ai: : 

P(X = Ai or Y = A i ) = P(X = A.t) + P(Y = Ai) - P(X = A i and Y = Ai) 
= 2pi - Pii -< 2Pi. 

For an alternative proof, using standard population genetics methods, note that the probability on the left-hand 

side of  the first equation is equal to 

( ' ) Pu + Y'~Pij = 2  Pi~+T~Pij -P~i =2P~-Pi~ <2p , ,  
j : j~ l  j : j~ l  

as above. Clearly, the rule is very conservative because the summation includes a large number  o f  heterozygotes 

that  would be detected as double bands. 

I 
I 
I 
I 
I 
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M U L T I P L E  L O C I  A N D  L I N K A G E  E Q U I L I B R I U M  

With random mating (and in the absence of selection), the population approaches a state 
in which the frequency of a multilocus genotype is the product of the frequencies at the separate 
loci. When the population has arrived at such a state, it is said to be in linkage equilibrium (LE). 
That is a misnomer, in that the principle applies also to loci that are unlinked, as on non- 
homologous chromosomes, but we shall adhere to this time-honored convention. 

There is, however, an important difference between HW proportions and LE. Whereas, 
as mentioned earlier, HW proportions are attained in a single generation of random mating, LE is 
attained only gradually. For pairs of unlinked loci, the departure from LE is halved each 
generation. Thus, the departure from LE is reduced to 1/2, 1/4, 1/8, ... of its original value in 
successive generations. For sets of three or more unlinked loci, the asymptotic rate of approach 
to LE is still 50% per generation (Nagylaki 1993, p 634 and references therein), so a few 
generations of random mating bring the population very close to LE, but it does not happen in a 
single generation. 

Loci need not be on nonhomologous chromosomes to attain LE, although loci on the 
same chromosome approach LE more slowly than those on different chromosomes. For a pair of 
loci, the departure from LE is reduced to (I-r), (1-02, (1-03, ... of its initial value in successive 
generations, where r is the rate of recombination between the two loci. For loci that are far apart 
or on nonhomologous chromosomes, r = 0.5. For example, D1SS0 and D1S7 are both in the 
same chromosome arm, yet they do not exhibit a statistically significant departure from LE 
between them (Budowle, Baechtel, et al. 1995). Most forensic applications, however, use loci 
that are on nonhomologous chromosomes. 

The consequence of the gradual approach to equilibrium is that allele combinations that 
were together in an ancestral population might carry over into contemporary descendants. The 
mixing process that takes place because of migration and intermarriage generally reduces 
deviations from linkage equilibrium more slowly than it does deviations from HW proportions'i i° 

Another important difference between HW and LE is that whereas a population broken 
into subgroups has a systematic bias in favor ofhomozygosity, departures from LE increase 
some associations and decrease others in about equal degrees. Although there might be linkage 
disequilibrium, we would expect some canceling of opposite effects. II The important point, 
however, is not the canceling but the small amount of linkage disequilibrium (see below). In this 
case, multiplying together the frequencies at the several loci will yield roughly the correct 
answer. An estimated frequency of a composite genotype based on the product of conservative 
estimates at the several loci is expected to be conservative for the multiloeus genotypes. 

~o With partial mixing, the rate of  approach to HW depends on the rate o f  mixing; for LE, it depends on both 
the mixing and crossover rates (Nei and Li 1973). For loose linkage, the two rates might be about the same. 

n With two or more loci and linkage, multiple homozygotes might be slightly increased in frequency 
(Haldane 1949). However, the increase is very slight. 
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H o w  M u c h  D e p a r t u r e  f r o m  L E  is  E x p e c t e d ?  

The main cause of linkage disequilibrium for forensic markers is incomplete mixing of 
different ancestral populations. We can get an idea of the extent of this in the US white 
population by asking what would happen in a mixed population derived from two different 
European countries. There are abundant VNTR data from Switzerland and Spain, so we shall use 
them for illustration (FBI 1993b). 

We shall illustrate this with a particular pair of alleles, one at each of two loci. In each 
European population, let PI6 stand for the frequency of bin 16 at locus D10S28, q13 for that of bin 
13 at locus D2S44, and P for that of the 16-13 gamete. In each European population, under the 
assumption of LE, the proportion of gametes with alleles 16 and 13 is Pl6q]3 = P. In the first- 
generation mixed population, under the assumption of an equal number of  migrants from each 
parent population, the values ofPl6, q13, and P will be the average of the corresponding parental 

values, P,6, q,3, and P. The linkage disequilibrium, the difference between P and P,6 q,3, is 

halved each generation, and finally P = P,6 q]3. Although P changes each generation, 
P,6 q,3 does not, since the allele frequencies remain constant. The numerical values are shown in 

Table 4.6. 
The initial linkage disequilibrium is such that P is about 4% greater than its value at LE, 

but this is reduced to less than 1% by the third generation. These alleles are typical of those in 
the data set. A more extreme difference is found between bin 25 in D10S38 and Bin 20 in 
D2S44. in this case, the initial value of P is about 25% less than expected, and the difference is 
reduced to about 3% by the fourth generation. Four is probably not far from the average number 
of  generations since ancestral migration from Europe. 

Many more examples could be chosen, but the general conclusion is that departures from 
LE are not likely to be large, a few percent at most. The cause of uncertainty in using population 
averages as a substitute for local data is mainly allele-frequency differences between 
subpopulations, not departures from HW and LE in each subpopulation. 

W h a t  d o  t h e  V N T R  d a t a  s h o w ?  

Several authors report agreement with LE or only slight departures from it (Chakraborty 
and Kidd 1991; Weir 1992a, 1992b, 1993b; Chakraborty 1993). An early study of  multiple loci 
(Risch and Devlin 1992) made use of databases from the FBI and Lifecodes. Riseh and Devlin 
calculated the expected proportion of two-locus matches as the product of the match probabilities 
at the component loci. From 2,701,834 pairs of profiles in the FBI data involving blacks, whites, 
eastern Hispanies, and western Hispanics, they calculated an expected total of 95.3 two-locus 
matches, whereas 104 were observed--not a statistically significant difference. ~2 Only one 

,2 The number 2,701,834 was obtained as follows..In the black database, there were 342 persons in whom 
alleles at the D1 and D2 loci were recorded; the number of pairs is (342)(341)/2 = 58,311. There were 350 in whom 
D1 and D4 were recorded, yielding (350)(349)/2 = 61,075. Continuing through five loci within each of the four 
groups, the totals ate 2,701,834 and 104 two-locus matches, for a rate of 3.8 x 10 "s. When persons from different 
groups were chosen, there were 7,064,266 pairs and 176 matches, for a rate of 2.5 x 10 "5. As expected, the 
matching frequency is higher within groups, but it is not much higher; the allele frequencies do not differ greatly, 
even between groups. As has often been emphasized by population geneticists, most of the variability is between 
persons within groups, not between groups. 
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Table 4.6. The Approach to LE in a Mixed Population. a 

PI6 q13 P16q13 P Difference ~ 

4-21 

! 

i 

Swiss 0.030 0.073 0.00219 0.00219 0 

Spanish 0.051 0.098 0.00500 0.00500 0 

! Generation Pl6 913 P16 ql3 P Difference 

I 
I 
I 
I 
I 

1 0.0405 0.0855 0.00346 0.00360 0.000140 

2 0.00353 0.000070 

3 0.00350 0.000035 

4 0.00348 0.000018 

5 0.00347 0.000009 

Equilibrium 0.0405 0.0855 0.00346 0.00346 0 

.c~ 

s. ', 

I 
I 
I 
I 
I 
I 
I 
I 

"The population starts with an equal mixture of  persons from Spain and Switzerland and mates at random 
thereafter. The fraction P~6 is the frequency of  bin 16 at locus D10S28 and q13 is that of  bin 13 at locus D2S44. 
Data from FBI (1993b, p 467, 468, 526, 527). 

b Difference = P - P~6q~3 
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three-locus match was found among 7,628,360 pairs of  profiles; curiously, it was between a 
white and an eastern Hispanic. There were no four- or five-locus matches. 

If  there is no important departure from independence for two loci, it is unlikely that there 
will be any for larger numbers of  loci, but let us nonetheless look at it empirically. To test 
beyond two loci, it is necessary to use a system in which matches are much more frequent. 
Lifecodes uses a different enzyme (Pst I) that produces larger fragments, which leads to higher 
allele frequencies. That made possible a test of  three-locus matches in the white population. 
Whereas 404 were expected, 416 were observed (Risch and Devlin 1992). We conclude that in 
the large databases o f  the major races, the populations are quite close to HW and LE. 13 

That assertion has been questioned by some geneticists. The questions have often not 
been accompanied by data, but in one exception, a paper that has been frequently quoted in the 
literature and in court cases, Krane et al. (1992) reported a statistically significant difference in 
allele frequency between persons of  Finnish and Italian ancestry. Subsequent analysis has 
removed much, but not all, o f  the discrepancy./4 

Geisser and Johnson (1992, 1993) analyzed their data in a way that is different from the 
usual one, dividing the alleles into quantiles of  equal frequency. Their analysis showed 
statistically significant departures from random proportions. Others fail to fred this from 
comparable data sets (Devlin and Risch 1992; Weir 1993b). The cause of  this difference might 
be the identification o f  single bands with homozygotes, and we are persuaded by the careful 
analyses of  large data sets by others that the departures are not large enough to invalidate the 

1 • _ j J x v ~ . x u ~ , l ,  r ~ e / . . - + 1 . ,  ~.1,.~ ~ _  ~ . 1  . . . .  11_ _1 . . . .  ~, ~,~,,.. ~,~ , : l J , m ~ c ~  u~,ow). I t  has "also oeen arguea that there should be a 

separate database for each region of  the United States. The failure to find important departures 
make that less important than it would have seemed before the large amounts o f  data were 
acquired. Unless local variability is much larger than the data indicate, the loss of  information 
from statistical uncertainties in small samples is likely to outweigh any gain from having local 
databases. 

Regardless o f  whether the population is exactly in LE, the rarity of  multilocus matches is 
evident even in large data bases. As mentioned earlier, Risch and Devlin (1992) found no four- 
or five-locus matches among 7,628,360 pairs of  profiles. The much larger composite database 
recorded by TWGDAM (Chakraborty, personal communication) comprises 7,201 whites, 4,378 

~3 It has been suggested more than once (e.g., Sullivan 1992) that the FBI sample has been edited and that 
five-locus matches have been removed. The explanation lies in the inadvertent inclusion of the same person in 
more than one sample. Almost all such cases were accounted for either by examination of the record or by testing 
additional loci. Furthermore, the fact that there was only one three-locus match and no four-locus match argues 
against the reality of any seeming five-locus matches. In a larger study of the TWGDAM database (see below), 
there were no five-locus matches and only two four-locus matches when six loci were compared. Another example 
that has been mentioned as evidence ofmultilocus matches is a highly inbred group, the Karitiana, in the Amazon. 
See Kidd et al. (1993) for a discussion of the lack of relevance of this example to populations in the United States. 

14 Part of the difference lay in simple errors in transcribing data, and another part is attributable to resampling 
the same persons from small populations (Devlin, Krontiris et al. 1993). Krane et al. (1992) also emphasized a 
greater frequency of three-locus matches than that given by the FBI data. But that is to be expected, as it was in the 
Lifecodes data set; so, although there remains evidence of substructure, the amount is considerably smaller than 
originally reported. A later study of Finnish and Italian populations showed no such differences (Budowle, 
Monson, and Giusti 1994), and agreed with data from other populations in various parts of  the world (I-Ierrin 1993). 
But we should note that there are differences among subgroups that would be statistically significant in large 
samples, but which might be too small to be important. 
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blacks, and 1,243 Hispanics. Among 58 million pairwise comparisons with four, five, or six loci 
within racial groups, two matches were found for four loci and none for five or six. The 
matching pair did not match for the other two loci tested, so this is not a case of DNA from the 
same person appearing twice in the database. These pairs were necessarily run on different gels, 
so the precision may have been less than if  they had been run on the same gel, and there might 
have been close relatives in the databases. Nevertheless, the general conclusion is that four-locus 
matches are extremely rare and five- and six-locus matches have not been seen in these very 
large databases. 

Finally, we can examine conformity to LE in this very large data set accumulated by 
TWGDAM (Chakraborty, personal communication). The numbers, especially in the white 
population, are large enough to provide a sensitive test for departure from LE. The data are 
shown in Table 4.7. The expected number of two- and three-locus matches were calculated from 
the observed proportion of single-locus matches, assuming LE. As can be seen, when the 
numbers are large enough for statistical errors to be small, the departures are very small. 

The deviation from expected is 0.4% in whites and 2.1% in blacks. These results 
reinforce the conclusions of Risch and Devlin that VNTR loci are very close to LE. Only in the 
American Indian population is there an appreciable departure from randomness. That is expected 
because of  the heterogeneous tribal structure. 

With LE, we can proceed as follows. If the proportions of alleles Ai and Aj at the A locus 
are Pi and pj and the proportions of Bh and Bk at the B locus are qh and qk, the proportion of the 
composite genotype AiA j BhBk is (2pdgj)(2qhqk) and of AiA j BkBk is(2pd~j)(qk2), or (2pdgj)(2qk) 
with the 2p rule, and so on for more than two loci. 

Table 4.4 gives examples of VNTR allele (bin) frequencies (Bud0wle et al. 1991). I fA 
stands for locus D2S44 and B for D 17S79 and subscripted bin numbers designate alleles, the 
probability of  genotype A7All B7B12 is [2(0.046)(0.083)] [2(0.224)(0.032)] = 0.00011, or 
1/9,135. If the A locus had a single band at AT, the probability would be calculated 
conservatively with the 2p rule as [2(0.046)][2(0.224)(0.032)] = 0.00132, or 1/758. It is not 
surprising that, even with the 2p rule, the calculated probabilities become very small when four 
or five loci are tested. 

Recently, more VNTR loci have been added. The FBI now has a total of seven and some 
states use eight. If, at each locus, every allele frequency in the profile equaled 0.1 and eight loci 
were heterozygous, the probability of the profile would be [2(0.1)(0.1)] 8 = 2.6 x 10 "14, about 
equal to the reciprocal of 10,000 times the world population. If  the population consisted of 
cousins, with F = 1/16, the probability (see Equation 4.8b) would be 6.6 x 10 "12, about the 
reciprocal of 30 times the world pol~ulation. 

Calculations like those, assuming HW within each locus and LE between loci, illustrate 
what is called theproduct rule (NRC 1992). As just stated, when the 2p rule is used for a single 
band at locus A i and 2pd~j for a double band at alleles A i and Aj, the calculation is conservative 
(that is, it generally overestimates the true probability) within loci. Because there is no 
systematic effect of  population structure on the direction of departure from LE and the empirical 
data show only small departures, we believe it reasonable to regard the product rule with the 2p 
rule as conservative. 

Here is an illustration. Consider the white population frequencies in Table 4.8. Suppose 
that we have an evidence genotype A ~  BsB14 C10C13 DgDI~, the dash indicating a single band at 
allele A~s. The calculation is 
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Table 4.7. 
Set. a 

THE EVALUATION OF FORENSIC DNA EVIDENCE 

Observed and Expected Numbers of 2- and 3-Locus Matches in the TWGDAM Data 

Two Loci Three Loci 

Expected Observed Expected Observed 

White 33,013 33,131 321 291 

Black 5,137 5,246 35 39 

Hispanic 1,568 1,609 18 25 

Indian 1,964 2,320 32 66 

East Asian 830 864 6 13 

The calculations were made from data supplied by R. Chakraborty. 
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Table 4.8. Bin (Allele) Frequencies of Two VNTR Alleles for Four Loci in Three US 
Populations. a 

Locus Bin White Black Hispanic 

4-25 
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A. D2S44 

Number (2N) 

6 

11 

0.035 0.092 0.105 

0.083 0.047 0.018 

1,584 950 600 

I 
I 

B. D1S7 

Number (2N) 

8 

14 

0.029 0.035 0.031 

0.068 0.063 0.056 

1,190 718 610 

I 
I 

I 

C. D4S139 

Number (2N) 

10 

13 

0.072 0.066 0.106 

0.131 0.103 0.101 

1,188 • 896 622 

D. D10S28 9 0.047 0.076 0.046 

I 
Number (2N) 

16 0.065 0.036 0.059 

858 576 460 

I 

I 

I 

I 

I 

I 

The bins are designated by number (see Table 4.3). N is the number of persons, and 2N is the number of 
genes in the database. Data from Budowle et al. (1991). The Hispanic sample is from the southeastern United 
States. 
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[2(0.035)][2(0.029)(0.068)] [2(0.072)(0.131)][2(0.047)(0.065)] = 3.182 x 10 s ~ 1/31 million. 

With four or more loci, match probabilities for VNTR loci are usually quite small, as this 
example illustrates. 

How much do racial groups differ? Table 4.8 gives bin frequencies for white, black, and 
Hispanic populations in the United States for four VNTR loci. Suppose that we have an 
evidence genotype as above. The probability that a randomly chosen person from the white 
population matches this genotype is one in 31 million, in the black population one in 17 million, 
and in the Hispanic population one in 12 million. The three estimates are within about a factor of 
3. Of course, other examples might differ more or less than this one. 

We emphasize that, although the product rule with the 2p rule provides a good, if 
conservative, average estimate, there is uncertainty about individual calculations. That can arise 
from uncertainties about allele frequencies in the database and from the inappropriateness of the 
product rule in individual cases. We need some estimate of how far off the calculations in a 
given case might be. Although small amounts of linkage disequilibrium do not introduce an 
important systematic bias, they can increase the variability, and therefore the uncertainty, of the 
estimate. More importantly, however, allele frequencies can differ among subpopulations; 
although these largely cancel out in the average, the calculations might be inaccurate for a 
particular person who belongs to a subgroup with frequencies differing from the population 
average. 

O,,r approach to dea!li_ng with Sl_lch l±ncertain_ty is to look at empirical clat~ as we do in 
Chapter 5. But, to anticipate the results of the analysis in Chapter 5, the profile frequencies 
calculated from adequate databases (at least several hundred persons) by our procedures are, we 
believe, correct within a factor of about 10-fold in either direction. 

RELATIVES 

It is possible that one or more near-relatives of a suspect are included in the pool of 
possible perpetrators. That has been discussed by several writers (Lempert 1991, 1993; Evett 
1992; Balding and Donnelly 1994a; Balding, Donnelly, and Nichols 1994). The most likely 
possibility of  a relative unknown to the suspect is a paternal half-siblingDa person with the same 
father and a different mother. Because one or a few relatives in a large population will have only 
a very slight effect on match probability, we believe that the importance of unknown relatives 
has been exaggerated. However, there might be other, good reasons to suspect a relative, known 
or unknown. 

If  there is evidence against one or more relatives of a suspect, the DNA profiles of  such 
relatives should be obtained whenever feasible. Furthermore, when the pool of possible suspects 
includes known relatives, determining their profiles might well eliminate them from 
consideration. 

If  a suspected relative cannot be profiled, we would want to know the conditional 
probability that the relative has a particular genotype, given that the suspect is of  this type. For 
noninbred unilineal relatives (relatives who have at most one gene identical by descent at a 
locus), the formulae can be expressed in terms of the kinship coefficient, F. They are as follows: 
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Genotype of suspect Probability of same genotype 
in a relative 

H o m o z y g o t e :  A i A  i 
Heterozygote: AiA j 

pi 2 + 4pi(i-pi)F, 
2pdaj + 2(]3 i + pj - 4pdaj)F. 

(4.8a) 
(4.8b) 

For parent and offspring, F = 1/4; for half-siblings, 1/8; for uncle and nephew, 1/8; for first 
cousins, 1/16. Other values are easily calculated from Wright's (1951) algorithm. 

Full siblings, being bilineal rather than unilineal, require different formulae: 

AiAi: 
h i h j :  

(1 + 2pi + pi2)/4, 
(1 + Pi + Pj + 2pdaj)/4. 

(4.9a) 
(4.9b) 

A few other bilineal relatives occur, such as double first cousins, but they are not common. 
Equations 4.8 and 4.9 depend on the assumption that the population is in HW proportions. 

Since VNTR and other forensic loci are unlinked and appear to be close to LE, the 
conditional probability of a multilocus genotype in a relative is the product of the pertinent 
single-locus conditional probabilities. 

P E R S O N S  F R O M  T H E  S A M E  S U B P O P U L A T I O N  

In the great majority of cases, very little is known about the person who left the DNA 
evidence, and the procedures so far discussed are appropriate. It might be known that the DNA 
came from a white person, in which case the white database is appropriate. If  the race is not 
known or i f  the population is of racially mixed ancestry, the calculations can be made with each 
of the appropriate databases and these presented to the court. Alternatively, if a single number is 
preferred, one might present the calculations for the major racial group that gives the largest 
probability of a match. Similar procedures can be used for persons of mixed ancestry. 

If  it is known that the contributor of the evidence DNA and the suspect are from the same 
subpopulation and there are data for that subpopulation, this is clearly the set of frequencies to 
use to obtain the most accurate estimate of the genotype frequency in the set of  possible 
perpetrators of the crime. Of course, the database should be large enough to be statistically 
reliable (at least several hundred persons), and rare alleles should be rebinned (see Chapter 5) so 
that no allele has a frequency less than five. The product rule is appropriate, in that departures 
from random mating within a subgroup are not likely to be important (and, as mentioned above, 
this is supported empirically). The use of the 2p rule makes the product rule conservative. 

Some have argued that even if there is no direct evidence, it should be assumed for 
calculation purposes that the person contributing the evidence and the suspect are from the same 
subgroup (Balding and Nichols 1994). Even though it is not known to which subpopulation both 
persons belong, Balding and Nichols assume that the two are likely to be more similar than if 
they were chosen randomly from the population at large. In our view, that is unnecessarily 
conservative, and we prefer to make this assumption only when there is good reason to think it 
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appropriate--for example, if  the suspect and all the possible perpetrators are from the same 
small, isolated town. Most of the time, we believe, the subgroup of the suspect is irrelevant. 

To continue with the assumption that the person contributing the evidence and the suspect 
are from the same subgroup, an appropriate procedure is to write the conditional probability of 
the suspect genotype, given that of the perpetrator. As before, we measure the degree of 

population subdivision by 0 ,  although a single parameter 0 is not sufficient to describe the 
situation exactly. A number of formulae have been proposed to deal with this (Morton 1992; 
Crow and Dermiston 1993; Balding and Nichols 1994, 1995; Roeder 1994; Weir 1995). They 
depend on different assumptions and methods of derivation but agree very closely for realistic 

values of 0 and p.15 The simplest of the more accurate formulae is due to Balding and Nichols 

(1994, 1995): 

Homozygote: P(AiAilAiAi)= 

Heterozygote: P(AiAjlAiAj) = 

120 -l-(l- 0)pill30 -I" (I- 0)pi] 
(I + 0)(I +20) 

2[0 + (I- 0)Pill0 + (I- 0)pj] 

(4.10a) 

(4.10b) 

Nothing in population-genetics theory tells us that 0ij should be independent of genotype. 
In fact, there is likely to be a different 0ij for each pair of alleles A i and Aj. Since individual 
genotypes are usually rare, these values are inaccurately measured and ordinarily unknown. The 

best procedure is to use a conservative value of 0 in Equations 4.10, knowing that the true 
individual values are likely to be smaller. Balding and Nichols (1994) extend Equations 4.10 to 
account for undetected bands. They also give an upper limit for homozygotes, analogous to the 

2p rule. Their upper bound on the conditional probability is 2(0 + (1 - 0 )Pi). We believe, 
however, that because Equation 4.10a is already conservative, this rule is usually unnecessary. 

The value of 0 has been estimated for several populations. As mentioned above, typical 
values for white and black populations are less than 0.01, usually about 0.002. Values for 
Hispanics are slightly higher, as expected because of the greater heterogeneity of this group, 
defmed as it is mainly by linguistic criteria. 

~5 Deriving a formula for these conditional probabilities requires some assumption about the population 
structure. Some models that have been used are a pure random-drift model, a mutation-drift, infinite-allele model, 
or a mathematically identical migration-drift infinite-allele model; or various statistical assumptions concerning the 
distribution of allele frequencies among the subpopulations. A more appropriate model would be a stepwise- 
mutation theory because VNTR lengths tend to change by small steps, but that has not been worked out. Even that 
would not be completely satisfactory unless one also takes migration, which may be more important than mutation, 

into account. When 0 is small (< 0.02), the formulae derived from different models agree closely. Although the 
specific models are highly idealized, when different assumptions lead to similar results, it increases our confidence 
in the final formulae. The formulae given are from Balding and Nichols (1994), and were chosen because they are 
both simple to evaluate and accurate. 
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Table 4.9. Likelihood Ratio (Reciprocal of Match Probability) for Four-Locus Profiles in Three 
Populations Calculated by Various Formulae a. 

I. 
I 

I 
i 

I 
I 
I.-- 

Equations 4.1 

All loci heterozygous 

A-locus homozygous 

A-locus single band, 2p rule 

Equations 4.10, 0 = 0.01 

All loci heterozygous 

A-locus homozygous 

Equations 4.10, 0 = 0.03 

All loci heterozygous 

A locus homozygous 

White Black Hispanic 

3 . 7 9 x l 0  s 3 .52x10  s 6 .56x10  s 

1.80x 10 9 3.60x 108 2.25 x 10 s 

3.14 x 107 1.66 x 107 1.18 x 107 

1.20 x 10 s 1.16 x lO s 1.74 x lO s 

2 . 8 0 x l 0  s 9.87x107 6.63x107 

2.04x 107 2.06x 107 2.53 x 107 

2.48 x 107 1.39 X 10 7 1.02 X 10 7 .;~. ,. 

I 
.I 
I 

Interim Ceiling Principle 

All loci heterozygous 

A-locus single-band, 2p rule 

All Races 

2.68 x 106 

2.68x 105 

I 
I 
I 
I 
il 
I 

The data are from Table 4.8. The evidence profile is either (1) all loci heterozygous, A~,n B8B14 C10C13 

D9D16, or (2) A-locus single-banded, A6-. All calculations use the product rule. 
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Table 4.9 gives numerical examples of calculations for three racial groups, using the data 
of Table 4.8. Two alternative assumptions are made: that the evidence profile is heterozygous 
(there are two clear bands) at all four loci, and that locus A has a single band at allele m 6. In this 
example, the three racial groups are very similar; if all are heterozygous or if the 2p rule is used 
for homozygotes, they are within a factor of 3. That will not always be true. If one locus is 
single-banded, the 2p rule makes a substantial difference in the calculation. With four 
multiallelic loci, such as VNTRs, most four-locus profiles will be heterozygous at all loci. (For 
example, if  the heterozygosity per locus is 0.93, as it is for D2S44, the probability that all four 
loci will be heterozygous is about 0.75). 

If all loci are heterozygous, then assuming that the evidence DNA and the DNA from the 
suspect came from the same subpopulation, using Equations 4.10 has a fairly small effect on the 

calculations when O = 0.01. However, using a value of 0 = 0.03 decreases the likelihood ratio 
(increases the match probability--see Chapter 5) by a factor of 10. If the A locus is 
homozygous, then Equation 4.1 a with the 2p rule is more conservative than Equation 4.10a with 

= 0.01 and very close to Formula 4.10a with 0 = 0.03. 
For urban populations, 0.01 is a conservative value. A higher value--say, 0.03-----could 

be used for isolated villages. ]6 
The table also gives calculations based on the interim ceiling principle (with correction e, 

described in Chapter 5). As will be explained in Chapter 5, we believe that the ceiling principles 
. . . . . . . .  t,~ee~T'~r Wo o{vo fh~ c Mm,latlan for illn~tration only. 

PCR-BASED SYSTEMS 

As described in Chapter 2, other systems are coming into greater use. Most of them are 
based on PCR, require much smaller amounts of DNA, and have the additional advantage that 
the exact allele can usually be determined, so the complications of matching and binning are 
eliminated. That is true for mitochondrial DNA, DQA, and other markers such as STRs. 

The newer systems have not had the large amount of population study that VNTRs have 
had. The databases are smaller, but the studies that have been done show the same agreement 
with HW and LE that VNTRs do (Herrin et al. 1994; Budowle, Baechtel, et al. 1995; Budowle, 
Lindsay, et al. 1995). STRs and some of the other loci share the property of VNTRs of not 
producing a protein product or having any known selectable function. Their chromosomal 
positions are known, and they can be chosen so that no two are linked. It should be relatively 

]~ Empirical estimates of 0 ,  essentially the same as FST and GST, are found throughout the population- 
genetics literature. An extensive compilation is given by Cavalli-Sforzm et al. (1994). The values in the compilation 
are sometimes considerably higher than the values that we use. There are two reasons: the Cavalli-Sforza 
comparisons are often between major groups, and many of the comparisons are for blood groups and similar 
polymorphisms, which have much lower mutation rates than VNTRs and are often subject to selection. Selection 
can differ in different populations; for example, selection for malaria-resistance genes is strong in hot, wet areas. 

We regard the empirical estimates of 0 from VNTRs, made either from comparison ofhom0zygote and 
heterozygote frequencies (when the interpretation of single bands is not a substantial problem) or directly by 
comparisons among groups, as being a much better guide for forensic calculations. 
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easy to get more population data, because it is not necessary to find the people; DNA samples for 
large populations already exist. 

The previously mentioned advantages of STRs and other new methods (exact genotype 
determination, fast-tumarotmd, lower cost, and small DNA-sample requirements) are such that 
the use of these methods will continue to increase. We also expect that population data will 
continue to accumulate and that tests, particularly of HW and LE, will continue to be carried out; 
and thus, the new methods will soon be on the same solid footing as VNTRs. Meanwhile, the 
similarity of some of these loci to VNTR loci and results of studies already done offer evidence 
that the methods given here will provide to the degree of accuracy required for forensic use. 

A locus that is being increasingly used is D1S80. It is also a length variant, but unlike 
VNTRs, the size of the DNA fragment is small enough to permit PCR analysis. The locus 
consists of 16-base units, each of which is repeated from 14 to 41 times. It has been validated, 
both for robustness to environmental insults and for agreement with HW proportions (Sajantila et 
al. 1992; Budowle, Baechtel, et al. 1995; Cosso and Reynolds 1995). 

STR loci appear to be particularly appropriate for forensic use. Like VNTRs, they can be 
chosen to be in noncoding regions and therefore can be expected to be selectively neutral. Also, 
they have many alleles, and there are potentially a very large number of loci. Unlike VNTRs, 
they can be amplified with PCR, and the individual alleles are identifiable. 

Table 4.10 compares VNTR loci with two PCR-based systems, STR and Polymarker. 17 
The total gene diversity is the proportion of heterozygotes that would exist if the entire 
population were in random-mating proportions. In the table, the gene diversity within 
subpopulations is given as a fraction of this total (a), as are the increments added by 
subpopulation differences (b) and racial differences (c). As these figures emphasize, for VNTRs, 
almost all the variability is between individuals within subgroups. Although these proportions, 
based on limited data sets, suggest that (b) and (c) are approximately the same, in general the 
divergence between races is larger than that between subgroups within a race (Latter 1980; 
Chakraborty and Kidd 1991; Devlin and Risch 1992; Devlin, Risch and Roeder 1993, 1994). 

The population genetics of the Polymarker loci make these loci less advantageous than 
VNTRs, for three reasons. First, the number of alleles is small, and that is reflected in the lower 
gene diversity; several more loci are required than for VNTRs. Second, the variability between 
races is greater. That is particularly true for the loci LDLR, HBGG, and GC, which are all 
associated with functional genes (Chapter 2). Third, Polymarker loci have lower mutation rates 
and are less likely to be selectively neutral than VNTRs and STRs. These factors might cause 
the differences between groups. 

STRs are intermediate in diversity between VNTRs and Polymarkers, as expected given 
that they have an intermediate number of alleles. The allocation of gene diversity to individual 
versus group and subgroup differences is also intermediate. Additional data from different STRs 
in different racial populations are in substantial agreement with the findings presented in the 

I 
I 
! 

I 

~v The six STR loci represent seven populations from three races, grouped as follows (subgroups within races 
are in parentheses: east Asians (Chinese, Japanese, Houston Asians), whites (German, Houston), and blacks 
(Nigeria, Houston). The Polymarker data come from 12 populations from five races: Eskimos (Barrow, Bethel), 
whites (two US samples, Swiss),blacks (two US samples), Hispanics (three US samples), and east Asians (Chinese, 
Japanese). Polymarker designations are: DQA (part of  the HLA region); LDLR (low density lipoprotein receptor); 
GYPA (glycophorin A, the MN blood group), I-IBGG (hemoglobin G gamma globulin), D7S8 (a marker of 
unknown function on chromosome seven), and GC (group specific component). 

PREPUBLICATION COPY 



4-32 

Table 4.10. 

THE EVALUATION OF FORENSIC DNA EVIDENCE 

Comparison ofVNTR, STR, and Polymarker Systems. a 

I 

I 

Locus 

VNTR loci 

D1S7 
D2S44 
D4S139 
D10S28 
D17S79 
Mean 

No. of Repeat 

Alleles Size Total 

Gene Diversity 

Proportion 

(a) (b) (c) 

<__ 31 bins 

9 0.9470 0.995 
31 0.9342 0.985 
32 0.9103 0.989 
33 0.9489 0.990 
38 0.8366 0.971 

0.9154 0.986 

0.005 
0.007 
0.005 
0.005 
0.011 
0.006 

0.001 
0.009 
0.006 
0.005 
0.018 
0.008 

i 
I 
I 
I 
I 
I 

STR loci 

CSF1R 10 4 0.751 0.987 0.005 0.008 
TH01 8 4 0.781 0.905 0.011 0.084 
PLA2A 9 3 0.814 0.945 0.004 0.051 
F13A1 14 4 0.798 0.902 0.006 0.092 
CYP19 10 4 0.723 0.947 0.007 0.046 
LPL 7 4 0.656 0.956 0.006 0.038 
Mean 0.708 0.939 0.007 0.054 

Polymarker loci 

II 

I 
I 
I 

DQA1 6 0.788 0.948 0.009 0.043 
LDLR 2 0.483 0.914 0.004 0.082 
GYPA 2 0.478 0.971 0.012 0.017 
HBGG 3 0.539 0.876 0.003 0.121 
D7S8 2 0.475 0.995 0.002 0.003 
GC 3 0.654 0.909 0.003 0.088 
Mean 0.571 0.934 0.006 0.060 

I 
I 
l 

° (a) Proportion of gene diversity accounted for by between-individual variability within subpopulations; (b) 
proportion within races between subpopulations; (c) proportion between races (Chakraborty, Jin, et al. 1995). 
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table (e.g., Bever and Creacy 1995; Meyer et al. 1995). An extensive study of blacks, whites, 
and Hispar/ics in Houston involving 12 STR loci found a mean heterozygosity (diversity) of 
about 75%, and 97.6% of the genetic diversity was within racial groups (Edwards et al. 1992; 
Hammond et al. 1994), in good agreement with the data in Table 4.10. 

Compared with VNTRs, STRs have less exclusion power per locus, and Polymarker loci 
have less than STRs. The power of exclusion depends strongly on the heterozygosity (see 
footnote 4). Assuming I-IW proportions and LE and using the data in Table 4.10, the probability 

~ " -10 that two randomly selected individuals would have the same profile is about 10 for the five 
VNTR loci, about 10 -6 for the six STR loci (using the 12 STRs mentioned in the paragraph above 
would lower the probability to about 10"12), and about 10 -4 for the six Polymarker loci. 

Whereas the total database for VNTRs no~v numbers in the tens of thousands, the number 
for the newer systems is still in the hundreds, but the numbers are increasing rapidly, and the 
studies are being extended to different populations. 

It is quite proper to combine different systems (e.g., VNTRs and STRs) in the product 
rule, provided, of course, that the loci are close to LE. 

What do we conclude about PCR-based systems? We believe that they are ready to be 
used along with VNTRs. Newer data (Chakraborty et al. 1995; Gill and Ever 1995; Promega 

1995; EveR, Gill et al. 1996) show low values of O, comparable to those for VNTRs. Within the 
limitations of the data, there is good agreement with HW and LE. Graphs such as those in 
Figures 5.3 and 5.4 show about the same degree of uncertainty as VNTRs. Most STRs are at 
neutral loci. PCR-based systems have fewer alleles and hence higher allele frequencies than 

VNTRs. This means that the value of 0 has less influence (see Equation 4.4a). Yet, mutation 
rates for PCR loci are generally lower than those for VNTRs, and this might lead one to expect 

greater values of O. 

We conclude that PCR-based systems should be used. A value of 0.01 for 0 would be 
appropriate. However, in view of the greater uncertainty of PCR-based markers because of less 
extensive data than for VNTRs, a more conservative value of 0.03 may be chosen. 
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A Conservative Rule for PCR Loci 

For VNTRs, we used the 2p rule and showed that it was conservative for populations in 
which the values of  0ij are positive• The rule was originally introduced to adjust for uncertainty 
as to whether a single band is a homozygote or heterozygote. That problem does not arise with 
loci at which there is no ambiguity about allele identification. Is there a conservative adjustment 
for subdivided populations for such loci that corresponds to the 2p rule? It is simple to choose 
one: Is Assign to each homozygote a frequency Pi (rather than pi2). This, however, is 

• 19 
unnecessarily conservative. 

A more accurate but still conservative procedure, and one that we recommend, is to use 

Equation 4.4a with a conservative value of  O. Since observed values of  0 are usually less than 
0.01, this value would be appropriate. (In view of  the greater uncertainty of  PCR calculations 
because of  less extensive population data than for VNTRs, a more conservative value of  0.03 
might be chosen.) For small, isolated populations, a value of  0.03 is appropriate. This value is 
intermediate between those that would be found in populations of  first- and of  second-cousin 
matings and is a reasonable upper limit for what might be expected• 

The 2p rule for VNTRs was introduced because single bands may actually come from 
heterozygotes. If  the techniques are or become good enough that this ambiguity does not exist, 
then VNTRs should be treated like the PCR-based systems, and the procedure of  the previous 
paragraph should be applied. Conversely, even in PCR-based systems, it may be desirable to use 
the 2p rule if  there is uncertainty caused by null alleles, in a well-characterized system, the 
frequency of  null alleles can often be estimated, and a more accurate correction can then be 

applied• 

~s Here are two proofs in the style and notation o f  Footnote 9. First, we  have 

Pii = P(X = A i and Y = Ai) < P(X = Ai) = Pi. 

Second,  note that  

Pi = Pii q" ~ - -  ' 
j:j~i 

as above. 
,9 The error involved in assuming HW ratios and ignoring subpopulations makes little difference for 

heterozygotes. From Equation 4.4b, we see that the frequency is overestimated by a factor 1/(1 - 0), or 
approximately 1 + 0 when 0 is small. Furthermore, the error is in the desired direction of conservatism. In contrast, 
from Equation 4.4a it is seen that the error for homozygotes can be considerable, and in the wrong direction. For 
example, ifpi -- 0.03 and 0 -- 0.03, assuming HW gives an estimate of 0.0009, whereas Equation 4.4a gives 0.0018, 
a two-fold error. But note that this "p rule" is excessively conservative in assigning a value of 0.03 instead of 
0.0018, a 17-fold difference---too conservative, we believe. 
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D E V E L O P M E N T  O F  N E W  S Y S T E M S  

PCR-based systems have several advantages, the most important being that they can be 
used when source material is sparse or degraded and a second being that there need not be 
uncertainties of measurement. But there are also disadvantages. VNTRs have many alleles, 
none of which is at a high frequency. Presumably, the high mutation rate accounts for that and 
for the small differences in frequencies among subgroups. 2° The VNTRs used for forensics also 
occur at loci that have no function and therefore arc probably not affected by natural selection. 
Some of the loci used in PCR-based systems have only a small number of alleles, and the loci are 
at functional genes, which means that there is less assurance of HW and LE. Many more loci are 
required to produce the same probability levels than are required for VNTRs. 

Yet, the statistical uncertainties with VNTRs (discussed in more detail in Chapter 5) 
make it desirable to bring new loci into the system. The extensive activity in mapping human 
genes is leading to the rapid discovery of many more possible markers, some of which arc 
expected to have the kinds of properties that are desirable for forensic use: high mutation rate, 
multiple alleles, lack of function (which increases the probability of neutrality), speed of 
analysis, low cost, and unambiguous identification of alleles. We encourage the development 
and validation of such systems. 

I N A D E Q U A T E  D A T A B A S E S  

There are situations in which the database is inadequate. The population of  possible 
suspects might be so structured that no reasonable average allele frequency can bc determined, or 

there might be no basis for estimating §.  Such a situation may be found among some American 
Indian tribes, Inuits, or isolated immigrant groups. As databases become more extensive and 
varied, such gaps should bc filled. 

If an inadequate database is encountered, one procedure is to use allele frequencies from 
other groups. These should be groups for which the databases arc large enough to bc reliable, 
and they should be as closely related to the group in question as possible. We emphasize that 
they be closely related to discourage the use of  a population, possibly unrelated, solely because it 
has a set of  frequencies favorable to the position being argued. For the same reason, we believe 
that the number of groups examined should be limited. The calculations based on each of the 

g~ 
groups, or some sort of average---or if the desire is for the most conservative estimate, the one 
that is most favorable to the defendant---can be presented to the court. 

20 VNTR systems have a high mutation rate, and mutations usually consist of small changes in the length of 
the VNTR segment. These two factors are largely responsible for the large number of alleles, none of which is very 
common, in VNTR systems. The resulting high diversity between individuals and small diversity between groups 
make VNTRs particularly useful as forensic evidence. Although the mutation rates for STRs are not as high as 
those for VNTRs, the rates are still much higher for STRs than for classical loci. A high mutation rate is desirable 
for forensic identification (although not for paternity testing). 
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C O N C L U S I O N S  A N D  R E C O M M E N D A T I O N S  

Sufficient data now exist for various groups and subgroups within the United States that 
analysts should present the best estimates for profile frequencies. For VNTRs, using the 2p rule 
for single bands and HW for double bands is generally conservative for an individual locus. For 
multiple loci, departures from LE are not great enough to cause errors comparable to those from 
uncertainty of allele frequencies estimated from databases. 

With appropriate consideration of the data, the principles in this report can be applied to 
PCR-based systems. For those in which exact genotypes can be determined, the 2p rule should 
not be used. A conservative estimate is given by using the HW relation for heterozygotes and a 

conservative value of 0 in place of 0ii in Equation 4.4a for homozygotes. 

Recommendation 4.1: In general, the calculation of a profile frequency should be 
made with the product rule. I f  the race of the person who left the evidence-sample DNA is 
known, the database for the person's race should be used; if the race is not known, 
calculations for all racial groups to which possible suspects belong should be made. For 
systems such asVNTRs, in which a heterozygous locus can be mistaken for a homozygous 
one, if an upper bound on the genotypic frequency at an apparently homozygous locus 
(single band) is desired, then twice the allele (bin) frequency, 2p, should be used instead of 

p2. For systems in which exact genotypes can be determined, p2 + p(1-p)0 should be used 

for the frequency at such a locus instead of p2. A conservative value of 0 for the US 
population is 0.01; for some small, isolated populations, a value of 0.03 may be more 
appropriate. For both kinds of systems, 2piPj should be used for heterozygotes. 

A more conservative value of 0 = 0.03 might be chosen for PCR-based systems in view 
of the greater uncertainty of calculations for such systems because of less extensive and less 
varied population data than for VNTRs. 

E v i d e n c e  D N A  a n d  Suspect  f r o m  the S a m e  S u b g r o u p  

Sometimes there is evidence that the suspect and other possible sources of the sample 
belong to the same subgroup. That can happen, e.g., if they are all members of an isolated 
village. In this case, a modification of the procedure is desirable. 

Recommendation 4.2: I f  the particular subpopulation from which the evidence 
sample came is known, the allele frequencies for the specific subgroup should be used as 
described in Recommendation 4.1. If  allele frequencies for the subgroup are not available, 
although data for the full population are, then the calculations should use the population- 
structure Equations 4.10 for each locus, and the resulting values should then be multiplied. 
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I n s u f f i c i e n t  D a t a  

For some groupsmand several American Indian and Inuit tribes are in this category-- 
there are insufficient data to estimate frequencies reliably, and even the overall average might be 
unreliable. In this case, data from other, related groups provide the best information. The groups 
chosen should be the most closely related for which adequate databases exist. These might be 
chosen because of geographical proximity, or a physical anthropologist might be consulted. 
There should be a limit on the number of such subgroups analyzed to prevent inclusion of more 
remote groups less relevant to the case. 

Recommendation 4.3: If the person who contributed the evidence sample is from a 
group or tribe for which no adequate database exists, data from several other groups or 
tribes thought to be closely • related to it should be used. The profile frequency should be 
calculated as described in Recommendation 4.1 for each group or tribe. 

D e a l i n g  w i t h  R e l a t i v e s  

In some instances, there is evidence that one or more relatives of the suspect are possible 
perpetrators. 

Recommendation 4.4: If the possible contributors of the evidence sample include 
relatives of the suspect, DNA profiles of those relatives should be obtained. If  these prof'des 
cannot be obtained, the probability of finding the evidentiary prof'de in those relatives 
should be calculated with Formulae 4.8 or 4.9. 
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A P P E N D I X  4A I 
i Here, we derive the relation (Equation 4.5) between the average 0 of the parameters 0ij 

and Wright's (1951) fixation index, Fir (Nei 1977, 1987, p 159-164; Chakraborty and Danker- 
Hopfe 199.1; Chakraborty 1993). We begin with an arbitrary mating pattern; in particular, we do I 
not assume that random mating occurs within subpopulafions, or even that distinct I 
subpopulations occur. Later, we posit distinct subpopulations and random mating in each of 

them. I 
The homozygosity, f0, and heterozygosity, h0, in the substructured population are 

i i,j:i<j 

where Pij is the frequency of genotype AiA j. If the entire population mated at random, these I 
quantities would become 

fT = ~-~ Pi 2 , hT = 1-fT, I 
i 

where the allele frequencies Pi satisfy 

We can rewrite hT as 

E p  i = 1. 
i 

First, we express the homozygote parameters 0ii in terms of the heterozygote parameters 
00 (i ~ j). Substituting Equations 4.4 into the equation 

I 

I 

hT= E pi(1 . pi) = ~ 2piPj . I 
i i,j:i<j I 

I 
1 ~ Pij 

Pi = Pii + ~ j : j# i  I 

and noting that Pi¢ 0 leads to 

(1.pi)0ii = Z pj0ij . 
j:j~i 

Multiplying that by Pi and summing over i enables us to define the mean 

I 
I 
I 
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= ~ p i ( l _  pi)0i~ = 1 ~2piPj0ij" 
hr i,j:i<j 

Thus, the weighted means of the homozygote and heterozygote parameters are equal. 
We insert Equation 4.4b to deduce that 

I E(2pip j _. pij) = h r - h____& 
= h--r-i,j:i<j hT = Frr" 

If the subpopulations are distinct and mating is random in each subpopulation, then FIT = 

FsT, and hence 0 = FST. 
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In Chapter 4, we presented ways to estimate the frequencies of genotypes and 
profiles in the population. In this chapter, we consider how to interpret 
frequencies as probabilities and likelihood ratios and how to make adjustments 
when a suspect is found through a database scarce We also discuss the degree of 
uncertainty of  such estimates according to statistical theory and empirical tests 
that use different databases. Finally, we ask how many loci would be needed to 
establish a profile as unique. The chapter includes a discussion of the statistics of 
matching and binning of VNTRs.I 

Two major issues regarding uncertainty must be addressed in the statistical evaluation of 
DNA evidence. One is associated with the characteristics of a database, such as its size and 
whether it is representative of the appropriate population. The other might be called the 
subpopulation problem. In the first instance, inferences based on values in a database might be 
uncertain because the database is not compiled from a sample of the most relevant population or 
the sample is not representative. If the database is small, the values derived from it can be 
uncertain even if it is compiled from a seientifically drawn sample; this can be addressed by 
providing confidence intervals on the estimates. The second issue, the subpopulation problem, is 
broader than the first. Although the formulae might provide good estimates of the match 
probability for the average member of the population, they might not be appropriate for a 
member of  an unusual subgroup. Our approach is empirical: we compare different 
subpopulations and also, to mimic a worst case scenario, perform sample calculations 
deliberately using an inappropriate database. 

DATA SOURCES 

A simple random sample of a given size from a popdation is one chosen so that each 
possible sample has an equal chance of being selected. Ideally, the reference data set from which 
genotype frequencies are calculated would be a simple random sample or a stratified or otherwise 
scientifically structured random sample from the relevant population. Several conditions make 
the actual situation less than ideal. One is a lack of agreement as to what the relevant population 
is (should it be the whole population or only young males? should it be local or national?) and 
the consequent need to consider several possibilities. A second is that we are forced to rely on 
convenience samples, chosen not at random but because of availability or cost. It is difficult, 
expensive, and impractical to arrange a statistically valid random-sampling scheme. The saving 
point is that the features in which we are interested are believed theoretically and found 

i Some references for general background that are pertinent to this chapter or parts of  it are Aldous (1989), 
Aitken (1995), Aitken and Stoney (1991), Finkelstein and Levin (1990). 
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empirically to be essentially uncorrelated with the means by which samples are chosen. 
Comparison of estimated profile frequencies from different data sets shows relative insensitivity 
to the source of the data, as we document later in the chapter. Furthermore, the VNTRs and 
STRs used in forensic analysis are usually not associated with any known function and therefore 
should not be correlated with occupation or behavior. So those convenience samples are 
effectively random. 

The convenience samples from which the databases are derived come from various 
sources. Some data come from blood banks. Some come from genetic-counseling and disease- 
screening centers. Others come from mothers and putative fathers in paternity tests. The data 
summarized in FBI (1993b), which we have used in previous chapters and will again in this 
chapter, are from a variety of sources around the world, from blood banks, paternity-testing 
centers, molecular-biology and human-genetics laboratories, hospitals and clinics, law- 
enforcement officers, and criminal records• 

As mentioned previously, most markers used for DNA analysis, VNTRs and STRs in 
particular, are from regions of DNA that have no known function. They are not related in any 

• • 2 obvious way to gene-determmed tra~ts, and there is no reason to suspect that persons who 
contribute to blood banks or who have been involved in paternity suits or criminal proceedings 
differ from a random sample of the population with respect to DNA markers. In addition, there 
is empirical evidence to the contrary: if we compare samples chosen in different ways, the results 
from calculations made from the different databases are quite similar. 

A i+I. . . . .  I. __^_+ ̂ e+1.^ .~^++ +~,.+ . . . . . . . . . . . .  ., A ;,~+h +.++ +~m p+r~ne in tho ITn+t~d 

States, there are increasing numbers from elsewhere in the world, and these can be used for 
comp~son. The 1993 FBI compendium indudes samples from whites in the United States 
(Arizona, Califo~a, Florida, Georgia, Illinois, Kentucky, Maryland, Michigan, Mmesota, 
Missouri, Nevada, North Carolina, Oregon, South Carolina, Vermont, Virginia, and 
Washington), France, Israel, Spain, Switzerland, Denmark, England, Germany, Finland, Italy, 
and Tasmania. Data on blacks come from the United States (California, Florida, Georgia, 
Kentucky, Maryland, Michigan, Minnesota, Nevada, North Carolina, Oregon, South Carolina, 
Virginia, and Washington), Haiti, Togo, and England. Data on Hispanics come from several 
states in the United States. The FBI places data from eastern and western US Hispanics into 
separate databases because of the somewhat different origins of these populations. 

American Indians present a special difficulty because they have more population 

subdivision, as demonstrated by higher values of 0 (see Chapter 4), than populations of  whites, 
blacks, or Hispanics. The data are increasing rapidly, and substantial numbers are available from 
Arizona, Minnesota, North Carolina, Oregon, Ontario, and Saskatchewan, as well as from 
particular tribes (Sioux, Navaho). 

2 Some loci used in PCR-based typing are associated with genes. It is important to determine if  a particular 
forensic allele is associated with a disease state and hence subject to selection. A forensic marker might liappen to 
be closely linked to an important gene, such as one causing some observable trait, and could conceivably be in 
strong linkage disequilibrium. As the number of  mapped genes increases, this wili become increasingly common. 
But for that to affect the reliability of  a database, the trait would have to appear disproportionately in the populations 
that contribute to the database. 
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STATISTICAL ISSUES 5-3 

M A T C H  P R O B A B I L I T Y  A N D  L I K E L I H O O D  R A T I O  

Suppose that a DNA sample from a crime scene and one from a suspect are compared, 
and the two profiles match at every locus tested. Either the suspect left the DNA or someone 
else did. We want to evaluate the probability of finding this profile in the "someone else" case. 
That personis assumed to be a random member of the population of possible suspects. So we 
calculate the frequency of the profile in the most relevant population or populations. The 
frequency can be called the random-match probability, and it can be regarded as an estimate of 
the answer to the question: What is the probability that a person other than the suspect, 
randomly selected from the population, will have this profile? The smaller that probability, the 
greater the likelihood that the two DNA samples came from the same person. Alternatively 
stated, if  the probability is very small, we can say that either the two samples came from the 
same person or a very unlikely coincidence has occurred. (As in Chapter 4, the calculations in 
this chapter assume that no error has occurred in the determination of the DNA profiles.) 

An alternative is to calculate the likelihood ratio (LR), a measure of the strength of the 
evidence regarding the hypothesis that the two profiles came from the same source. Suppose we 
find that the profiles of the person contributing the evidence DNA (E) and of the suspect (S) are 
both x. We consider two hypotheses: (1) the source of the evidence and the suspect are the same 
person, (2) the source of the evidence is a randomly selected person unrelated to the suspect. 
Although there are other possible hypotheses, it is usually sufficient to consider only these two. 
The likelihood ratio is the probability under hypothesis (1) that the suspect profile and the 
evidence-sample profile will both be x, divided by the corresponding probability under 
hypothesis (2). The greater the likelihood ratio, the stronger is the evidence in favor of the 
hypothesis corresponding to the numerator, that the source of the evidence-sample DNA and the 
suspect are the same person. 

To write that symbolically, we let Prl and Pr 2 indicate probabilities calculated under 
hypotheses 1 and 2. The LR for this simple comparison is 

LR = Pr1(E = x & S = x) 

Pr2(E= x &  S x ) '  
(5.1a) 

Using a vertical line to indicate conditioning (statements to the left of the vertical line are 
conditional on statements to the right; for example, Pr(E = x]S = x) is the probability that the 
evidence sample will have profile x given that the suspect has profile x), we note that 

P r ~  = x & S = x) = Pr(E = x)Pr(S = x[E = x) = Pr(S = x)Pr(E = xlS = x). 

We can then rewrite Equation 5.1 a in two algebraically equivalent forms: 

LR = 
Pr,(E - xlS - x)  

Pr2(E = xlS = x ) '  
(5.1b) 
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5-4 THE EVALUATION OF FORENSIC DNA EVIDENCE 

L R =  Pr (S = = x) 
Pr2(S = xlE = x)" (5.1c) 

Unless an error has occurred in the DNA typing, the numerator in Equations 5.1b and 5.1c will 
always equal one if the profiles match. Suppose that the population frequency of x is P(x), and 
assume that the persons who contributed E and S, if different, are unrelated (and E and S are 
therefore statistically independent). Then the denominator is P(x), so 

LR = UP(x). (5.2) 

Therefore, in the usual case, the likelihood ratio is the reciprocal of the probability of a random 
match. 3 

The likelihood ratio, then, is a way of summarizing the DNA evidence. If  the LR is 
1,000, the probability that the profiles are the same is 1,000 times as great if the samples came 
from the same person as it is if  they came from different persons. 

In the situation described above and reflected in the notation E and S, we imagine an 
evidence sample left at the crime scene by the putative perpetrator and a suspect with a matching 
profile. Although that is conceptually the simplest scenario and is used throughout this report for 
ilhl~trutive n11ma~:e~: the muthemztical fnrrnali~m i.~ valid more oenerallv. For examnle, i r a  
. . . . . . . . . . .  J [ "  - - J [ -  . . . .  • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . .  d . . . . . . . . . . .  , t -  - - ,  

suspect is apprehended with blood on his clothes, this blood is the evidence sample to be 
matched against the genotypic profile of the victim. The LR given above is still valid, although 
for the most direct interpretation one would use Equation 5.1b, with S denoting the profile of the 
victim and E the evidence-sample profile. 

M i x e d  S a m p l e s  

Mixed samples are sometimes found in crime situati0ns--for instance, blood from two 
or more persons at the scene of a crime, victim and assailant samples on a vaginal swab, and 
material from multiple sexual assailants. In many cases, one of the contributors--for example, 
the victim--is known, and the genetic profile of the unknown is readily inferred. In some cases, 
it might be possible to distinguish the genetic profiles of the contributors to a mixture from 
differences in intensities of bands in an RFLP pattern or dots in a dot-blot typing; in either case, 
the analysis is similar to the unmixed case. However, when the contributors to a mixture are not 
known or cannot otherwise be distinguished, a likelihood-ratio approach offers a clear advantage 
and is particularly suitable. 

Consider a simple case of a VNTR analysis in which, for a particular locus, there are four 
bands in the lane, known to be contributed by two persons. If the alleles from the two persons 
are known and correspond to the set of four in the lane, there is usually no problem of 

3 Under some circumstances, such as if the match window is small, the probability of a match between two 
samples from the same person might be less than 1. In principle, this could change the likelihood ratio (Kaye 
1995b); in practice, the possible error is minuscule in comparison with uncertainties in the denominator. The effect 
of the size of the match window on the probability of a false negative is discussed later in the chapter. 
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interpretation, since two of the bands will match one suspect and the other two bands will match 
the other. However, two of the bands might match the alleles of only one suspect, and the source 
of the other two might be unknown. The 1992 report (NRC 1992, p 59) says: " I ra  suspect's 
pattern is found within the mixed pattern, the appropriate frequency to assign such a 'match' is 
the sum of the frequencies of all genotypes that are contained within (i.e., that are a subset of) the 
mixed pattern." Suppose the four bands correspond to alleles (bins) Al, A2, A3, and A4, whose 
frequencies are Pl, P2, P3, and P4. This procedure recommended in the 1992 report would 
calculate the match probability as 

2(PlP2+PlP3+PlP4+P2P3+P2P4+P3P4), 

that is, the probability that a randomly selected person would have two alleles from the set of 
possibilities {Al, A2, A3, A4}. As above, the reciprocal of this probability can be interpreted as a 
likelihood ratio. 

That calculation is hard to justify, because it does not make use of some of the 
information available, namely, the genotype of the suspect. The correct procedure, we believe, 
was described by Evettet al. (1991). Suppose that the suspect's genotype is A1A2. The 
hypothesis we wish to test is that the samples came from the suspect and one other person. The 
probability under this hypothesis of finding the profile shown by the evidence sample is 2p3P4, 
because under this hypothesis it is certain that two of the bands are A1 and A2. If  the samples,  
came from two randomly selected persons, the probability of any particular pair of profiles, such 
as A1A 3 and A2A4, is (2plpa)(2p2P4) = 4plp2pap4. There are six possible pairs of two-band 
profiles corresponding to the four bands, so the total probability is 24plp2p3p4. The likelihood 
ratio, analogous to Equations 5.1, is 

I. 
I 
I 
I 
I 
I 
I 
I 
I 

1 LR = 2p3P4 = 
24plPEP3P4 12plpz 

This LR, compared with that derived from the recommendation of the 1992 NRC report, 
is larger when the suspect bands are relatively rare and smaller when the suspect bands are 
relatively common. The reason is that we have taken account of the information in the genotype 
of  the suspect rather than averaging over the set of possible genotypes consistent with the four- 
band evidence-s/maple profile. 

There might be fewer than four bands, or multiple suspects might be identified. These 
and other, more complex cases can be analyzed in a similar manner (Ever et al. 1991). Some 
cases are treated in Appendix 5A and summarized in Table 5. I. 

We have considered only simple cases. With VNTRs, it is possible, though very 
unlikely, that the four bands were contributed by more than two persons, who either were 
homozygous or shared rare alleles. With multiple loci, it will usually be evident i f  the sample 
was contributed by more than two persons. Calculations taking those possibilities into account 
could be made if  there were reason to believe that more than two persons contributed to the 
sample. 

Mixed samples are often difficult to analyze in systems where several loci are analyzed at 
once. Mixed samples can also lead to more complicated calculations with DQA, where some 
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alleles are inferred by subtraction. (For example, there is no specific probe for the allele 1.2; the 
presence or absence of this allele is inferred from the reaction of DNA probes with the product of 
the combination 1.2, 1.3, and 4, but not with the products of 1.3 and 4 individually.) 

The problem is complex, and some forensic experts follow the practice of making several 
reasonable assumptions and then using the calculation that is most conservative. For a fuller 
treatment of mixed samples, see Weir et al. (1996). 

Bayes's Theorem 

The likelihood ratio and the match probability, being reciprocals, contain the same 
information. The LR, however, has a property that makes it especially useful, provided that prior 
odds are available on the hypothesis that the two DNA profiles have the same source. (Prior odds 
are the odds that the two DNA samples came from the same person on the basis of information 
other than the DNA. Posterior odds are the odds when the DNA information is included in the 
analysis.) That property can be stated this way: 

The posterior odds are the prior odds multiplied by LR. 4 

In everyday words: whatever are the odds that the two samples came from the same person in the 
~h~h,m,a ,~f D?JA avirh, nc~ the_ odd~ w h e n  the DNA evidence is included are LR times as great. 

This statement is an instance of Bayes's theorem. 
For example, if there is reason to think that the prior odds that two DNA samples came 

from the same person (however this is determined) are 1:2, and the LR is I0,000, the posterior 
odds are 5,000:1. Many statisticians and forensic scientists prefer to use the likelihood ratio 
rather than the match probability (Berry 1991a; Berry et al. 1992; Collins and Morton 1994; 
Evett et al. 1992; Balding and Nichols 1994) because it admits an inferential interpretation that 
the simple match probability does not. Odds can be converted into a probability by the relation 
Prob = Odds/(Odds + I), or Odds = Prob/(l - Prob). Thus, a likelihood ratio, which is not a 
probability, can be used to obtain a probability. 

Paternity testing 

The relation between posterior and prior odds is routinely used in patemity analysis 
(Walker 1983; AABB 1994). If  the putative father is not excluded by blood-group, enzyme, and 
DNA evidence, a "paternity index" is calculated. The paternity index PI is a likelihood ratio-- 
the probability of the mother-child-father profile combination if the putative father is the true 
father divided by the probability of this combination i fa  randomly selected man is the father. 
Customarily, the calculations make use of a database or databases appropriate to the race(s) of 

the persons involved. 

4 This supposes that two simple hypotheses are being compared. When more complicated hypotheses are 
being compared (when the alternative hypothesis consists of different possibilities with different a priori 
probabilities), a Bayes factor, essentially a weighted LR, plays the role of the LR (Kass and Raftery 1995). 
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If  the prior odds are 1 : lmthat is, if the putative father is assumed to be equally likely to 
be and not to be the true fathermthe posterior odds are the same as the likelihood ratio; but for 
other prior odds, that is not the case. Suppose that PI is calculated to be 1,000. If  the prior odds 
(from evidence other than that from DNA) in favor of the putative father's being the true father 
are judged to be 10:1, the posterior odds are 10 times PI, or 10,000:1. If  the prior odds of his 
being the father are 1:10, the posterior odds are 0.1 times PI, or 100:1. 

In routine parentage testing, probabilities are used instead of odds. As mentioned earlier, 
odds are converted into a probability by the relation Prob = Odds/(Odds + 1). In this example, 
the posterior probabilities that the putative father is the true father are 10,000/10,001 = 0.9999 
and 100/101 = 0.9901, for prior probabilities 10/11 (odds 10:1) and 1/11 (odds 1:10). 

If  the prior odds are assumed to be 1:1 (making the prior probability 1/2), the posterior 
probability is simply PI/(PI + 1). Thus, a paternity index of 1,000 corresponds to a posterior 
probability of  1,000/I,00 I, or 0.9990. This posterior probability is routinely called the 
"probability of  paternity." We emphasize that it is a true probability of paternity only if the prior 
probability is 1/2, an assumption that should be clearly stated. It is sometimes justified on the 
grounds that it gives equal weight to the two parties, the mother and the putative father, in a 
paternity dispute, although, naturally, this justification has been criticized. A better procedure, 
used by some laboratories, is to use an empirically determined prior probability or to give several 
posterior probabilities corresponding to a range of  prior probabilities. 

With the high LRs typically found when DNA markers are used (and the putative father 
has not been excluded), a wide range of prior probabilities makes little difference. In our 
example, where the paternity index is 1,000, the posterior probabilities for the three prior 
probabilities, 10/11, 1/2, and 1/11, are 0.9999, 0.9990, and 0.9901. The high LR has made a 
100-fold difference in prior odds largely irrelevant. 

Bayes's Theorem in Criminal Cases 

What we would like to know and could most easily interpret is the probability that the 
suspect contributed the DNA in the evidence sample. To find that probability, we need to use a 
prior probability and Bayes's theorem. Despite the regular use of  Bayes's theorem in genetic 
counseling and in paternity testing, it has been only rarely used in criminal cases in the United 
States. The main difficulty is probably an unwillingness of the courts to ask juries to assign odds 
on the basis ofnon-DNA evidence. It is difficult even for experts to express complex 
nonscientific evidence in terms of q ,uantitative odds, and some commentators have regarded 
assigning prior odds to the probability that the evidence and suspect DNA came from the same 
person as a violation of the presumption of innocence (see Chapter 6). In many cases, however, 
the prior odds, within a wide range, are not important to a decision. With a four- or five-locus 
match, whether the prior odds are 1:20 or 20:1 will usually have no important effect on the 
posterior probability; if the LR is 100 million, multiplying it by 20 or 1/20 is not likely to 
change the conclusion. The procedure of presenting posterior probabilities for a range of 
assumed prior probabilities has found favor among some legal scholars. Various approaches for 
use in the courts are discussed in Chapter 6. 

There are two additional reasons for presenting posterior probabilities corresponding to a 
range of  priors. First, a prior probability that might be used with Bayes's theorem would 
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5-8 THE EVALUATION OF FORENSIC DNA EVIDENCE 

properly be assessed by jurors, not an expert witness or an officer of the court. A prior 
probability might reflect subjective assessments of the evidence presented. Such assessments 
would presumably be done separately by each juror in light of that juror's experience. Second, 
there is no logical reason that non-DNA evidence has to be presented first. It might be confusing 
for a juror to hear prior odds assigned by one expert, then hear a likelihood ratio from that expert 
or another, followed by more non-DNA evidence. It might not be feasible to present the 
information to a jury in the order most easily incorporated into a Bayesian probability. For all 
those reasons, we believe it best, if Bayes's theorem is used, to present posterior probabilities (or 
odds) for a range of priors. 

TWO FALLACIES 

Two widely recognized fallacies should be avoided (Thompson and Schumann 1987; 
Balding and Donnelly 1994b). The "prosecutor's fallacy"--also called the fallacy of the 
transposed conditional--is to confuse two conditional probabilities. Let P equal the probability 
of a match, given the evidence genotype. The fallacy is to say that P is also the probability that 
the DNA at the crime scene came from someone other than the defendant. An LR of 1,000 says 
that the match is 1,000 times as probable if the evidence and the suspect samples that share the 
same profile are from the same person as it is if the samples are from different persons. It does 
n o t  say that the odds that the suspect contributed the evidence DNA are 1,000:1. To obtain such 
a probability requires using Bayes's theorem and a prior probability that is assumed or estimated 
on the basis ofnon-DNA evidence. As stated earlier, only if that prior probability is 1/2 will the 
posterior odds equal the LR. 

The "defendant's fallacy" is to assume that in a given population, anyone with the same 
profile as the evidence sample is as likely to have left the sample as the suspect. For example, if 
100 persons in a metropolitan area are expected to have the same DNA profile as the evidence 
sample, it is a fallacy to conclude that the probability that the suspect contributed the sample is 
only 0.01. The suspect was originally identified by other evidence, and such evidence is very 
unlikely to exist for the 99 other persons expected to have the same profile. Only if the suspect 
was found through a search o fa  DNA database might this kind of reasoning apply, and then only 
with respect to other contributors to the database, as we now discuss. 

SUSPECT IDENTIFIED BY A DNA DATABASE SEARCH 

Thus far, we have assumed that the suspect was identified by evidence other than DNA, 
such as testimony of an eyewimess or circumstantial evidence. In that case, the DNA is tested 
and the match probability or likelihood ratio is computed for the event that a person selected at 
random from some population will have the genotypic profile of the evidence sample. There is 
an important difference between that situation and one in which the suspect is initially identified 
by searching a database to find a DNA profile matching that left at a crime scene. In the latter 
case, the calculation of a match probability or LR should take into account the search process. 
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STATISTICAL ISSUES 5-9 

As the number and size of DNA databanks increase, the identification of suspects by this 
means will become more common. Already, more than 20 suspects have been identified b y  
searches through databases maintained by various states. The number and sizes of these 
databases are sure to increase. 

To see the logical difference between the two situations described above, observe that if 
we toss 20 reputedly unbiased coins once each, there is roughly one chance in a million that all 
20 will show heads. According to standard statistical logic, the occurrence of this highly 
unlikely event would be regarded as evidence discrediting the hypothesis that the coins are 
unbiased. But if we repeat this experiment of 20 tosses a large enough number of times, there 
will be a high probability that all 20 coins will show heads in at least one experiment. In that 
case, an event of 20 heads would not be unusual and would not in itself be judged as evidence 
that the coins are biased. The initial identification of a suspect through a search of a DNA 
database is analogous to performing the coin-toss experiment many times: a match by chance 
alone is more likely the larger the number of profiles examined. 

There are different ways to take the search process into account. The 1992 NRC report 
recommends that the markers used to evaluate a match probability be different from those used 
to identify a suspect initially. In that case, the database search is much like identifying the 
suspect from non-DNA evidence, and the methods of Chapter 4 apply. However, the procedure 
might be difficult to implement. To avoid identifying several suspects who must then be 
investigated, one might need to use a large number of markers in the database search. Then, 
according to that procedure, those markers could not also be used in further analysis. If the 
amount of DNA in the evidence sample is too small, following the recommendation in the 1'992 
report could leave too few additional loci for computing a match probability or LR. 

A correction to account for the database search can be made in computing the match 
probability. Let M i denote the event that the i-th DNA profile in the database matches' the 
evidence sample. To decide if the database search itself has contributed to obtaining a match 
(much as the repeated experiments might be held responsible for producing the 20 heads in the 
example given above), an event of interest is M, that at least one of the database profiles matches 
the evidence sample. Suppose that we hypothesize that the evidence sample was not left by 
someone whose DNA profile is in the database (or a close relative of such a person) and find that 
under this hypothesis P(M) is small. The usual statistical logic then leads to rejection of that 
hypothesis in favor of the alternative that (one of) the matching profile(s) in the database comes 
from the person who left the evidence sample. 

Under the hypothesis that the person leaving the evidence sample is not represented in the 
database of N persons, a simple upper bound on the probability of M is given by 

P(M) _< Z P ( M i ) =  NP( Mi)"  (5.3) 
i 

The equality in Equation 5.3 holds if the database is homogeneous, that is, if P(Mi) is the same 
for all profiles in the database (see Appendix 5B). 

Equation 5.3 motivates the simple rule sometimes suggested by forensic scientists: 
multiply the match probability by the size of the database searched (or that part of the database 
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5-10 THE EVALUATION OF FORENSIC DNA EVIDENCE 

that is relevant--for example, males in a search for a match to a semen sample). Suppose that 
P(Mi) = 10 -6 and N = 1,000. Then P(M) < 0.001. 

In a computerized database search, the computer output ordinarily lists all profiles in the 
database that match the evidence-sample profile. It is also 'possible to search profiles one by one 
in one or more databases until one or more matches are obtained. If  that procedure is followed, 
the appropriate database for computing the match probability is the complete set of profiles that 
are actually compared with the evidence sample. Other situations might not be so simple. 5 

V E R Y  S M A L L  P R O B A B I L I T I E S  

Some commentators have stated that very small probabilities are suspect because they are 
outside the range of previous experience. They argue that a probability of, say, one in 10 billion 
is not to be trusted simply because it is so small. However, it is not the magnitude of the number 
that is at issue but rather the reliability of the assumptions on which the calculation is based. The 
relevant issues are the reliability of the database and the appropriateness of the population 
genetics model, and these are the same for large as well as small probabilities. 

Nevertheless, we need to distinguish between relative and absolute errors. Small relative 
errors will have little impact on estimation of small probabilities, but small absolute errors can be 
disastrous. To a considerable extent, uncertainties in Uij Ior appucauon to neterozygute 
probabilities lead to relative errors, and hence have small impact (see Equations 4.4). 
Uncertainties in Oil for application to homozygote probabilities lead to absolute errors, and hence 
can have much more misleading consequences when the probabilities are small. The procedures 
we have recommended in Chapter 4 take this into account. 

Some experts seek to avoid arguments about small probabilities in court by reporting 
threshold values instead of estirnates. A calculated match probability of 10 "1° might be presented 
simply as less than one in a million. For example, the Kentucky State Police Forensic 
Laboratory states any probability less than the reciprocal of the number of people living in the 
United States as simply less than l/N, where N is the US population size. Since that practice 
entails a loss of information, we do not recommend it. However, if a threshold practice is 
followed, all necessary adjustments to the probability should already have been made before the 
threshold value is reported. Suppose that the probability, P, of a profile is 10 "1°, and N, the size 
of the database searched, is 1,000, so that NP = 10 "7. Suppose further that the empirically 
estimated uncertainty is a factor of 10 (see section on individual variability and empirical 
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STATISTICAL ISSUES 5-11 

comparisons in this chapter), so a conservative estimate is 10 "6. It would then be legitimate to 
report that the match probability is less than one in a million. 

U N I Q U E N E S S  

There has been much discussion of when it might be possible to use DNA typing to 
identify each person in a population uniquely. The 1992 report says: "Regardless of  the 
calculated frequency, an expert should--given...the relatively small number of loci used and the 
available population data--avoid assertions in court that a particular genotype is unique in the 
population"(NRC 1992, p 92). In a recent decision (State v. Buckner, 125 Wash. 2d 915, 890 
p.2d 460, 1995), the calculated probability of a match between suspect and evidence DNA was 
one in 19 billion. Since the denominator is more than three times the population of the earth, 
should this genotype be regarded as unique? The court held as improper any testimony that the 
profile was unique. Yet, as the number of available DNA markers increases, even smaller 
probabilities will be introduced with growing frequency. How small must they be before a 
profile earl be considered unique? 

The match probability computed in forensic analysis refers to a particular evidentiary 
profile. That profile might be said to be unique if it is so rare that it becomes unreasonable to 
suppose that a second person in the population might have the same profile. More precisely, 
suppose that a given genetic profile, G, occurs with probability PG and has been observed exactly 
once, namely, in the evidence sample. In a population of N unrelated persons, the probability, 
before a suspect has been profiled, that at least one G occurs among the N-1 unobserved profiles 
is 

1 - (1 - PG) N'' < NP G • (5;4) 

Therefore, one might say that a given profile is unique in a given population if PG is small 
compared with the reciprocal of the population size. More specifically, the probability that the 
profile is not unique is less than Po times N. Suppose that the profile probability, PG, is one in 
ten billion. Then, for the US population of  about 250 million, the product is 1/40. It could be 
argued that if the probability of finding another person with this profile is such a small fraction, 
probably no other person in the United States has it. Clearly, if the fraction is very small, the 
profile is almost certainly unique. But we leave it to the courts to decide just how small this 
fraction should be in order to declare a profile to be unique. 

Another approach to the question o f  uniqueness appears not to have been considered in 
the scientific literature. This approach considers the uniqueness of all profiles in the population 
simultaneously. It is much more stringent than the requirement that a given profile be so rare 
that it can reasonably be judged unique. Consider a population of N unrelated persons, and 
assume that the population is in HW and LE proportions. Let M denote the number of pairwise 
matches in the population when K loci are typed, and fL be the mean homozygosity (see Chapter 
4) at locus L. We interpret unique identification to mean that P{M > 1} < 0.01, or some other 
chosen small number. An approximate upper bound for the probability is 
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5-12 THE EVALUATION OF FORENSIC D N A  EVIDENCE 

1 _ exp(_N2 2K-~ f2K) < N2 2K-~ f 2K ' (5.5) 

where f =  (1"/L fL) lm, the geometric mean of the homozygosities at the different loci (see 
Appendix 5C for derivation and discussion). The sharper approximate upper bound derived in 
Appendix 5C is shown in Figure 5.1. 

Thus, the parameters governing the probability that at least one match will occur are the 
population size, the number of loci, and the geometric mean of the homozygosities. For 
example, if testing is done at 10 loci with geometric mean homozygosity of 0.05 and N is the 
world population size, which we take as about 5 billion, the probability of finding at least one 
pair of persons with the same profile is at most about 0.0001, which meets the illustrative 
criterion of 0.01 or less that was given above. The minimum probability that each person's 
profile is unique is about 0.9999 in this case. If  we assume that the geometric-mean 
homozygosity is 0.1 rather than 0.05, then 13 loci are needed to give an upper bound on the 
probability of about 0.001. 

At the VNTR locus D2S44, the homozygosity in US whites is 0.074 (Table 4.5). In the 
example above, the upper bound would be about 0.003 for 11 loci with that homozygosity. Most 
of the markers used in PCR-based systems have higher homozygosities than those illustrated 
above; for example, D1 $80 has an average homozygosity in the white population of about 0.20 
~DI....tfk.tOlr~/ll~, J~,~m~It,~IIL~I, I~;t (3,L. .LT..7d].  .Z-IkUUI..tl../..,V O U l . ~ . t J .  ~t',*.3~,.t v v V t . 4 t , t i o k  v ~ ,  4L~.,~,,~.6~Z~t.~ V.U Z A Z ~ *  a A *  ~ . ~ . v . . ~ . .  

used for illustrative purposes in the above discussion. 
In some cases, the population of interest might be limited to a particular geographic area. 

For an area with a population of one million, six loci with geometric-mean homozygosities of 
0.05 would yield an approximate upper bound of 0.008 (Figure 5.1). 

We have discussed two different approaches to the question of uniqueness. Our first 
approach was to ask for the probability that a given profile is unique. The second and more 
complicated one asks for the probability that no two profiles are identical. The first question is 
likely to be asked much more often in a forensic setting. 

The number ofloci and the degree of heterozygosity per locus that are needed to meet the 
criteria illustrated above do not seem beyond the reach of forensic science, so unique typing 
(except for identical twins) may not be far off. How relatives affect determinations of 
uniqueness will require further analysis, and how the courts will react remains to be seen (see 
Chapter 6). 

STATISTICAL ASPECTS OF VNTR ANALYSIS 

VNTR alleles differ from one another by discrete steps, but because of measurement 
uncertainty and the fact that the repeat units are not always the same size, the data are essentially 
continuous. Therefore, the most accurate statistical model for the interpretation of VNTR 
analysis would be based on a continuous distribution. Consequently, methods using a 
continuous distribution and likelihood-ratio theory have been advocated (Berry 1991 a; Buckleton 
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Figure 5.1. The number ofloci required to assure with a probability of  at least about 0.99 that no two 
persons in a randomly mating population share a profile. Then N is the population number and f is the 
geometric mean homozygosity. M = 1,000,000. 
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5-14 THE EVALUATION OF FORENSIC DNA EVIDENCE 

et al. 1991; Berry et al. 1992; Evett et al. 1992; Devlin, Risch, and Roeder 1992; Roeder 1994; 
Roeder et al. 1995). If  models for measurement uncertainty become available that are 
appropriate for the wide range of laboratories performing DNA analyses and if those analyses are 
suitably robust with respect to departures from the models, we would then recommend such 
methods. Indeed, barring the development of analytical procedures that render statistical 
analyses unnecessary, we expect that any problems in the construction of such models will be 
overcome, and we encourage research on those models. 

An analysis based on a continuous distribution would proceed under the hypotheses that 
the DNA from the evidence sample and from the suspect came from the same person and that 
they came from different persons. One would seek the relative likelihoods that, with a suitable 
measure of distance, the bands would be as similar to one another as was observed. At present, 
however, most presentations of DNA evidence use some form of grouping of alleles. Grouping 
reduces statistical power but facilitates computation and exposition. A likelihood analysis based 
on grouping uses an appropriate distance-criterion t6 calculate the probability that the bands 
match. That criterion is discussed below. 

Determining a Match 

According to standard procedure, a match is declared in two stages. Usually the bands in 
the two lanes to be compared will be in very similar positions or in clearly differ_en! positions.. If 
they appear to the analyst to be in similar positions, a visual match is declared, t ins aeclarauon 
must then be confirmed by measurement; otherwise, the result of the test is declared to be either 
an exclusion (no match) or inconclusive. A poor-quality autorad, for example, might result in an 
inconclusive test. The visual match is a preliminary screen to eliminate obvious mismatches 
from further study. It excludes some autorads that might pass the measurement criterion as 
matches if the analyst took into account the correlation of measurement errors (in particular, 
band-shifting, in which the bands in one lane are shifted relative to those in another), but it does 
not otherwise substitute the analyst's judgment for objective criteria. It would be desirable to 
develop a way to incorporate any correlation of measurement uncertainty in the objective 

criterion. 
The measurement-confirmation step in the above procedure is based on the size of the 

band as determined by the molecular-weight standards on the same autorad. The recorded size of 
this band is, however, subject to measurement uncertainty. Studies at the FBI and the National 
Institute of Standards and Technology (NIST) have shown that the measurement uncertainty is 
roughly proportional to the molecular weight (band size is usually measured in units of number 
of nucleotide pairs rather than in daltons). For example, in the systems published by the FBI and 
widely used in FBI and other laboratories, the standard deviation of repeated measurements of 
DNA from the same person is about 1% (Budowle, Giusti, et al. 1991; Mudd et al. 1994). An 
amount determined by the precision of the measurement is added to and subtracted from the band 
size, and that determines an "uncertainty window", X + ctX, where X is the measurement of the 
band size and ct is the uncertainty value. The uncertainty window is usually taken to be + 2.5% 
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Figure 5.2. An illustration of the matching procedure and the bin assignment with floating and fixed bins. 
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5-16 THE EVALUATION OF FORENSIC DNA EVIDENCE 

of the molecular weight (about 2.5 standard deviations), so that ct = 0.025 in this case. This 
procedure is followed for both the DNA from the evidence sample and that from the suspect, i f  
these two uncertainty windows do not overlap there is either no match or the result is 
inconclusive (Figure 5.2a). If the windows overlap, a match is declared (Figure 5.2b). FBI 
studies (Budowle, Baechtel, et al. 1990; Budowle, Giusti, et all 1991) report that in 200 within- 
individual test-band comparisons involving 111 persons, no bands failed to match by this 
criterion, although Weir and Gaut (1993) report that a slightly larger uncertainty window (+ 
2.8%) was required to obtain the same result for a sample from another laboratory. 

The NIST studies (Mudd et al. 1994) provide support for the values found by the FBI. 
Using measurements obtained by many laboratories over several years, Mudd et al. derived an 
approximate formula for the standard deviation, or, of a measurement in base pairs (bp): 

o = 10.4 x 10 (bp/8300) . (5.6) 

Expressed as percentages, the values of cr are between 0.79 and 0.92 for VNTRs between 2,000 
and 6,000 bp. 6 

The probability of a match between two replicate determinations from the same person 
increases rapidly with the value of cx and is very close to 1 for o~ = 0.025 (Budowle, Baechtel, et 
al. 1990; Budowle, Giusti, et al. 1991; Evett, Scranage, and Pinchin 1993) The match window 
should not be set so small that true matches are missed. At the same time, the window should 
not be so wide that bands that are clearly different will be deciared to ma~cn, znu ~..~yo v~tLu~ 
used by the FBI, although selected to prevent erroneous nonmatches, nonetheless seems to deal 
reasonably well with erroneous matches, too. Bands from the same person are usually very 
close, within about 1%; those from nonmatching persons are usually far apart. The possibility of 
coincidental matches for all bands in a multilocus analysis is extremely remote, as the very small 
match probabilities associated with such a profile indicate (see Chapter 4 for details). The size of 
the match window should be defined in the laboratory protocol, and not vary from case to case. 
We believe that technological improvements in laboratory methods should permit the cautious 
reduction of the match window, as the size of the standard deviation of  the measurement 

declines. 
The 1992 NRC report recommended that all determinations of  matches and bin- 

allocations be done by objective measurements, following the rules described above (with 
variations for different laboratories with different systems). The report explicitly stated that 
visual matches should not be permitted. That is too restrictive, as long as the visual inspection is 
employed only as a screen. But the use of visual inspection other than as a screen before 
objective measurement would potentially undermine the basis of the quantitative estimation of 
the likelihood of a match and should usually be avoided. 

An experienced forensic scientist can often use visual screening to recognize band- 
shifting and other phenomena. For example, degraded DNA sometimes migrates farther on a gel 
than better-quality DNA (Budowle, Baechtel, and Adams 1991), and an experienced analyst can 

6 In the NIST study, 22 labs were sent duplicate pieces of  cloth with blood stains on them. The equation is 
the least-squares fit for the standard deviation of  the values obtained by different laboratories. Differences among 
analysts within a laboratory and differences between laboratories contributed about equally to the total variance. 
Notice that if the number of  base pairs exceeds 6,732, the standard deviation is greater than 1%. 
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notice whether two bands from a heterozyg0te are shifted in the same or in the opposite direction 
from the bands in another lane containing the DNA being compared. If the bands in the two 
lanes shift a small distance in the same direction, that might indicate a match with band-shifting. 
If they shift in opposite directions, that is probably not a match, but a simple match rule or 
simple computer program might declare it as a match. However, a sophisticated computer 
program might eventually replace visual matching. As was stated in Chapter 3, if  for any reason 
the analyst by visual inspection overrides the conclusion from the measurements, that should be 
clearly stated and reasons given. 

Binning 

Once a matchhas been declared and confirmed by measurement, it is necessary to 
estimate the probability of a match on the assumption that the suspect sample and the evidence 
sample are not from the same source in order to calculate the match probability or likelihood 
ratio. 

Floating bins 

One accurate, unambiguous method is to use floating bins (Balazs et al. 1989). Let e and s be the 
measurements of the DNA bands from the evidence sample and from the suspect. Figures 5.2a 
and b show that for a match to be declared, the upper end of each uncertainty window must be 
above the lower end of the other. Therefore, all bands from the DNA of the suspect that satisfy 
the inequalities (1 + ct)e > (1-ct)s and (1 + tx)s > (1-ot)e would be declared a match. Thus, all 
such bands within the interval (called the match window) 

1-c~ f l  +o~  e 
( 1 - - ~ ) e  -< s < \ l_-"~J (5.7a) 

(Weir and Gaut 1993) would have been declared a match, so the analysis must use the frequency 
(or proportion) of all such bands in the pertinent database. For ct << 1, Equation 5.7a is Very 
close to 

(1- 2ot)e < s < (1 + 2ct)e. (5.7b) 

For ot = 0.025, Equation 5.7b is sufficiently accurate. 
Equation 5.7b determines the approximate floating bin e + 2ore, or e + 0.05e when ot = 

0.025 (Figure 5.2c). The frequency of that bin is the total proportion of alleles in the database 
that are within the limits given by Equation 5.7b. With that approach, the floating bin is always 
the same as the match window. Using a floating bin different from the match window is 
incorrect; a smaller bin (such as + 2.5% instead of+5% ) will underestimate the match 
probability; a larger bin will overestimate it. 
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Fixed bins 

Most forensic laboratories have adoptedfixed bins, perhaps because of the presumed 
difficulties of employing floating bins on a wide scale, particularly the necessity of searching the 
whole database for each calculation (Budowle, Ginsti et al. 1991). With current computer-search 
speeds, these difficulties should be negligible, and the use of floating-bin procedures is 
statistically preferable because they directly and unambiguously address the central question of 
estimating the probability of a match. The FBI data set of individual profiles is available on a 
floppy disk, so laboratories can easily use the FBI database with floating bins. 

In the fixed-bin procedures currently employed by many forensic laboratories, alleles of 
similar size are placed into fixed bins determined by comparing the positions of the evidence 
bands with bands in a control lane (Figure 5.2d). For example, the alleles at locus D2S44 are 
grouped into 31 bins for a given database, then adjacent bins with frequencies of fewer than five 
persons are combined ("rebinned") to produce a grouped frequency distribution for that locus 
(see Table 4.4) With fixed bins, some statistical power is lost, but there are computational and 
expository gains. 

If the match window is entirely within a bin, the frequency used is that of the bin. When 
the match window overlaps two or more bins, some method of estimating the frequency is 
required. 

One must distin~afish between two uses of fixed bins. Some experts might use them to 
derive an upper bound to the floating-bin match probability, whereas others might use them to 
approximate that probability. Distinguishing these two uses is essential whenever the match 
window around the evidence-sample band, e, specified by Equation 5.7b and usually about 10% 
wide, overlaps two or more fixed bins. Although bin widths also average about 10%, they vary 
considerably and some are considerably smaller. To calculate an upper bound, an analyst must 
add the frequencies of all fixed bins overlapped by the match window, as recommended by the 
1992 NRC report. Thus, fixed bins, when used with the criteria described in NRC (1992), yield a 
more conservative estimate than floating bins. To approximate the floating-bin match 
probability, we recommend using the fnxed bin with the largest frequency among those 
overlapped by the match window. That approach is based on the observations that both floating 
and fixed bins are about 10% wide and that bands generally do not cluster around fixed-bin 
boundaries (Budowle, Giusti et al. 1991; Chakraborty, Jin et al. 1993; Monson and Budowle 
1993). The reasons for recommending the procedure are explained below (see also Figure 5.2d). 

The FBI and many police agencies follow an approximating procedure that is, on the 
average, less conservative than the one we recommend (Budowle, Giusti et al. 1991). They use 
the fixed bin with the largest frequency among those overlapped by the union of the + 2.5% (5% 
wide) evidence-sample and suspect-sample windows (Figure 5.2e). However, those windows are 
each only about one half the width of the match window, so their union could be of any size 
ranging from about half that of the match window to about equal to that of the match window, 
depending on the relative positions ofe and s. In the extreme case where the evidence-sample 
and suspect-sample windows barely overlap, three-fourths of this union is included in the match 
window; otherwise the fraction included is greater. Thus, for every match, at least about three- 
fourths, but usually most or all of this union is included in the match window. One, two, or more 
bins might be overlapped. 
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Monson and Budowle (1993) showed that using the ftxed bin with the largest frequency 
among those overlapped by the + 2.5% evidence-sample window adequately approximates and is 
usually more conservative than the matchprobability calculated from the + 5% floating bin. 
Either of the fixed-bin procedures described in the last two paragraphs is more conservative than 
that of Monson and Budowle (1993), because a larger interval (the + 5% match window in the 
first method and the union of the + 2.5% evidence-sample and suspect-sample windows in the 
second) might overlap a bin with a higher frequency than does the + 2.5% evidence-sample 
window. 
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Box 5.1 Calculating Uncertainty Windows: A Numerical Example 
Table 4.4 shows the bin sizes for two VNTR loci, D2S44 and D17S79. For locus D17S79, 

suppose that the evidence-sample hand size, e, is measured as 1,200 base pairs (bp). 2.5% of that is 30 
bp. The lower limit of the uncertainty window is 1,200 - (0.025)(1,200) = 1,170 bp. The upper limit is 
1,200 + (0.025)(1,200) = 1,230 bp. The suspect-sample band size, s, is 1,625 bp. The same calculation 
as above gives a range of 1,584 to 1,666 bp for the uncertainty-window of the sample from the suspect. 
Since the lower limit of the window for that sample, 1,584 bp, is greater than the upper limit of the 
window for the evidence sample, 1,230 bp, the bands do not match. Of course, in this case a nonmatch 
would have been declared visually, and the calculations would be unnecessary. 

For locus D2S44, suppose that the size of the evidence-sample band is 2,747 bp; the lower and 
upper ends of the + 2.5% uncertainty window are then 2,678 and 2,816 bp. Suppose further that the 
corresponding values for the suspect sample are 2,832, 2,761, and 2,903 bp. Those windows overlap, so 
a match would be declared. 

The _+ 2.5% evidence-sample window overlaps bins 15 and 16. The approximate match Window 
(from Equation 5.7b), with width 10%, is from 2,610 to 2,884 bp and overlaps bins 15 (freq. = 0.041), 16 
(0.040), and 17 (0.086). The bin with the largest frequency among those overlapped by the match 
window is 17, so our suggested approximate frequency is 0.086. 

The FBI would use the bin with the largest frequency among those overlapped by the union of 
the evidence-sample and suspect-sample uncertain~vindows, 2,678 to 2,903 bp; the union overlaps bins 
15, 16, and 17. Again the bin with the highest frequency is 17. 

An upper bound to the fixed-bin match probability is the total frequency of the three bins 
overlapped by the match window; that frequency is 0.167. 

The floating-bin frequency is the proportion of bands in the database that lie in the match 
window, and is about 0.071. The fixed-bin estimate, 0.086, is therefore slightly conservative. (Note: the 
floating-bin frequency cannot be calculated from Table 4.4, but requires the FBI database.) 

If the more accurate Equation 5.7a had been used, the match window would have been 2,613 to 
2,888 bp. The widely used approximation, Equation 5.7b, is clearly quite accurate, although the exact 
formula would be theoretically preferable. 

? 

We conclude that both the procedure we recommend and that employed by the FBI 
provide adequate and usually conservative approximations to the correct floating-bin frequency. 
As Equations 5.7 demonstrate, the match probability depends on e; thus, for this computation the 
suspect window is irrelevant. The procedure we have recommended is therefore more logical 
and, on the average, more conservative than that used by the FBI. It is more conservative 
because a window that is 10% wide might overlap more bins than one that is 5% to 10% wide. 
Although adding the frequencies of the fixed bins overlapped by the match window is the only 
procedure that is always conservative, in our view it is excessively cautious (Monson and 
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Budowle 1993) and will usually produce less accurate estimates than our recommendation to 
take the largest of the overlapped bins. Adding bins would approximately double the best fixed- 
bin estimate of the match probability for each allele where the match window overlaps two bins. 

C O N F I D E N C E  I N T E R V A L S  F O R  M A T C H  P R O B A B I L I T I E S  

Match probabilities are calculated from a database. Those data are a sample from a larger 
population, and another sample might yield different match probabilities. To account for the fact 
that match probabilities are based on different databases and might change if another data set 
were used, it is helpful to give confidence intervals for those probabilities. A confidence interval 
is expected to include the true value a specified percentage of the time. In symbols, a 100(1-(z)% 
confidence interval is expected to include the true value 100(1-oc)% of the time. Typical values 
are 95% (co = 0.05) or 99% (oc = 0.01). The confidence interval will depend on the genetic 
model, the actual probabilities, and the size of the database. We consider only the simplest case, 
a population in HW and LE proportions. 

For such a population, the probability of a multilocus genotype is the product of the 
constituent allele frequencies, which are estimated from the database, with a factor of 2 included 
for each heterozygous locus involved (see Chapter 4). The product form of the relation suggests 

• • • 

and then transform it back to the probability, as is oRcn done in data analysis (sec Sokal and 
Rohlf 1981). 

The contribution to the match probability of a single homozygous locus is pi 2 (or 2pi if a 
conservative estimate is desired) and, for a heterozygous locus, it is 2piPj. In practice, the truc 
probability is unknown and is replaced by the estimate, PR, which is taken to be the proportion 
of the k-th allele in the database of N persons (2N genes per locus). Wc approximate the 
expectation of each logarithm by the logarithm of the expectation. The approximate variances of 
the logarithms arc 

AiAi: V[ln(2.fii )] = (1-  Pi )/(2Npi ) (for single bands), (5.8a) 

AiAi: V[lrl(~i2)] ~ 2 (1-p i ) / (Npi ) •  (5•8c) 

IfNpi >> I for each allele and every locus, the logarithm of the genotype frequency is 
approximately normally distributed (Cox and Snell 1989)• Because of the independence of the 
loci, the variance of the logarithm of the multilocus estimate is the sum of the values for each 
locus• If z~ is the standard-normal deviate associated with a symmetric confidence interval of 
100(I - ct)%, then the confidence interval for the logarithm of the gcnotypic frequency is equal to 
the estimated value +__ z~s, where s is the square root of the multilocus variance. These limits arc 
then transformed back by antilogs. 

A similar procedure was given by Chakraborty, Srinivasan, and Daigcr (1993). 
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Box  5.2. Calculat ing Conf idence  Limits:  A Numer ica l  E x a m p l e  
As a numerical example, consider again the data for the white population illustrated in Box 4.3, 

using data from Table 4.8. The profile is A6- BsB14 CmC13 D9D16. The A-locus variance component is 
estimated to be 

(1-1~i)/(2Nl~i) = (1- 0.035)/[1584(0.035)] = 0.01741. 
For the B-locus, the component is 

1/( ) • 

A ^ ^ ^ ^ 

+ pj -4p~pj  2Np~pl = [(0.029 + 0.068 - 4(0.029)(0.068)]/[1,190(0.029)(0.068)] = 0.03797. 

For the C-locus, the component is 0,01475, and for D it is 0.03807. Adding those four components 
yields a sum of 0.10820, the square root of which is 0.32893. The estimated genotype frequency (Box 
4.3) is 3.182 x 10-s; its natural logarithm, (2.303 lOgl0), is -17.263. 

For a 95% Confidence interval, z~ = _+ 1.96, so the confidence limits of the logarithm are -17.263 
_ ( . +  I 96)(8.0 329). Taking antilogs (exponentiating), the confidence limits for the match probability are 

8 o 6.06 x 10- and 1.67 x 10". The width of the 95~ confidence interval is about a factor of 3.6, or roughly 
a factor of 1.9 in either direction. 
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I f  more loci are added, the estimated probability will be smaller, but additional variability 
in the estimate implies that on the log scale the interval will be wider. 

A smaller database also will lead to wider intervals. The width of  the confidence interval 
on the log scale is inversely proportional to the square root o f  the size of  the database. Thus, for 
a database one fourth as large as the one in Box 5.2, the confidence limits would be -17.263 + 
(1.96)(0.329)(2). On the original scale, the limits are 8.76 x 10 -9 and 1.156 x 10 "7, a range of  
about 13 fold, which is more than three times as large as the confidence interval for the database 
in Box 5.2. We can also write confidence intervals for values Calculated with Equations 4.10. 7 .... 

Although calculation of  confidence intervals i s  desirable, they do not include the effects 
o f  all the sources of  error. A more inclusive estimate of  uncertainty, which is usually larger, is 
considered later in the chapter. 

7 If Equations 4.4 or 4.10 are used to evaluate match probabilities, a prescription for calculating confidence 
intervals can be similarly derived, although the detailed formulae will be somewhat different. Since knowledge of 

the range of reasonable values of 0 is obtained from an accumulating body of population-genetics studies, one 

might give a range of confidence intervals based on a range of values of 0 .  Alternatively, when applying 

Equations 4. ! 0, one could obtain a conservative approximation to match probabilities by using a value of 0 that is 
slightly larger than that found in most studies. For example, for a confkience interval based on Equations 4.10, at 
each locus the contribution to the variance of the estimated value of the logarithm of Equation 4.10a equals 
approximately 

{ I/[2 0 + (l- 0 )Pi] + 1/[3 0 + ( I- 0 )Pi] } 2(i. 0 )2( I + 0 )pi(l -p.~/(2N) ; 

for Equation 4.10b, the corresponding formula is 

{pi(l-pi)/[ 0 + (l- 0 )pi] 2 + pj(l-pj)/[ 0 + (I- 0 )pj]2.2pip/[ ~ + (l- 0 )p.~[ 0 + (I- 0 )pj]}(l- 0 )2(I+ 0 )/(2N). 
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ALLELES WITH LOW FREQUENCY 

VNTRs have a very large number of alleles. Consequently, some bins---especially those 
at the ends of the size distribution for a locus---have very low frequencies. An estimate of an 
allele frequency can be very inaccurate if the allele is so rare that it is represented only once or a 
few times in a database; and some rare alleles might not be represented at all. Several 
procedures have been suggested to alleviate the problems caused by such inaccuracies. One 
approach is to add 0.5 to the observed number of occurrences of each rare allele (Cox and Snell 
1989); anotheris to replace all rare-allele proportions by an arbitrary upper bound, as has been 
done forpatemity analysis (Walker 1983, p 449). 

It is common in some statistical tests to pool very rare classes, and that is what the FBI 
has done by rebinning. If  a bin in the database contains fewer than five entries, it is pooled with 
adjacent bins so that no bin has fewer than five. We recommend this procedure for VNTRs and 
for other systems in which an allele is represented fewer than five times in the database. For a 
floating-bin analysis, the bin frequency is determined only after the evidence sample is typed. A 
similar expedient for rare alleles is to use the maximum of 5 and k, where k is the actual number 
of alleles from the database that fall within the match window. 

Rare alleles can produce substantial departures from HW proportions, even if the 
populations from which they are drawn are in random-mating proportions. This is illustrated in 
the data in Table 4.4. Estimates of 0ii obtained by randomly combining the data from Table 4.4 
are all positive, as expected, and are each less than 0.004. Estimates of  0ij are more variable and 
can be either positive or negative; about 1/5 of the values are outside the range -0.1 to 0.1. Large 
negative values can mean that HW calculations can be serious underestimates and thus biased 
against the defendant. However, these values are the result of random fluctuations between 
databases. In actual populations, we expect 0~j to be positive unless it is very close to zero. 

INDIVIDUAL VARIABILITY AND 
EMPIRICAL COMPARISONS 

Confidence intervals derived from the simplifying assumptions of  sampling theory do not 
take account of all possible sources of uncertainty that can affect the accuracy of  a match 
probability or likelihood ratio. To examine the degree to which other sources of variation may 
affect the accuracy of  our calculations, we have looked to empirical studies. 

The FBI has compiled many data from the United States and other parts of  the world 
(FBI 1993b; Budowle, Monson, Giusti, and Brown 1994a, 1994b). We can use those data to 
examine frequencies of a given genotype in different data sets. 

We are mainly concerned with the effects of population subdivision, leading to different 
allele frequencies in different areas or in people with different ethnic backgrounds. Such 
differences are obscured in the averages. We examine only allele frequencies, because 
multilocus genotypes are much too rare to study. But the close agreement of the data with HW 
and LE proportions (Chapter 4), together with conservative assumptions, lend credence to our 

analyses. 
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G e o g r a p h i c a l  S u b d i v i s i o n  

One question is whether local regions differ appreciably from the national average. The 
FBI has compiled data from different sources throughout the world. One representative example 
is a comparison between blacks in the United States as a whole and those in Georgia. Assume 
that the source of evidence DNA from a particular crime in Georgia is known to be black. To 
make the most appropriate estimate of the probability that a profile from a randomly selected 
black person from this area would match the evidence profile, we would use the Georgia 
database. But suppose that we do not have local data and use the national average instead. How 
much of an error would that entail? 

The relevant data (from FBI 1993b) are graphed in Figure 5.3. Each point on the graph 
represents a specific genotype for one or more of four VNTR loci, D 1 $7, D2S44, D4S 139, and 
D10S28. For each genotype on the graph, the estimated frequency from the general US black 
database is given by the ordinate; its estimated frequency in the local Georgia database is given 
by the abscissa. In calculating the genotypic frequencies, LE and HW proportions were assumed, 
and single bands were assigned a frequency of2p. 8 The two lines on either side of the diagonal 
represent 10-fold deviations from the expected proportions. The US population is probably more 
heterogeneous than the Georgia subset. The graph shows that if one were investigating a crime 
in Georgia but used nation-wide figures, the estimate would practically always lie between the 
two lines, that is, it is within a factor of 10 either way from the frequency of the same profile in 
the more-relevant local database. 

As stated earlier, the points on these graphs are calculated from the databases under the :. 
assumptions that HW and LE ratios prevail within the population represented in each database." 
Departures from these assumptions could, of course, lead to greater uncertainty. In Chapter 4, 

however, we noted that typical values of 0 are less than 0.01 and departures from LE are :~: 
similarly small. Therefore, we believe that the uncertainties caused by deviations from HW and 
LE expectations are much less than those caused by differences in allele frequencies in different 

subgroups. 
The FBI compendia (FBI 1993b; Budowle, Monson, Giusti, and Brown 1994a, 1994b) 

contain a large number of graphs with many different comparisons. Figure 5.3 is typical of 
several other geographical comparisons. Geographical data for whites and I-Iispanics are in 
general agreement with those for blacks. We conclude that individual within-race profile 
frequencies from different geographic areas in the United States usually differ by less than a 
factor of 10 in either direction. 

s Figures 5.2-5.4 appear to show more very large values than expected (near the lower left comer). That is 
caused by the conventions used in the preparation of  the graphs. First, each single band was given a value of  twice 
the bin frequency (that is, the 2p rule was applied). Second, some of the points are for small numbers of loci, 
sometimes as few as one. Third, greater errors are likely to occur in measuring very large and very small fragments; 
therefore, such fragments were each assigned a value of one. In general, the more loci represented by a data point, 
the farther to the upper fight the point lies. 
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Figure 5.3. A scatter plot for U. S. black populations. Each point represents a specific genotype from one 
to four VNTR loci, whose estimated frequency in the overall U. S. black population is given by the 
ordinate and in the Georgia black population by the abscissa. The upper and lower lines represent values 
that deviate from equality by a factor of 10. Note: l0 "6 = 1/106 = 0.000,001. From FBI (1993b, p. 1233). 
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Differences among Subgroups 

The US white population consists of people of various European origins who have been 
partially mixed in the "melting pot". How much difference does this substructure make? It is 
difficult to identify relevant homogeneous groups within the United States. A better way t o  
answer the question is to use data from Europe; those data better reflect the characteristics of the 
ancestral groups and should exaggerate between-group differences that have been diluted in the 
mixing of populations in the United States. Because of its large database, we compare the data 
set from Denmark with that from the United States (Figure 5.4). As the graph shows, if we 
substitute average frequencies for US whites for frequencies from the Danish data set, the error is 
almost always less than 10-fold in either direction. Graphs of Swiss, German, Norwegian, 
Spanish, and French data show similar patterns when compared with the United States. The 
percentage deviations tend to be larger in the upper right-hand part of the graphs, that is, where 
the probabilities become small. With probabilities of one in 100 million or less, an error of 10- 
fold either way is not likely to affect the conclusion. 

The European populations have mixed less than the corresponding US groups that 
descended from European migrants. Therefore, the effects of subdivision should bc less among 
white populations in the United States than in Europe. It seems safe to say that for those groups, 
an estimate using a nation-wide rather than a subgroup database is likely to be less than 10-fold 
too low or too high. Data for Hispanics and East Asians are similar. 

Different Races 

When we compare data from different racial groups, a different picture emerges from that 
found within racial groups---the profile frequencies can differ considerably. Figure 5.5 compares 
US whites and blacks. Although the great majority of the points lie within a _+ 10-fold range, an 
appreciable fraction arc found outside this range. If, for example, we used the white database 
when wc should have used the black, the error would sometimes be greater than 10-fold (that is, 
a substantial fraction of the data points are outside the two lines on either side of the diagonal in 
the figure), and a few points differ by 100-fold or more. That suggests a conservative procedure 
that can bc used if it is not known whether the perpetrator is black or white: a match probability 
could be calculated from both databases and the higher of the two values used. If only one 
database is used, it might bc the wrong one, and the result might be misleading. 

It is not surprising that differences between races arc considerably larger than those 
between subgroups within races (Dcvlin and Risch 1992; Devlin, Risch and Roeder 1993, 1994). 
That has bccn known by population geneticists for a long time and for various genes. The 1992 
NRC report relied on a single study (Lcwontin 1972) that appeared to support the opposite view, 
but that study has not been confirmed by other, more extensive ones (for example, Latter 1980). 
The report took the view of Lcwontin and Hartl (199 I) that examination of differences in 
databases from different racial groups might actually underestimate the dcgrcc of divergence 
within races, rather than overestimate it as we have seen to be the case from the VNTR studies 
discussed above. The recent compilations by the FBI, as well as numerous other studies, confirm 
the intuitively reasonable expectation that differences between ethnic groups within races are 
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Figure 5.4. A scatter plot for the white population. The abscissa gives estimated frequencies in the U. S. 
white population and the ordinate those in a Danish population. White frequencies are from Cellmark; 
Danish frequencies from Institute of Forensic Genetics in Copenhagen. FBI (1993b, p 1267). 
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from within the same racial group. FBI (1993b, p 1230). 
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smaller than differences between races. But the far more important conclusion, and the one that 
makes VNTR and other forensic loci so useful, is that most of the variation is not among groups 
but among persons, as population geneticists, including Lewontin (1972), have repeatedly 
emphasized. 

• We have referred to only some of the available data above. Several other studies have 
used deliberately wrong or artificially stratified databases and showed that such manipulations do 
not produce grossly wrong results ('Evett and Pinchin 1991; Berry, Evett, and Pinchin 1992). 

As mentioned earlier, in the data compiled by TWGDAM there was only one four-locus 
match in the white population and one in the Hispanic population among 58 million pairwise 
comparisons. There were no five- or six-locus matches. That was not true for the American 
Indian population, where two four-locus matches were found among 1.7 million pairs. Those 
were not instances where the same person was entered twice into the database, because the 
profiles did not match at the other loci tested. As we have emphasized earlier, there is 
considerably more subdivision in American Indians, so four-locus matches within a tribe are not 
as unusual (R. Chakraborty, unpublished data). 

The data and studies that we have reviewed support the argument that multilocus VNTR 
comparisons are very powerful tests of identity. Unless there is reason to believe that close 
relatives are involved or that the suspect and donor of the evidence DNA, if not the same person, 
are from the same subpopulation, the product rule (with the 2p rule) is appropriate (see Chapter 

4). 
The data for PCR-based systems are far more limited than those for WNTRs. However, 

the numbers are increasing. Chakraborty, Jin, et al. (1995) show graphs of different populations 
within racial groups for Polymarkers, plotted in the manner of Figures 5.3 to 5.6. The numbers 
for Polymarkers are much smaller than those for VNTRs, but as with VNTRs, the points all fall 
within 10-fold above or below the line corresponding to perfect agreement. Comparable data 
exist for STRs. 

As mentioned before, the graphs in Figures 5.3 and 5.4 assume HW and LE. On the 
average, as we have repeatedly emphasized, departures from these assumptions are small. Yet, 
with several loci, despite some cancellation, small errors can accumulate. That is most important 
for rare alleles, where random fluctuations can generate appreciable departures from HW and LE. 

In a recent study of the TWGDAM data, Chakraborty (personal communication) has 
calculated the values of 0ij for VNTRs. Even though the mean value is close to zero and the 
distribution is approximately symmetrical, individual values show appreciable departures, 
especially for very rare alleles. The variability is mainly, if not entirely, due to uncertainties in 
the databases, but such variations may also occur in the population if there is localized 

subdivision. 
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MORE CONSERVATIVE FORMULAE 

Some workers (Balding and Nichols 1994, 1995) have advocated the use of Equations 
4.10 rather than the simpler Equations 4.1, which assume HW proportions (see Chapter 4). 
Figure 5.6 illustrates the effect of using Equations 4.10 for a rather extreme example (Roeder et 
al. 1995). On the ordinate are the frequencies of various genotypes for an artificial 50:50 pooled 
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Figure 5.6. A scatter plot comparing the white population (abscissa) with an equal mixture of  whites and 

blacks (ordinate). In the upper graph the HW rule was used; in the lower, Equations 4.10 with e = 0.01. 
The dashed lines represent deviations by a factor of  5 and the dotted lines by a factor of  15. Data from 
Lifecodes. (Roeder et al. submitted). 
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mixture of whites and blacks; on the abscissa are frequencies for whites. If we assume that the 
evidence DNA is from a white person, and if we falsely assume that the pooled mixture of whites 
and blacks is in HW and LE proportions, then the graph shows the range of error that would exist 
if the pooled database were used instead of the more appropriate database for whites. In the top 
graph in the figure, a point that is below and to the right of the diagonal line overestimates the 
true probability of a match (that is, it errs in favor of the defendant). The majority of the points 
in the regions of higher probabilities are above the 45 ° line; that is, they are biased against the 
defendant. That is the effect that was of concern in the 1992 NRC report, but with respect to 
ethnic differences within racial groups rather than between racial groups. We have chosen an 
extreme example for illustration. Even so, all the points are within 15-fold of the 45 ° diagonal 

line in the graph. 
The bottom graph in Figure 5.6 shows the effect of using Equations 4.10 for the mixed 

population rather than using the HW formula, Equation 4.1. The value of 0 was taken to be 
0.01, which is the value estimated from this data set (Roeder et al. 1995). It is clear from the 
graph that using Equations 4.10 usually leads to a conservative estimate, except for the higher 
probabilities shown in the lower left part of the graph. That makes sense, for it is clear from 

Equations 4.10 that when p is large, § has little effect on profile-frequency estimates. 
We conclude that, even if an artificial, intentionally inappropriate database of mixed 

profiles from whites and blacks is used, Equations 4.10 are conservative. We further note that 
_ . . I .  _ _  . c = . , ^ ~  1,,: . . . . . . . . .  r l  ; r~  t " h ~  m ~ n n e r  recommended in the section in this chapter on statistical 
aspects of VNTR analysis, the procedure is usually conservative, and that applying the 2p rule 
increases the conservatism of the method. Finally, using Equations 4.10 with fixed bins adds to 
the conservatism. 

To summarize: Within a racial group, geographic origin and ethnic composition have 
very little effect on the frequencies of forensic DNA profiles, although there are larger 
differences between major groups (races). It is probably safe to assume that within a race, the 
uncertainty of a value calculated from adequate databases (at least several hundred persons) by 
the product rule is within a factor of about 10 above and below the true value. If the calculated 
profile probability is very small, the uncertainty can be larger, but even a large relative error will 
not change the conclusion. If  there is good reason to think that the suspect and the source of the 
evidence are from the same subpopulation, Equations 4.10 can be used. 

THE CEILING PRINCIPLES 

The 1992 report assumed that population substructure might exist and recommended 
procedures for calculating profile frequencies that could be expected to be sufficiently 
conservative to accommodate the presence of substructure. Two such procedures are 
recommended in the 1992 report, the "ceiling principle" and the "interim ceiling principle". 

The ceiling principle (NRC 1992, p $2-85) places a lower limit on the size of the profile 
frequency by giving thresholds for the allele frequency-values used in the calculation. To 
determine the thresholds, the report recommended that 100 persons be sampled from each of 15- 
20 genetically homogenous populations spanning the racial and ethnic diversity of groups 
represented in the United States. For each allele the highest value among the groups sampled, or 
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5%, whichever was larger, would be used. Then the product rule would be applied to those 
values to determine the profile frequency. The choice and sampling of the 15-20 populations 
was to be supervised by the NCFDT (see Chapter 3), which has not come into being. The 
necessary ground work for applying the ceiling principle has not been done, and there have been 
few attempts to apply it. We share the view of many experts who have criticized it on practical 
and statistical grounds and who see no scientific justification for its use. 

The 1992 report recommended that until the ceiling principle could be put into effect, the 
interim ceiling principle be applied. In contrast to the ceiling principle, the interim ceiling 
principle has been widely used and sometimes misused. The rule (NRC 1992, p 14-15, 91-93) is: 
"In applying the multiplication rule, the 95% upper confidence limit of the frequency of each 
allele should be calculated for separate US 'racial' groups and the highest of these values or 10% 
(whichever is the larger) should be used. Data on at least three major 'races' (e.g., whites, 
blacks, Hispanics, east Asians, and American Indians) should be analyzed." The report also 
stated that the multiplication (that is, product) rule should be applied only when there is no 
significant departure from HW and LE, even though the ceiling principle was introduced 
specifically to accommodate deviations from HW and LE. 

If  the interim ceiling principle is applied to four loci, the minimum probability, assuming 
that there are no single bands, is [2(0.1)(0.1)] 4 = (1/50) 4 = 1/6,250,000. With five loci the 
minimum probability becomes about one in 300 million. But if the 2p rule is used for single 
bands and any locus found to depart from HW proportions is not used, the probability can be 
much larger. For example, if only three loci are used and one is homozygous, the minimum is 
2(0.1)(1/50) 2= 1/12,500. 

Is the interim ceiling principle logical? Is it unnecessarily conservative? In view of all 
the accumulated data we have discussed, is it needed? The interim ceiling principle has the 
advantage that in any particular case it gives the same answer irrespective of the racial group. 
That is also a disadvantage, because it does not permit the use of well-established differences in 
frequencies in different races; it is inflexible and cannot be adjusted to the circumstances of a 
particular ease. 

The ceiling principles have been widely discussed, usually critically (Chakraborty and 
Kidd 1991; Cohen 1992; Morton 1992; Kaye 1993; Weir 1993a; Balding and Nichols 1994; 
Devlin, Risch and Roeder 1994; Lander and Budowle 1994; Lempert 1993; TWGDAM 1994c). 
Here are some of those criticisms: 

• The 10% value is completely,, arbitrary, and there is no scientific justification of  its choice 
as a ceiling value. 

• Although calculation of an upper 95% confidence limit for an individual allele is 
justified as a standard statistical procedure, multiplication of those values is not. 

• The ceiling principles do not make use of the large amount of allele-frequency data now 
available from different groups and subgroups. 

• They do not make use of standard procedures long used by population geneticists to study 
subdivided populations. 

• It is excessively conservative. (Actually it is not always conservative, for one can 
contrive examples in which it is not (Slimowitz and Cohen 1993), but in realistic examples it is 
conservative.) 
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• The report's lack of specific instructions as to which population groups should be 
included has led some experts and attorneys to focus on extreme examples, perhaps involving 
small databases with large sampling errors or irrelevant populations; that practice was not 
foreseen by the writers of the 1992 report. i 

We agree with the criticisms listed above. Our view is that sufficient data have been 
gathered that neither ceiling principle is needed. We have suggested alternative procedures, all 
of which are conservative to some degree. We believe that estimates based on the formulas 
outlined in Chapter 4--and with proper attention to uncertainties--are now appropriate. In 
special cases in which there is no appropriate database, such as for some American Indian tribes, 
the estimates (based on the methods in this report) for several related groups should be used. 

TWGDAM (1994c) has recently issued a report on the ceiling principle. TWGDAM 
"cannot recommend the application of the ceiling principle. The basis for the need for a ceiling 
principle is flawed .... The current methods employed by forensic scientists have been 
demonstrated to be robust scientifically" (p 899). 

If  the interim ceiling principle is used despite that recommendation, TWGDAM 
recommends an approach intended to overcome some of the criticisms of the 1992 report. The 
recommended approach differs from that in the 1992 NRC report in several ways: 

i, 
i 
I 
I 
I 

• When the measurement error spans a fixed-bin border, take the frequency of the most 
frequent of the bins instead of summing the overlapped bins, as recommended by the 1992 
report. 

• Native-American databases are not to be used to generate values for the ceiling; the 
groups to be used are whites, blacks, Hispanics, and east Asians. 

• The multiple of the standard deviation for an upper 95% confidence limit should be 1.64, 
not 1.96, which was given in a footnote on page 92 of the 1992 report. NRC (1992) confused 
one-tailed and two-tailed confidence coefficients. 

We agree with the TWGDAM recommendations and add the following interpretations, 
which we believe are consistent with the 1992 report. 

* The ceiling principles are intended for criminal, not civil cases. They are therefore 
inappropriate for paternity testing, unless that is part of a criminal proceeding. 

• The ceiling principles were intended for V N R s  with many alleles, no one of which has a 
very high frequency. They are not applicable to PCR-based systems, which ordinarily have few 
alleles. For example, applying the upper 95% confidence limit produces allele frequencies that 
add up to more than one, and, with two alleles, to heterozygote frequencies that can be greater 
than the HW maximum of 1/2. 

• As originally presented (NRC 1992, p 91), the ceiling principle would use only those loci 
not differing significantly from HW and LE. But populations with the least reliable numbers 
(that is, the smallest databases) are the very ones most likely not to show a statistically 
significant departure from HW and LE. Thus, an analyst who uses the interim ceiling principle 
will often be forced to reject more reliable loci in favor of less reliable ones. Furthermore, the 
purpose of the ceiling principles is to allow for differences in allele frequencies in different 
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subgroups, for which HW and LE are insensitive measures. Therefore, we believe that all loci in 
the selected databases should be used in the calculation. 

In summary, the procedures we have recommended in Chapter 4 are based on population 
genetics and empirical data and can encompass suitable degrees of conservatism. With such 
procedures available, we believe that the interim ceiling principle is not needed and can be 
abandoned. 

D I R E C T  C O U N T  F R O M  A D A T A B A S E  

The 1992 Report stated (p 91) that "the testing laboratory should check to see that the 
observed multilocus genotype matches any sample in the population database. Assuming that it 
does not, it should report that the DNA pattern was compared to a database of N individuals from 
the population and no match was observed, indicating its rarity in the population." The 
Committee noted that if there were no occurrences of a profile in 100 samples, the upper 
confidence limit is 3%. It went on to say (p 76) that "such estimates produced by straightforward 
counting have the virtue that they do not depend on theoretical assumptions, but simply on the 
sample's having been randomly drawn from the appropriate population. However, such 
estimates do not take advantage of the full potential of the genetic approach." 

The ceiling method uses random-mating theory but does not make full use of  population 
data. The counting method does not even combine allele frequencies and thereby loses even 
more information. In addition, very small probabilities canaot be estimated accurately from 
samples of realistic size; modeling is required. In fact, most profiles are not found in any 
database, so there must be a convention as to how to handle zeros. Since we believe that the 
abundant data make the ceiling principles unnecessary, this is true afortiori for the direct 
counting method. 

Some statisticians and others have questioned the accuracy of using population-genetics 
theory that incorporates estimated allele distributions in forensic calculations. Somewhat 
comparable calculations are available that do not use this information. For a Poisson 
distribution, an upper 100(1-ct)% confidence limit L for the expected number of events when 
zero events have been observed is L = -In (or). For a 95% confidence limit, ot = 0.05 and L = 3. 
For illustration, the TWGDAM data included about 7,000 persons in the white database. That 
yields (7,000)(6,999)/2 = 24.5 million pairs of profiles. Only one four-locus match was found 
and none for five or more. Let us assume that all persons were tested at five locimthe same five 
locimand regard these pairs as a random sample. Then a Poisson approximation similar to that 
leading to Equation 5.5 (but without assuming HW and LE) leads to the conclusion that an upper 
95% confidence limit for the probability of a match between suspect and evidence DNA at those 
five loci is 3/(24.5 million), or about 1 in 8 million. This calculation illustrates the possibility of 
procedures that do not employ estimated allele distributions and population-genetics theory but 
still give very small match probabilities, provided that sufficiently large databases of  genotype 
profiles are available. 

However, such a method is inappropriate, and we do not recommend it. It gives an 
approximate upper bound to the mean value, but not conditioned on the particular profile in 
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question; it does not answer the question we are most interested in, the probability of a match of 
the particular evidence and suspect profile. It has not been demonstrated to be robust with respect 
to various database problems; for example, the same loci may not always have been tested. Also, 
it does not use available information about allele frequencies and thus does not permit sharper 
inferences conditional upon that information. Finally, the value is strongly dependent on the size 
of the database. 

The population-genetic assumptions that we use are robust, are accurate within the limits 
discussed elsewhere in this report, and make sensible use of information about allele frequencies. 

C O N C L U S I O N S  A N D  R E C O M M E N D A T I O N S  

Statistical  Issues  

Confidence limits for profile probabilities, based on allele frequencies and the size of the 
database, can be calculated by methods explained in this report, we  recognize, however, that 
confidence limits address only part of the uncertainty. For a more realistic estimate, we 
examined empirical data from the comparison of different subpopulations and of subpopulations 
with the whole. The empirical studies show that the differences between the frequencies of the 
individuall profiles estimated by the product rule from different adequate subpopulation databases 
(at least several hundred persons) are within a factor of about 10 of each other, and that provides 
a guide to the uncertainty of the determination for a single profile. For very small estimated 
profile frequencies, the uncertainty can be greater, both because of the greater relative 
uncertainty of individually small probabilities and because more loci are likely to be multiplied. 
But with very small probabilities, a large relative error is not likely to change the conclusion. 

Database  Searches  

If  the suspect is identified through a DNA database search, the interpretation of the match 
probability and likelihood ratio given in Chapter 4 should be modified. 

Recommendation 5.1: When 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. 

If  one wishes to describe the impact of the DNA evidence under the hypothesis that the 
source of the evidence sample is someone in the database, then the likelihood ratio should be 
divided by N. As database searches become more extensive, another problem may arise. If  the 
database searched includes a large proportion of the population, the analysis must take this into 
account. In the extreme case a search of the whole population should, of course, provide a 
definitive answer. 
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I Uniqueness  
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With an increasing number of loci available for forensic analysis, we are approaching the 
time when each person's profile will be unique (except for identical twins and possibly other 
close relatives). Suppose that, in a population of N unrelated persons, a given DNA profile has 
probability P. The probability (before a suspect has been profiled) that the particular profile 
observed in the evidence sample is not unique is at most NP. 

A lower bound on the probability that every person is unique depends on the population 
size, the number of loci, and the heterozygosity of the individual loci. Neglecting population 
structure and close relatives, 10 loci with a geometric mean heterozygosity of 95% give a 
probability greater than about 0.999 that no two unrelated persons in the world have the same 
profile. Once it is decided what level of probability constitutes uniqueness, appropriate 
calculations can readily be made. 

In any particular case, the chance that the DNA profile for the evidence sample is unique 
is of  more concern than the chance that the all DNA profiles are unique. Hence, the calculation 
in the first paragraph will be the one more oRen employed. 

Matching  and B inn ing  

VNTR data are essentially continuous, and, in principle, a continuous model should be 
used to analyze them. The methods generally used, however, involve taking measurement 
uncertainty into account by determining a match window. Two procedures for determining 
match probabilities are the floating-bin and fixed-bin methods. The floating-bin method is 
statistically preferable but requires access to a computerized database. The fixed-bin method is 
more widely used and understood, and the necessary data tables are widely and readily available. 
When our fixed-bin recommendation is followed, the two me~0ds lead to very similar results. 
Both methods are acceptable. 

Recommendation 5.2. If floating bins are used to calculate the random-match 
probabilities, each bin should coincide with the corresponding match window. If fixed 
bins are employed, then the fLxed bin that has the largest frequency among those 
overlapped by the match window should be used. 

I .. 

I 
I 

I 
I 

Ceil ing Pr inc ip les  

The abundance of data in different ethnic groups within the major races and the 
genetically and statistically sound methods recommended in this report imply that both the 
ceiling principle and the interim ceiling principle are unnecessary. 

Further  R e s e a r c h  

The rapid rate of discovery of new markers in connection with human gcnc-mapping 
should lead to many new markers that are highly polymorphic, mutable, and selectively neutral, 
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but which, unlike VNTRs, can be amplified by PCR and for which individual alleles can usually 
be distinguished unambiguously with none of the statistical problems associated with matching 
and binning. Furthermore, radioactive probes need not be used with many other markers, so 
identification can be prompt and problems associated with using radioactive materials can be 
avoided. It should soon be possible to have systems so powerful that no statistical and 
population analyses will be needed, and (except possibly for close relatives) each person in a 
population can be uniquely identified. 

Recommendation 5.3. Research into the identification and validation of more and 
better marker  systems for forensic analysis should continue with a view to making each 
profile unique. 
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A P P E N D I X  5A 

Mixed stains introduce a number of complexities. We limit our consideration to cases in 
which the stain is mixed, but only one suspect is identified. The case where four bands are 
observed, two of which match the suspect, was given in the text. Here we consider 
circumstances in which fewer than four bands are found in the evidentiary DNA. This may mean 
that either the suspect or the other contributor to the stain produced a single band. Thus, the 2p 
rule may be needed. It is also possible that thereare only two bands, but other loci indicate that 
the stain is mixed. These cases are summarized in Table 5.1. 
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Table 5.1. Likelihood Ratios for Mixed Stains. 9 

Crime scene Suspect Rule Likelihood Ratio 

I 
i 
i 

AIA2A3A4 AIA2 1 
"12plp2 

A1A2A3 A2A3 2p 1 + P2 + P3 
4P2P3(3 + P, + P2 + P3) 

2 P P, + 2p2 + 2p3 
12p2P3(Pl + P2 + P3) 

A1A2A3 A1 2p 1 
4p1(3+ Pl +P2 +P3) 

2 1 
P 

6pl(Pl + P2 + P3) 

A1A2 A1A2 2p Pl + P2 + P,P2 
2piP2(2 + 2Pl + 2P2 + PIP2) 

2 
P (P, + p2) 2 

A1A 2 A] 2p 

2plp2(3plp2 +2P] 2 +2P2 2) 

l+Pl  
2P1(2 + 2Pl + 2p2 + P,P2) 

2 p 2p~ + P2 
2pl(3plp2 + 2pl 2 + 2P2 2) 

I 
I 
I 
t 
I 
i 
I 
t 
I 
1 
I 

9 For each combination of crime-scene and suspect genotypes, the likelihood ratio is given for each of two 
rules for dealing with single bands (or homozygotes). 
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A P P E N D I X  5B 

If the database is not homogeneous, that is, if P(Mi) is different for different values of i, then the 
inequality in Equation 5.3 is still valid, so 

P(M) < E i P(Mi), (5.9) 

where P(Mi) Can be evaluated by the methods of Chapter 4. Many of the terms in the sum will be 
the same. In the simplest case, in which the database contains N persons, all with the same 
ethnic background, the effect is just to multiply an individual match probability by N, leading to 
Equation 5.3. 

If  we assume that the database consists ofnl whites and n 2 blacks, then Equation 5.9 
simplifies to 

P(IVI) < nl P(W) + n2 P(B), (5.10) 

where W denotes the event that a randomly selected white profile matches the evidence-sample 
profile and B denotes the same match event for a randomly selected black profile. 

Remark. An approximation that will often be somewhat closer to P(M) than Equation 5.9 
is 

P(M) = 1- exp[-Ei POVIi)]. (5.11) 

That approximation will give approximately the same answer as Equation 5.9 when •iP(Mi) is 
small, and that is the case of practical importance. 

The event M involves all markers tested, both those employed for identification purposes 
and any additional markers used for Confirmation. If  we let Mi, 1 denote the event of a match of  
the i-th profile on the initial batch of markers tested for the purpose of the database search, and 
Mi. 2 the event of a match of the i-th profile on the subsequent markers tested, then under the 
assumption of linkage equilibrium, POVIi) = P(Mi.1)P(Mi~ ). That same factorization would hold 
under the assumption of linkage equilibrium for an arbitrary division of the markers into two 
subsets. 

From a Bayesian viewpoint, there are other methods to deal with database searches, 
although the final result is much the same as that given above (see also Balding and Donnelly 
1994b). Although the assignment of prior probabilities is problematic and appears to have been 
used rarely if at all in criminal forensic investigations in the United States, some related ideas can 
be useful in clarifying certain issues. Let Q be the probability of the event E that some person 
whose profile is in the database left the evidence sample, with 1-Q being the probability of event 
E c that the evidence sample was left by someone whose profile is not in the database. Suppose 
that there is a match between the evidence-sample profile and at least one profile in the database. 
Assuming that P(MIE) = 1 and P(MI Ec) = P(M), where P(M) is evaluated as above, we find the 
posterior odds that the evidence sample was left by someone whose profile is in the database to 
be P(EIM)/p(Ecl M) = Q/[(1-Q)P(M)]. Since the posterior odds equals the prior odds times the 
likelihood ratio, the likelihood ratio is 1/P(M), as above. 
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If  there is a unique match in the database, the preceding argument, which implicates the 
database as a whole, would, of course, implicate the person with the unique matching profile. 
The following alternative argument focuses directly on such a person. Let E i denote the event 
that the i-th person whose profile is in the database left the evidence sample, and let M i be the 
event that the profile of the i-th person matches that of the evidence sample. Let Ui be the event 
that the i-th person has a unique matching profile. Let qi denote the prior probability of E i, so  

that Q = Zi qi, and let p = P(Mi[E e) be the conditional probability of a random match under the 
condition E c that no one profiled in the database left .the evidence sample. The posterior odds 
implicating the i-th person as the source of the evidence sample are P(EilWi)/P('Eiclwi) = 
qiP(UilEi)/[(1-qi)P(UilEiC)]. Under the assumption that all possible sources of the evidence 
sample are unrelated, it can be shown that this ratio equals qi/(1-Q)p, and even without that 
assumption, the same expression is a lower bound for the posterior odds. In the special case in 
which qi = Q/N, where N is the size of the database, the formula becomes Q/[(1-Q)Np]; when Np 
is small, this is essentially the same as the preceding case. A Bayesian analysis is particularly 
well-suited to deal with the case where the database can be expected to contain almost all 
reasonable suspects. In that case, the prior odds, Q/(1 - Q), would be large. 
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A P P E N D I X  5C 

Equation 5.5 can be derived as follows. Let M denote the number ofpalrwise matches in 
the p2opulation when K loci are typed. To evaluate the probability that P{M > 1 } we let E = 
£Q,, ,  where Qv is the probability of the u-th genotype in some fixed enumeration of the set of all 
possible genotypes. As an application of the "birthday problem" with unequal probabilities 
(Aldous 1989, p 109), we have 

P{M > 1} ~ 1 - exp(-N2E/2) (5.12) 

i fN is large and max(Qv) is small. The contribution to E of a single locus, expressed in terms of 
the allele fi'equencies Pi and homozygosity f at that locus, is 

2 2 4 4 El<j(PiPj) + E i P ,  = 2 f : -  E i p i  -~ 2f~- Waking the product over all loci, we fred that an 

upper bound for E is rlL[2fL2]. Hence, a simple approximate upper bound for the desired 
probability is 

1 - exp(-N22r-!  f 2K) < N22K- ' f  =K ' (5.13) 

where f =  (H fL) l/K, the geometric mean of the homozygosities. 
If  the homozygosity of some loci is moderate or high, as for some PCR loci, the 

following refinement of our approximate upper bound can be useful because it shows that a 
smaller number of loci may yield uniqueness at each given probability level. In the above 
derivation, instead of  dropping Zdai 4, note from Jensen's inequality (see, for example, James and 
James 1959) that Zi pi 4 -> (~i pi2) 3 = f3. That leads to the approximate upper bound obtained by 
setting 

E = n~ fL2(2 - fL) (5.14) 

in Equation 5.12. 
As an example, suppose N = 5 x 109 and fL = 0.5 for every L. If  we insist that the 

probability of simultaneous uniqueness of all profiles exceed 0.99, then Equation 5.13 requires 
71 loci, whereas Equations 5.12 and 5.14 show that 50 actually suffice. 
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6 

DNA Evidence in the Legal System 

In the preceding chapters, we have tried to clarify the scientific issues involved in 
forensic DNA testing. This chapter discusses the legal implications of the 
committee's conclusions and recommendations. It describes the most important 
procedural and evidentiary rules that affect the use of forensic DNA evidence, 
identifies the questions of scientific fact that have been disputed in court, and 
reviews legal developments. 

All forensic methods for individualization---fmgerprints, dental impressions, striations on 
bullets, hair and fiber comparisons, voice spectrograms, neutron-activation analysis, blood- 
grouping and serum-protein and enzyme typing, as well as DNA profiling--demand an ability to 
match samples with reasonable accuracy with respect to characteristics that can help to 
differentiate one source from another. If such evidence is to bc useful in court, scientifically 
acceptable procedures must permit the reliable measurement and comparison of physical 
features. Likewise, a scientific basis must exist for concluding that properly performed 
comparisons can distinguish possible sources. 

As to the latter issue--the ability to differentiate between sources---the courts have 
demanded a more convincing showing of the exact dcgrcc of individualization yielded by DNA 
tests than by any other commonly used forensic technique. Some courts have deemed it 
necessary for experts not only to demonstrate that DNA profiles usually vary from one person to 
another, but also to produce uncontroversial, quantitative estimates of how rare the identifying 
characteristics arc within particular groups and subgroups. Whether many other forms of 
identification evidence could survive comparable demands is doubtful. 2 Jurists and legal 
scholars have debated whether DNA evidence warrants this special treatment) Wc take no sides 
in such legal debates, but wc do emphasize that the two issues--the scientific acceptability of the 
laboratory method for comparing samples and the idea that the characteristics studied in the 
laboratory are probative of identity-----arc distinct. Consequently, this chapter describes the 
implications of our conclusions about the state of scientific knowledge both for testimony about 
the extent to which DNA samples niatch and for testimony about the probabilities of such 
matches. 

Unless otherwise indicated, our observations apply to all the technologies for DNA analysis described in 
this report. 

2 State v. Bogan, 905 P.2d 515, 522-23 (Ariz. Ct. App. 1995), rcv. granted. 
3 State v. Bogan, 905 P.2d 515, 522-23 (Ariz. Ct. App. 1995), rev. granted (dissenting opinion challenging 

the majority's conclusion that the "'tenuous distinction between molecular genetics and other scientific disciplines' 
should [not] cause DNA opinion evidence to be treated differently from other opinion testimony that is customarily 
allowed to support other kinds of scientific evidence"); Neufeld and Cohnan (1990) (advocating more rigorous 
standards for forensic science generally); Saks and Koehler (1991) (calling for more rigorous validation of many 
forensic tests). 
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L E G A L  S T A N D A R D S  AND P R O C E D U R E S  

Whether scientific evidence is admissible in criminal cases depends on whether the 
evidence tends to prove or disprove a fact that, under the applicable law, might matter to the 
outcome of the case; whether the expert presenting the evidence is qualified; whether the 
information is derived from scientifically acceptable procedures; and whether the potential for 
unfair prejudice or time,consumption substantially outweighs the probative value of the 
information. We discuss those general principles and then consider their application to DNA 
evidence. We also describe pretrial and trial procedures that might help courts to reach decisions 
on admissibility and to improve the quality and use of the scientific evidence at trial. We begin 
with the intertwined procedural issues that arise in connection with a defendant's request for 
discovery, retesting, or expert assistance. 

The Defendant's Right to Discovery 

The 1992 National Research Council report stated that "all data and laboratory records 
generated by analysis of DNA samples should be made freely available to all parties," and it 
explained that "all relevant information...can include original materials, data sheets, software 
protocols, rand Ln_form_ ation about unpublished databanks" (NRC 1992, p 150, 148). 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. 

The rules of discovery determine the circumstances under which a defendant can compel 
the production of such records. Because many complex technical, scientific, and statistical issues 
affect the use of DNA evidence, there will be cases in which defendants will contend that without 
comprehensive and detailed information, they are unable to prepare for trial adequately. 4 
Although some courts have ordered liberal discovery, providing access to the documentation and 
information would broaden the scope of discovery in some~urisdictions. Although some courts 
have ordered liberal discovery with regard to DNA testing, other courts have taken a more 

4 State v. Schwartz, 447 N.W.2d 422, 427 (Minn. 1989) ("access to the data, methodology, and actual results 
is crucial so a defendant has at least an opportunity for independent expert review"). 

5 See, e.g., United States v. Yee, 129 F.R.D. 629 (N.D. Ohio 1990) (even before 1993 amendment to Federal 
Rule of Criminal Procedure 16(a)(1)(E), a federal magistrate judge granted discovery of  matching criteria, 
environmental insult studies, population data, and proficiency tests as "predicate materials" essential to the defense 
in a DNA-testing case); State v. Schwartz, 447 N.W.2d 422, 427-28 (Minn. 1989) (although a laboratory disclosed 
its protocol, laboratory notes, autoradiographs, and frequency tables, its refusal to supply "more specific information 
on its methodology and population data base" was a reason to exclude the findings); People v. Davis, 196 A.D.2d 
597, 601 N.Y.S.2d 174 (Sup. Ct. 1993) (Lifecodes was required on constitutional grounds to turn over statistical 
data underlying a DNA probability estimate); cf. State v. Feldman, 604 A.2d 242, 244 (N.J. Super. 1992) (defense 
was entitled to discovery related to a databank search of the Automated Fingerprint Information Service). A few 
statutes governing the admissibility of DNA tests include provisions for pretrial discovery of the state's report. E.g., 
10 Md. Code Ann. Cts. & Jud. Proc. § 10-915(3)(i)). 
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restrictive approach. 6 In jurisdictions that interpret their discovery rules as applying only to 
written reports, the defense cannot obtain discovery of laboratory records if the DNA examiner 
fails to submit a written report or to incorporate a matter into a report, even if the examiner 
makes an oral report. 7 Our recommendation that all aspects of DNA testing be fully documented 
is most valuable when this documentation is discoverable in advance of trial. 

E x p e r t i s e  

Experts who present and interpret the results of DNA tests must be "qualified by 
knowledge, skill, experience, training or education" (Fed. R. Evid. 702). There is no well- 
defined threshold of knowledge or education that a witness must exceed to qualify as an expert. 
The question is whether the person has enough knowledge "to make it appear that his opinion or 
inference will aid the trier in the search for truth" (McCormick 1992, § 13, p 54). 

Because DNA identification can involve testimony as to laboratory findings, statistical 
interpretation of these findings, and the underlying principles of molecular biology, expertise in 
several fields might be required. An expert who is qualified to testify about laboratory 
techniques might not be qualified to testify about molecular biology, to estimate population 
frequencies, or to establish that an estimation procedure is valid. Consequently, more than one 
expert witness might be needed, s 

6 See, e.g., State v. Dykes, 847 P.2d 1214, 1217-1218 (Karl. 1993) (request of a defendant claiming 
American Indian ancestry to obtain discovery of a data bank denied, but court permitted discovery of  state 
laboratory's notes, autoradiographs and testing protocol); Spencer v. Commonwealth, 384 S.E.2d 785, 791 (1989) 
(written laboratory reports discoverable, but rule~ expressly excluded discovery of expert's underlying "work notes 
[or] memorandum"), cert. denied, 110 U.S. 1171 (1990); cf. United States v. Iglesias, 881 F.2d 1519, 1523 (9th Cir. 
1989) (discovery of log notes, protocols, or other internal documents of chemists analyzing heroin was denied). 

7 See, e.g., United States v. Shue, 766 F.2d 1122, 1135 (7th Cir. 1985) (oral report of FBI photographic 
expert not discoverable pursuant to Federal Rule 16), cert. denied, 484 U.S. 956 (1987). Rule 16 was amended in 
1993 to require that the govermnent disclose to a defendant a summary of the expert testimony that the prosecution 
intends to offer on direct examination and the bases therefore. It is still unclear whether this provision will cause 
experts to provide more detailed written documentation than they previously furnished. Many states do not have a 
counterpart to this subdivision. Other jurisdictions make all discovery related to scientific tests discretionary, and 
still others explicitly provide for the discovery of oral reports of examinations or tests. See Giannelli and 
Imwinkelried (1993), vol. 1, § 3.2. 

s See generally McCormick 1992, § 203, p 875 n 40; Berger 1994, p 63; Kaye and Freedman 1994, p 337. 
In State v. Carter, 246 Neb. 953, 524 N.W.2d 763 (1994), the Nebraska Supreme Court, in reversing a conviction 
involving a PCR DQA test on the grounds that the National Research Council report indicated lack of general 
acceptance of calculations that assumed Hardy-Weinberg proportions, noted the absence of testimony from a 
population geneticist. See also Swanson v. State, 308 Ark. 28, 823 S.W. 812 (1992) (an argument that a serologist 
lacked a Phi) and was not qualified as an expert in population genetics and therefore could not testify about 
probabilities was not preserved for appeal); Powell v. State, 598 S.W.2d 829 (Tex. Ct. Crim. App. 1994) (argument 
that molecular biologist should not been allowed to testify "concerning probabilities of matching DNA patterns 
because. . ,  the witness had not been qualified as an expert in the field of population genetics" not made at trial, and 
therefore not preserved for appeal). Trial judges ordinarily are accorded great discretion in evaluating the 
qualifications of a proposed expert witness, and the decisions depend on the background of each witness. E.g., 
United States v. Davis, 40 F. 3d 1069 (10th Cir. 1994) (the court rejected the argument that a witness "was not 
qualified to testify regarding population genetics" because "acceptance of an expert's qualifications will be 
disturbed only for a clear abuse of discretion" and the witness "had thirteen years experience working for the FBI," 
"a Master's degree in cell biology," and "six months of specialized training in DNA profiling"); State v. McFadden, 
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Nevertheless, if previous cases  establish that the testing and estimation procedures are 
legally acceptable and if the computations arc essentially mechanical, then highly specialized 

statistical expertise is not essential. Rcasonablc cstimatcs of allele frequcncies in major 
population groups can be obtained from standard references, and many quantitatively literate 
experts could use the appropriate formulas in Chapters 4 and 5 to compute the relevant profile 
frequencies or probabilities. Limitations in the knowledge of a technician who applies a 
generally accepted statistical procedure can bc explored on cross-examination, 9 and, if serious 
questions arise, more knowledgeable specialists can be called to addrcss those questions. 

In addition to hearing testimony from expcrts called by the parties, a court may appoint 
experts to report to it, rather than to the parties. '° Suggestions that court-appointed experts 
should be used more in science-rich cases have frequently bccn made (e.g., Fcinbcrg 1989, p 14), 
but surveys indicate that such appointments are rare (Cecil and Willging 1994, p 529 and n 2). 
Some issucs that arise with regard to DNA testing sccm particularly suitable for assistance from 
a neutral expert. Well-qualified experts could assist a court or jury in understanding basic 
principles of DNA testing, how such procedures such as RFLP- and PCR-bascd tcsting work, 
and the extent and effect of departures from Hardy-Weinbcrg (HW) proportions and linkage 
equilibrium (LE). Court-appointed experts could also provide information about the composition 

of databases and the scientific literature dealing with specific issues. Some courts have 
appointed experts to address general questions related to DNA profiling. E.g., Unitcd States v. 
Bonds, 12 F.3d 540 (6th Cir. 1993) and United States v. Porter, 1994 WL 742297 (D.C. Super. 
Ct., Nov. 17, 1994). More controversial is whether a court should appoint its own expert instead 
of an cxpcrt for the defense when there arc more specific disputes, such as the precise location of 
a band on an autoradiograph. A court might conclude that case-specific issues arc better resolved 

with witnesses chosen by and reporting to the parties. I~ 
A court can scck to narrow diffcrcnccs between Opposing experts by a variety of 

techniques. A court could direct cxpcrts to address particular issues in their reports or pretrial 
summaries of testimony. After those have bccn exchanged, the court could then instruct each 

458 S.E. 2d 61 (S. Car. 1995) (there was no abuse of discretion in allowing a microbiologist employed by the state's 
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forensic laboratory to testify as to the nature of databases and as to product-rule estimates of I/(710 million) for 
blacks and I/(1.7 billion) for whites); State v. Lewis, 654 So. 2d 761 (La. Ct. App. 1995) (the court of appeals held 
that the trial court abused its discretion by denying expert status to a technician who presented herself as an expert 
in molecular biology and DNA analysis; the technician had been the assistant director of a laboratory for a year and 
had no doctoral degree, but belonged to invitational professional organizations, had received numerous academic 
awards, had testified as an expert in other cases, and had written 14 articles in collaboration with the laboratory 
director--in promotional rather than scientific publications). 

9 E.g., State v. Colbert, 257 Kan. 896, 869 P.2d I089 (1995) (in view of general acceptance of VNTR data 
bases, estimate of match probability admissible despite expert's concessions that he was not a population geneticist 
and was not qualified to explain how the databases applied to the town of Coffeyville). 

,o In the federal courts, Federal Rule of Evidence 706 authorizes a court to appoint an expert. Many 
jurisdictions have similar rules. As with the appointment of defense experts, the federal courts have relied on the 
Criminal Justice Act §06(A)(E). 

~i Cecil and Willging (1994, p 542). In some cases, defendants have sought court-appointed experts to 
review the work of the state's experts. E.g., Taylor v. Commonwealth, 1995 WL 808189 (Va. Ct. App. 1995) 
(unpublished opinion refers to corroboration "by an independent DNA expert appointed by the trial court on 
defendant's motion"). Other opinions refer to independent experts without indicating the manner of their 
appointment. E.g., Williams v. State, 265 Ga. 35 I, 455 S.E. 2d 836 0995) (observing that "an independent 
geneticist concurred with the DNA findings"). 
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side to identify all statements in an opposing expert's opinion that are disputed and to explain the 
basis for the disagreement. Controverted issues can be further narrowed at a pretrial conference 
(see Schwarzer 1994). Procedures such as these might, for instance, persuade statistical experts 
to furnish a best estimate in addition to a range of estimates so that the jury will have a better 
sense of the degree of disagreement between the two sides. Even if  an expert responds that not 
enough is known as yet to make a statistically valid estimate, the court will have obtained 
additional information. 

Having more information may aid a court in ruling on challenges to the admissibility of 
expert testimony and may enable it to make more effective plans for how the expert testimony 
should be handled at trial. In some cases, judges have departed from the traditional order of 
presenting testimony to enable opposing experts to testify consecutively rather than waiting for 
the prosecution to conclude its case. In appropriate circumstances, courts have allowed an 
expert's direct testimony to be presented in written or other recorded form rather than in person. 

General Acceptance and Sound Methodology 

The technology used to examine VNTRs, STRs, or other loci must satisfy the standard 
required of scientific evidence. In the United States, two major standards exist for deciding 
whether scientific findings will be admitted into evidence: the "general-acceptance" test and the 
"sound-methodology" standard. In addition, some jurisdictions have adopted special statutes that 
provide for the admissibility of genetic testing in general or of DNA analyses in particular in 
criminal or civil cases. 12 I f a  timely objection is raised, the judge must determine whether the 
applicable standard has been met. 

The general-acceptance standard was first articulated in an influential 1923 federal case,. 
Frye v. United States, 293 F. 1013 (D.C. Cir. 1923). In jurisdictions that follow Frye, the 
proponent of  the scientific evidence must establish that the underlying theory and methodology 
are generally accepted within the relevant portions of the scientific community. The biological 
and technological principles underlying the forensic methods for characterizing DNA variations 
have generated little controversy in court. 13 Indeed, the 1992 NRC report proposed that courts 

12 Statutes applicable to criminal cases include 11 Del. Code § 35 ] 5; Ind. Code § 37-4-] 3; 15 La. Stat. Ann. § 
441.1; 10 Md. Code Ann. § 915; Minn. Stat.§ 634.25; Tenn. Code Ann. § 24-?-117 (1993 Supp.); Va. Star. § 19.2- 
270.5; NRC 1992, p 141-142. The Tennessee statute, for example, provides that "in any civil or criminal trial, 
hearing or proceeding, the results of DNA analysis.., are admissible in evidence without antecedent expert 
testimony that DNA analysis provides a trustworthy and reliable method of identifying characteristics in an 
individual's genetic material upon a showing that the offered testimony meets the standards of admissibility set forth 
in the Tennessee Rules of Evidence" (Tenn. Code Ann. § 24-7-117[b][]]). "DNA analysis" is defined broadly to 
mean "the process through which deoxyribonucleic acid (DNA) in a human biological specimen is analyzed and 
compared with DNA from another biological specimen for identification purposes" Id. at § 24-7-] 17(a). Some 
statutes explicitly identify a type of DNA analysis, e.g., l0 Md. Code Ann. § 915Co) ("an analysis that utilizes the 
restriction fragment length polymorphism analysis of DNA"). For discussions, see Moenssens, Starts, Henderson 
and Inbau (1995, § 15.20) (surveying criminal and civil statutes); Kaye and Kanwischer (1988) (cataloging civil 
statutes); Liebeschuetz (1991); Jakubaitis (]99]); O'Brien (1994). 

,3 For an unusual exception, see Kelly v. State, 792 S.W. 2d 579 (Tex. App. ]990) (admitting a VNTR profile 
match where the state produced five experts who were seriously challenged by only one defense expert, who said 
that "radioactive technology was too new to be generally accepted in the scientific community"), a]fd, 824 S.W. 2d 
568 (Tex. Crim. App. 1992). Although the vast bulk of the cases finding general acceptance have come in the 
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"take judicial notice of  [the] scientific underpinnings of  DNA typing, ''14 and many courts have 
done so. 15 Courtroom debate has revolved instead around the application of  those principles to 
forensic samples and the procedures for declaring a match and interpreting its importance. 

The sound-methodology standard is derived from phrases in the Federal Rules of  
Evidence. In Daubert v. Merrell Dow Pharmaceuticals, 113 S.Ct. 2786 (1993), the Supreme 
Court held that these rules implicitly jettison general acceptance as an absolute prerequisite to the 
admissibility of  scientific evidence. Instead of  the Frye test, the court prescribed a broader 
framework for deciding whether proposed testimony has sufficient scientific validity and 
reliability to be admitted as relevant "scientific knowledge" that would "assist the trier of  fact." 
In that framework, the lack of  general acceptance weighs against admissibility but is not 
invariably fatal. The court discussed other factors that might be considered. Its nonexhaustive 
list includes the extent to which the theory and technology have been tested, the existence of  a 
body of  peer-reviewed studies, and the known error rates of  the procedure. 

Before Daubert, many state and federal courts had construed their rules of  evidence as 
not including a rigid requirement of  general acceptance. The 1992 report (p 137) described the 
"helpfulness standard" used in those jurisdictions as encompassing the following factors: 
"general acceptance of  scientific principles," "qualifications of  experts testifying about the new 
scientific principle, the use to which the new technique has been put, the technique's potential for 
error, the existence of  specialized literature discussing the technique, and its novelty." Since 
r~.,.,l,,,,., ~ t ~ t ~  r . n r t ~  h~ve suggested that their "helpfulness standard" was essentially ~ ,  . . . . . .  , m~y . . . . . . . . . . . . . . .  

identical with the approach articulated in Daubert; a few have characterized their rules as more 
permissive. 16 
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context of VNTR profiling, similar principles and methods of molecular biology underlie the detection of coding 
DNA polymorphisms, STRs, minisateUite repeat mapping, and the like. 

14 When a court takes judicial notice, it accepts a matter as true without requiring that it be proved. Judicial 
notice is reserved for matters of common knowledge or those that are capable of "accurate and ready determination 
by resort to sources whose accuracy cannot be questioned." Fed. R. Evid. 201(b). The 1992 NRC report suggested 
that the following "underpinnings" would be subject to judicial notice (p 149): "The study of DNA polymorphisms 
can, in principle, provide a reliable method for comparing samples; each person's DNA is unique (with the 
exception of identical twins), although the actual discriminatory power of any particular DNA test will depend on 
the sites of DNA variation examined; [and] the current laboratory procedure for detecting DNA variation 
(specifically, single-locus probes analyzed on Southern blots without evidence of band shifting) is fundamentally 
sound, although the validity of any particular implementation of the basic procedure will depend on proper 
characterization of the reproducibility of the system (e.g., measurement variation) and the inclusion of all necessary 
scientific controls." 

15 E.g., United States v. Perry, Crim. No. 92-474 (D.D.C. Jan. 11, 1994) (order taking '~judicial notice of the 
reliability of the technique of DNA profiling"); State v. Montalbo, 73 Haw. 130, 828 P.2d 1274 (1992) (taking 
judicial notice that "the DNA paradigm is not controversial and is widely accepted in the relevant scientific 
community"); People v. Adams, 195 Mich. App. 267, 489 N.W.2d 192 (1992) ("trial courts may take judicial notice 
of the reliability of DNA identification testing," but "the prosecutor must establish in each particular case that the 
generally accepted laboratory procedures were followed"); State v. Woodall, 182 W. Va. 15, 385 S.E.2d 253 (1989) 
(taking judicial notice of general scientific acceptance where there was no expert testimony, but holding that 
inconclusive results were properly excluded as irrelevant). But cf. State v. Hammond, 221 Conn. 264, 604 A.2d 
793 (1992) ("Unlike some courts . . . .  we regard DNA typing as too novel for its reliability to be judicially noticed 
at this time."). 

~6 E.g.• State v. Peters• •92 Wis. 2d 674• 534 •.W.2d 867 (Ct. App. •995) (•'Un•ike judges in Frye and 
Daubertjurisdictions, this role is much more oblique and does not involve a direct determination as to the reliability 
of the scientific principle on which the evidence is based . . . .  Although Wisconsin judges do not evaluate the 
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Labels like "general acceptance," "sound methodology," and "helpfulness" are just 
that--labels. Cases decided in each jurisdiction help to define the scientific community in which 
the degree of  scientific acceptance is to be ascertained, the extent of disagreement that can be 
tolerated, the information that may be used to gauge the extent of consensus, and the specific 
factors other than general acceptance that bear on relevance and helpfulness. 17 The degree of 
scientific consensus is important to the admissibility of scientific evidence in all jurisdictions, 
and pretrial hearings in hotly contested cases have lasted months and generated thousands of 
pages of testimony probing the opinions of experts on various aspects of DNA profiling. The 
courts have examined affidavits or testimony from scientists selected by the parties, specific 
papers in scientific periodicals, the writings of science journalists, the body of court opinions, 
and other scientific and legal literature, including the 1992 NRC report. 

i Balancing and Weight 

! 

I 

I 
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Even in jurisdictions where a DNA-identification technology meets the applicable 
standard of  scientific acceptance or validity, the results of particular tests and the manner of their 
presentation can be subject to challenge. When the dangers of unfair prejudice, time- 
consumption, and confusion of the issues substantially outweigh the probative value of particular 
evidence, the trial court should exclude the evidence. E.g., Fed. R. Evid. 403; McCormick 1992, 
§ 185. And even when the court admits expert testimony, the scientific basis and quality o f  the 
testimony can be attacked before the trier of fact. Not all expert testimony is equally convincing, 
and a trier of fact may choose to give admissible evidence little weight in reaching its verdict. 

T r e n d s  i n  t h e  A d m i s s i b i l i t y  o f  D N A  E v i d e n c e  

Application of the standards for admitting scientific evidence to the admissibility of DNA 
profile evidence has produced divergent results. In the United States, the first wave of  criminal 
cases involving DNA identification began in 1986. is The focus was on the problems raised in 
transferring the technology of modem molecular biology from the medical and genetics 
laboratories, which usually dealt in fresh samples and easily interpretable diallelic probes, to the 

reliability of  scientific evidence, they may restrict the admissibility of such evidence through their limited 
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gatekeeping functions."). For a survey of the reactions of state courts to Daubert, see Meaney (1995). 
17 McCormick (1992, § 203). With many, if not most, types of scientific evidence, admissibility does not 

seem to turn on the choice of  the label. For example, by and large, polygraph evidence is inadmissible in both 
general-acceptance and sound-methodology jurisdictions. With DNA identification, however, a different pattern 
might be emerging. Over the last several years, appellate courts in Frye jurisdictions have seemed more prone than 
appellate courts i n other jurisdictions to regard the admission of single-locus VNTR tests as error. See State v. 
Anderson, 118 N.M. 284, 295-96, 881 P. 2d 29, 40-41 (1994) (collecting cases); State v. Streich, 658 A. 2d 38 (Vt. 
1995) ("We note that the courts that refuse to accept statistics based on the unmodified product method continue to 
rely on the more narrow Frye standard."). 

~s Blake et al. (1992, p 707) report that "It]he first use of PeR in a criminal case" occurred in a 1986 
Pennsylvania case entitled Commonwealth v. Pestinikis. This application of an early form of the DQA test appears 
to be the fn'st instance of forensic DNA testing of any kind in this country. The first appellate opinion on the 
admissibility of DNA testing is Andrews v. State, 533 So. 2d 841 (Fla. Dist. Ct. App. 1988), and it involved VNTR 
profiling. 
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forensic laboratory, which must handle aged and exposed stains and usually uses more complex, 
multiallelic genetic systems. Nevertheless, the underlying theory that DNA profiling is capable 
of helping to identify the source of a DNA sample was never in doubt, expert testimony for the 
prosecution was rarely countered, and courts readily admitted the findings of commercial 
laboratories. 19 In the wake of those early eases, many experts from several disciplines 
scrutinized the work of commercial and government laboratories (Kaye 1991, p 357 n 18). The 
resulting plethora of questions about laboratory procedures and analyses initiated a second wave 
of cases in which various courts--qncluding the supreme courts of Georgia, z° Massachusetts, zl 
and Minnesota2L--excluded at least some aspects of DNA evidence. 23 Nevertheless, in most 
cases, the courts continued to hold DNA matches and probabilities admissible even in the face of 
conflicting expert testimony. 24 

After publication of the 1992 report, commentators pointed to "a third wave of 
cases...crashing down upon this battered legal shoreline" (Kaye 1993, p 103). Those cases 
focused less on the laboratory methods for characterizing and matching DNA and more on the 
statistical methods for interpreting the significance of similarities in DNA samples. Many 
opinions in that period lagged behind the scientific publications, which responded forcefully to 
early speculations and questionable analyses of the importance of departures from the 
assumptions of statistical independence of alleles within and among V'NTR loci. Indeed, some 
courts reasoned that the movement of scientific opinion was essentially irrelevant under Frye as 
long as respected scientists continued to oppose the ~mtisticfl methods. E.g, People v. Wallace, 
14 Cal. App. 4th 651, 17 Cal. Rptr. 2d 721(1993). 

t9 See, e.g., Cobey v. State, 559 A.2d 391 (Md. Ct. Spec. App. 1988) (prosecution produced five experts to 
testify to general acceptance ofa  multilocus VNTR probe, which no longer is used in criminal forensic work; 
defense called no experts); Kaye 1991, p 357 n 17; Thompson and Ford (1989). 

2o Caldwell v. State, 393 S.E.2d 436 (Ga. 1990) (finding Lifecodes "straight binning method satisfactory," 
but because the laboratory's calculation that the frequency of the profile in the population was 1/24,000,000 rested 
on the assumption of Hardy-Weinberg proportions was inconsistent with its database, held that the more- 
conservative figure of 1/250,000 derived from that database would have to be used). 

2~ Commonwealth v. Cumin, 565 N.E.2d 440 (Mass. 1991) (holding that Cellmark DNA evidence in a rape 
case had been erroneously admitted in the absence of a showing of the general acceptance of the validity of the 
product rule, which gave a frequency of I/(59 million)). 

22 State v. Schwartz, 447 N.W.2d 422, 428 (Minn. 1989) (responding to Cellmark's multilocus VNTR probe, 
said to produce a "banding pattern [whose frequency] in the Caucasian population is approximately 1 in 33 billion," 
the court concluded that "DNA typing has gained general acceptance in the scientific community" but that "the 
laboratory in this case did not comport" with "appropriate standards," and further holding the statistical conclusion 
to be inadmissible because even if the computation is accurate, "we remain convinced that juries in criminal cases 
may give undue weight and deference to presented statistical evidence"). 

23 Other courts have also refused to admit some forms of DNA evidence. See, e.g., United States v. Two 
Bulls, 918 F.2d 56 (Sth Cir. 1990), vacated for rehearing en bane but appeal dismissed due to death of  defendant, 
925 F.2d 1127 (Sth Cir. 1991); People v. Castro, 545 N.Y.S.2d 985 (Sup. Ct. 1989); cf. Perry v. State, 586 So.2d 
242 (Ala. 1991) (remanding for hearing on Lifecodes's adherence to proper procedures and acceptability of 
statistical methods). 

See, e.g., United States v. Jakobetz, 747 F. Supp. 250 (D. Vt. 1990) (applying relevance standard), aft'd, 
955 F.2d 786 (2d Cir. 1992), cert. denied, 113 S.Ct. 104 0992); United States v. Yee, 134 F.R.D. 161 (N.D. Ohio 
1991) (applying general-acceptance standard), affdsub nom. United States v. Bonds, 12 F.3d 540 (6th Cir. 1993); 
cf. State v. Pierce, 597 N.E.2d 107 (Ohio 1992) (applying relevance standard, no defense experts); Satcher v. 
Commonwealth, 421 S.E.2d 821 (Va. 1992) (applying general-acceptance standard and statute, no defense experts). 
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Even more recently, with the diffusion of PCR-based methods into the forensic realm, a 
fourth wave of cases has arrived. The newest cases involve attacks on the procedures for 
ensuring the accuracy of such analyses and questions about the quantitative interpretation of  
genetic typing. Again, the underlying theory is not seriously questioned, and laboratories' ability 
(at least in principle) to obtain informative results is not in dispute. As with the later VNTR 
profiling cases, defendants have questioned whether the protocols used for forensic work are 
sufficient to prevent false-p0sitive results, and they have challenged the procedures for 
estimating the frequencies of the genotypes that are detected after PCR amplification. To clarify 
the legal relevance of our scientific conclusions and recommendations related to typing methods 
and statistical issues, we turn now to a more detailed review of these issues as they have arisen in 
the casesand legal commentary. 

T Y P I N G  M E T H O D S  

VNTR Profiling 

Judicial recognition of the scientific acceptance of the foundations of DNA analysis is 
consistent with our conclusion that the methods of DNA analysis surveyed in this report are 
firmly grounded in molecular biology. When VNTR profiling is done with due care, the results 
are highly reproducible, and comparisons at four or more loci are almost certain to exclude the 
innocent. To the best of our knowledge, no state or federal court has held that VNTR profiling is 
inadmissible on the grounds that it is not scientifically accepted or sound. 25 Some courts have • 
excluded VNTR matches because of misgivings over the statistical interpretation of the 
similarities in the profiles (we address this below), but there seems little doubt in the courtroom, 
as in the laboratory, that properly conducted VNTR profiling is a scientifically acceptable 
procedure to help to identify the origin of particular biological materials. 26 

The procedures for matching and binning VNTR fragments discussed in Chapter 5 have 
provoked more dissension. Defendants have argued that the "window" within which an 
examiner may declare that the electrophoretic bands of  VNTRs from two samples of DNA match 
is too wide. 27 The few reported opinions to discuss the size of the match window, however, 
have simply held that the FBI's window is not so large as to render its analyses of  VNTR test 
results inadmissible. As the explanation in Chapter 5 indicates, because wide windows increase 

25 For reviews of the case law, see, e.g., Kaye (1993, 1994); Thompson (1993). It remains possible that some 
unreported cases have reached a contrary result. 

26 E.g., Fishback v. People, 851 P.2d 884, 893 (Colo. 1993) (trial courts may take judicial notice of the 
acceptability of the techniques used in RFLP analysis); State v. Moore, 885 P.2d 457 (Mont. 1994) ("the theory 
underlying DNA and RFLP technology is not open to serious attack"); State v. Streich, 658 A.2d 38 (Vt. 1995) (this 
"part of the scientific debate has essentially ended in favor of DNA admissibility"). 

2~ United States v. Jakobetz, 747 F. Supp. 250 (D. Vt. 1990), affd, 955 F.2d 786 (2d Cir. 1992), cert. denied, 
113 S. Ct. 109 (1992); United States v. Yee, 134 F.R.D. 161 (N.D. Ohio 1991), affdsub nora, United States v. 
Bonds, 12 F.3d 540 (6th Cir. 1993). Those arguments have no application to PCR-based methods that use discrete 
markers. 
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the chance that a match will be dec larer - -and  at the same time increase the estimates of  the 
frequency of  a matching profile---a broad range of match windows is acceptable. 28 

Calculations of  the population or subpopulation frequency of  VNTR profiles that satisfy 
the statistical criterion for a match require estimates of  the allele frequencies in the reference 
group. We suggested in Chapter 5 that defining these alleles with floating bins is statistically 
preferable to the fixed-bin approach but requires access to a computerized database. That 
conclusion does not imply that the use of  fixed bins is scientifically unacceptable. 29 Fixed bins 
are more widely used and understood, and when the recommendations in Chapter 5 are followed, 

they provide a satisfactory approximation to floating bins. 
When fixed bins are used, a dispute sometimes arises as to the frequency of  a fragment 

that lies near the border of  two bins. In chapter 5, we noted that summing the frequencies of  both 
bins, as recommended in the 1992 NRC report, will always give an upper bound on the allele 
frequency. At least one court has concluded that, within the fixed approach, this summing is "the 
only methodology that can be characterized as being generally accepted" (United States v. 
Porter, 1994 WL 742297 [D.C. Super. Ct. Nov. 17, 1994]). As we have noted, however, taking 
the allele frequency from the larger bin provides a better approximation to the more accurate 

figure obtained from floating bins. 

PCR-Based Testing 

Courts have had less experience with evidence derived from PCR-based testing. P C R -  
based test-evidence, however, is being introduced in a substantial number of  cases, 3° and courts 
in each jurisdiction must decide whether this new mode of  DNA typing satisfies the applicable 
test for admitting scientific evidence, regardless of  whether RFLP-based evidence has been 

2s From a statistical standpoint, the window is best understood in terms of the "standard error" of 
measurement--a quantity that indicates the variability in repeated measurements of DNA fragments of the same 
size--and can differ from one laboratory to another. As explained in Chapter 5, match windows must be wider than 
the normal variability to permit a declaration that two fragments match in most of the cases when they are actually 
the same length. But the window should not be so wide as typically to produce declarations of matches between 
fragments that are not about the same size (see Chapter 5). The result is a wide range of possible match windows. 
Cf. Roeder 1994, p 275 ("the 'objective' match criterion.., is, in fact, simply an arbitrary rule."). In these 
circumstances, it has been suggested that expert testimony that narrower windows would have excluded a defendant 
is tautological and more prejudicial than probative CKaye 1993, 1995). A brief argument to the contrary is made in 
Thompson (1993). 

Cf. People v. Venegas, 31 Cal. App. 4th 234, 36 Cal. Rptr. 2d 856 (Ct. App. 1995), (observing that 
because "the [1992] NRC report expressed approval of the fixed bin method as an alternative to the NRC's 'floating 
bin' method..,  there is no need for the FBI to abandon that method in order to find consensus in the NRC 
methodology."), rev. granted, 39 Cal. Rptr. 2d 408, 890 P. 2d 1117. 

30 See Blake et al. (1992, p 720) ("As of September 1991, the HLA-DQA test has been introduced as 
courtroom evidence into 44 cases and has been evaluated in 25 admissibility hearings in 20 different states."). As of 
November 10, 1995, 34 cases in which PCR-based DNA testing had been conducted could be retrieved from the 
Westlaw "allcases" database of court opinions. A survey with responses from 49 forensic laboratories, conducted in 
November 1994, revealed over 280 cases where PCR-based typing results were introduced in courts in 37 states. 
Perkin Elmer Corp. 1995, at 1. 
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DNA EVIDENCE IN THE LEGAL SYSTEM 6-11 

admitted. 31 In the reported cases, judges, with the exception of a few dissenters, have held PCR- 
based techniques sufficiently reliable to establish matches between samples, under both the 
general-acceptance and the sound methodology standards. 32 As we discuss later, however, the 
courts have been less hospitable to statistical calculations. 

Some opinions differentiate VNTR testing from PCR-based testing. They characterize 
the former as capable of identifying a suspect but describe PCR-based testing as "answer[ing] the 
question of whether a suspect can be eliminatedas a donor. ''33 As described in Chapter 4, the 
individual loci used in current PCR-based tests are less polymorphic than VNTR loci; as a result, 
the multilocus genotype frequencies from PCR-based tests typically are not as small as those in 
VNTR typing. 34 But that is a quantitative difference rather than a sharp distinction. 
Furthermore, very small frequencies can be obtained by testing at additional loci. 35 

I 
I 
I 

I 
I 
I 

I 
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I 
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31 See, e.g., Harrison v. State, 644 N.E.2d 1243, 1251 (Ind. 1995) ("The words 'DNA test results' are not 
magic words which once uttered cause the doors of admissibility to open."); State v. Russell, 125 Wash.2d 570, 882 
P.2d 747 (1995) ("The issue in this case is thus not whether the underlying theory of DNA testing is generally 
accepted, but whether the PCR technique is generally accepted."); State v. Grayson, No. K2-94-1298, 1994 WL 
670312 (Minn. Dist. C't. Nov. 8, 1994)(although RFLP testing is accepted in Minnesota, court re-examined PCR- 
based testing according to the Frye standard). Consequently, judicial opinions on the admissibility of PCR-based 
evidence illuminate the procedures that judges use in determining the validity of a new DNA technology, in addition 
to elucidating particular legal issues generated by the PCR method of DNA typing. See, e.g., State v. Gentry, 125 
Wash.2d 570, 888 P.2d 1105 (1995) (1995) (6-week Frye hearing). 

32 Serritt v. State, 647 So. 2d 1 (Ala. Crim. App. 1994); People v. Amundson, 34 Cal. App. 4th 1151, 41 Cal. 
Rptr. 2d 127 (1995) ("Since [the 1992 NRC] report was written, the reliability of PCR testing for forensic use has 
consistently been proven by the testimony of experts, hundreds of authoritative scientific articles and other literature 
supporting this typing technique, and by the overwhelming acceptance of PCR testing in dozens of judicial 
decisions."); People v. Groves, 854 P.2d 1310 (Colo. Ct. App. 1992) ; State v. Hill, 859 P.2d 1238 (Kan. 1995) 
(generally accepted); State v. Hoff, 904S.W.2d 56 (Mo. Ct. App. 1995) (generally accepted); State v. Moore, 885 
P.2d 457 (Mont. 1994) (DQA inclusion and exclusions satisfy Daubert standard); State v. Williams, 599 A.2d 960 
(N.J. Super. Ct. 1991) ("hundreds" of scientific articles); State v. Lyons, 863 P.2d 1303 (Or. Ct. App. 1993) (PCR 
methodology used forensically in eight states and adopted by several state and private forensic laboratories and FBI; 
extensive peer-reviewed literature); Trimboli v. State, 826 S.W.2d 953 (Tex. Crim. App. 1992); Clarke v. State, 813 
S.W.2d 654 (Tex. App. 1991); State v. Gentry, 888 P.2d 1105 (Wash. 1995) (generally accepted); State v. Russell, 
125 Wash. 2d 24, 882 P. 2d 747 (1994) (court notes extensive validation studies on PCR testing in holding the Frye 
test satisfied). 

33 State v. Carter, 524 N.W.2d 763,769 (Nob. 1994); State v. Grayson, No. K2-94-1298, 1994 WL 670312 
(Minn. Dist. Ct. Nov. 8, 1994) ("means to exclude possible defendants rather than identify"); State v. Penton, No. 9- 
91-25, 1993 WL 102507 (Ohio Ct. App. Apr. 7, 1993) ("Unlike RFLP/DNA analysis, PCR/DNA can not get you 
down to one person but excludes a percentage of the population."), app. dismissed, 619 N.E.2d 698, 617 Ohio St. 3d 
1464 (1993). 

34 In the reported cases, PCR typing usually was done with a DQ Alpha kit. But see People v. Morales, 
N.Y.L.J., Oct. 26, 1994, at 34, col. 6 (Rockland County Ct.). (Amplitype PM or Polymarker test, as well as DQA 
test, admitted); cf. State v. Russell, 125 Wash. 2d 24, 882 P. 2d 747, 768 (1994) (as other modes of testing are 
developed, "any concerns about implementation in a given case are matters to be addressed to the trial court  
pursuant to E[vidence] R[ule] 702."). 

35 These loci can be analyzed with further PCR-based tests, with VNTR systems, or with traditional protein 
markers. See, e.g., People v. Simpson, No. BA097211 (Super. Ct., Los Angeles Cty., 1995) (VNTR, DQA, 
Polymarker, ABO, and PGM markers); State v. Gentry, 125 Wash.2d 570 (Wash. 1995) (using ABO, GM, 
haptoglobin, and PCR-based results, an expert testified that the combined frequency in the Caucasian population 
was 0.18%, whereas the frequency for the PCR type was 8%). 
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In finding PCR evidence admissible, the courts have rejected a variety of  objections, 
some of  which rely on language in the 1992 report. 36 The principal concerns are the alleged lack 
o f  forensic experience with PCR testing 37 and the possibility of  contamination. 38 Most courts 
have decided that those criticisms are pertinent to assessing the weight of  the evidence but do not 
warrant the wholesale exclusion of  PCR-based tests. 39 

LABORATORY ERROR 

Defendants have challenged the admissibility of  DNA results on the grounds that the 
protocols or procedures followed by the laboratory were inadequate to reduce the risk of  error 
sufficiently, that the laboratory failed to adhere to the stated protocols, or that the laboratory 
failed to demonstrate its ability to type  samples accurately on a series of  external, blind 
proficiency tests. Courts have shown little inclination to exclude evidence on those grounds. 40 
Although egregious departures from customary practices might well lead a court to exclude the 
evidence, the possibility of  laboratory error ordinarily is said to affect the weight rather than the 
admissibility of  the evidence, e.g., Hopkins v. State, 579 N.E. 2d 1297 (Ind. 1991) (departures 
from protocol). At the same time, some courts, expressing concern over the impact of DNA 
evidence on jurors, have grafted a procedural safeguard onto the general-acceptance standard. 
Starting withPeople v. Castro, i44 Misc. 2d 956, 545 N.Y.S. ~.u"" no~,o., r~,,.,~,,,t,, r',,~,. 1... ~-,,°~°~ a minnr i~  . . . . . . .  

36 E.g., People v. Amundsen, 34 Cal. App. 4th 1151, 41 Cal. Rprt. 2d 127 (1995) ("the report's observation 
that PCR analysis has not yet received 'full acceptance' for forensic use is not a valid criticism.., a new scientific 
technique need only have gained 'general acceptance'"); State v. Russell, 882 P.2d 747, 762 (Wash. 1994). The 
1992 report expressed reservations about PCR testing for forensic use (p 70), the dangers of contamination (p 65- 
67), differential amplification (pp. 64-65), and misuse of testing kits by "nonexpert laboratories" (p 69). 

37 See State v. Gentry, 125 P.2d 570 (Wash. 1995) (dissent cites 1992 report as establishing that PCR testing 
was "not yet generally accepted as a methodology capable of consistently producing reliable results on forensic 
samples."). 

3s But see State v. Russell, 882 P.2d 747, 767 (Wash. 1994) (also discussing dangers of differential 
amplification and misincorporation). 

39 E.g., State v. Lyons, 863 P.2d 1303, 1309 (Or. Ct. App. 1993) ("The potential for contamination presents 
an 'open field' for cross-examination at trial, but does not indicate that the PeR method is inappropriate for forensic 
use."); State v. Russell, 882 P.2d 747 (Wash. 1994) (discussing 1992 NRC report, but fmding PCR-based evidence 
admissible after noting that over 30 forensic laboratories were performing DQA testing as of March 1991, that the 
FBI began using the Cetus kit in 1992, that the British Home Office had adopted DQA as its screening test, and that 
problems of laboratory error are "either detectable or preventable" when proper techniques and laboratory 
procedures are used). In theory, a court could fred aparticular PCR-based test performed in such a substandard way 
as to justify exclusion of the evidence. Cf. State v. Moore, 885 P.2d 457, 474-75 (Mont. 1994) (DQA test results 
admissible despite concern about contamination expressed in 1992 NRC report because "the experts handling the 
piece of brain tissue were aware of the possibility of contamination, and took appropriate steps to avoid and detect 
contamination"). 

4o State v. Streich, 658 A.2d 38 (Vt. 1995) ("The [RFLP] process is not error-free, but adherence to accepted 
procedures and con~'ols minimizes this error . . . .  We cannot find any recent decision under any standard of 
admissibility which refuses to admit the DNA match result based on the invalidity or risk of error of the underlying 
technology."). 
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of courts have treated an inquiry into a laboratory's conforming in a particular case to a generally 
accepted protocol as an essential part of a pretrial hearing under Frye. 4~ 

We emphasized the importance of minimizing laboratory error in Chapter 3, where we 
called for scrupulous care in sample-handling and laboratory procedures, for regular participation 
in proficiency tests, and, whenever feasible, for procedures that would offer defendants the 
opportunity for a second test by an independent laboratory. Those recommendations rest not on 
a judgment that current error rates are so high that test results are scientifically unacceptable, but 
on a desire to reduce the incidence of errors to an extremely low value. 

It is possible that courts will want to treat compliance with such recommendations as an 
aspect of admissibility to encourage laboratories to follow them. 42 That result is not compelled 
by Daubert or Frye, but in some jurisdictions a defendant does have the fight to examine 
physical evidence held by the government, and this fight has been construed to include the fight 

) ~ • 4 3  to test or retest a sample in the government s control. 

45 Compare United States v. Two Bulls, 918 F.2d 56 (Sth Cir. 1990), vacated for rehearing en bane but 
appeal dismissed due to death of defendant, 925 F.2d 1127 (1991); Perry v. State, 586 So. 2d 242 (Ala. 1991); 
People v. Barney, 8 Cal. App. 4th 798, 10 Cal. Rptr. 2d 731 (1992); Commonwealth v. Cumin, 409 Mass. 218, 565 
N.E.2d 440 (1991) (dictum); Commonwealth v. Rodgers, 605 A.2d 1228 (Pa. Super. 1992); Barnes v. State, 839 
S.W.2d 118 (Tex. App. 1992) (requiting clear and convincing evidence of compliance) with State v. Bible, 858 P.2d 
1152 (Ariz. 1993), cert. denied, 114 S.Ct. 1578(1994); People v. Stremmel, 258 N.E.2d 93 (711. App. 1994); 
Davidson v. State, 580 N.E. 2d 238 (Ind. 1991); State v. Vandebogart, 616 A.2d 483 (N.H. 1992); State v. 
Cauthron, 120 Wash. 2d 879, 846 P.2d 502 (1993). 

42 Cf. McCormick (1992, § 203, at 875 n.41) (proposing external proficiency testing asa prerequisite to 
admissibility); Jonakait (1991). Courts also could refer to regular participation in accreditation programs, 
proficiency-testing and independent audits when instructing the jury, allowing jurors to draw a negative inference 
from the absence of these quality-control mechanisms. In addition to providing the jury with valuable guidance, 
wide use of this insmaction would encourage laboratories to participate in such activities. An instruction might 
read: "In evaluating the quality of the DNA evidence, you might wish to consider the laboratory's participation or 
nonparticipation in the following quality-control activities: (1) accreditation; (2) proficiency-testing, particularly 
proficiency-testing with blind samples; and (3) independent audits." 

43 In the federal courts, Rule 16(a)(1)(C) of the Federal Rules of Criminal Procedure---which authorizes, on 
defendant's request, inspection of tangible objects in the government's possession---has been interpreted to mandate 
a defendant's right to test or retest a sample in the government's control. See, e.g., United States v. Butler, 988 F.2d 
537 (5th Cir. 1993) (cocaine), cert. denied, 114 S.Ct. 413 (1993). Some states similarly construe their jurisdiction's 
criminal-discovery rules as mandating retesting (Annotation 1984). Other states have statutes or rules that 
specifically provide for the retesting of physical evidence. See, e.g., Iowa Code Ann. § 813.2, R. 13(2)(b)(1) 
(1979); La. Code Crim. Part 71 (West 1981); State v. Schwartz, 447 N.W.2d 422, 427 (Minn. 1989) (relying on a 
Minnesota rule of criminal procedure giving defense counsel the right to "inspect and reproduce any results of any. 
.. scientific tests, experiments or comparisons made in connection with the particular case" to conclude that, 
whenever practical, "a defendant should be provided with the actual DNA sample(s) in order to reproduce the 
tests"). In addition, some authority supports a constitutional right to retest, stemming from the requirement of due 
process. See, e.g., Moore v. State, 748 P.2d 732, 735 (Ok. Crim. App. 1987) (Oklahoma constitution requires the 
state to afford the accused an opportunity to re-examine and retest unless the sample was consumed by government 
testing; illegal substance); State v. Thomas, 421 S.E.2d 227, 234 (W.Va. 1992) (if the prosecution conducts a test, 
such as an electrophoretic blood test, that Consumes the sample being tested, the state must "preserve as much 
documentation of the test as is reasonably possible to allow for a full and fair examination of the results by a 
defendant and his experts."). Other courts, however, have found that even when retesting was refused, sufficient 
protection for the accused was afforded by the right to cross-examine the prosecution's expert. See, e.g., Frias v. 
State, 547 N.E.2d 809, 813 (Ind. 1989) (cocaine), cert. denied, 495 U.S. 921 (1990); People v. Bell, 253 N.W.2d 
726, 729 (1977); Montoya 1995. 
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A number  of  issues can arise even when the fight to a second test is recognized. Does the 
prosecution have a right to be present? 44 When is the defendant's request timely? How specific a 
request must the defendant make? 45 Does retesting by another laboratory suffice, or must the 
testing be done under defense supervision? 46 Does it matter whether the laboratory is a 
government,  rather than an independent nongovemment, laboratory? 47 Will the state pay if the 

defendant is indigent? 
Of  course, the fight of  indigent defendants to expert assistance at state expense extends 

beyond the fight to retest. In some circumstances, the constitution requires that indigent 
defendants be provided with funds to retain suitable experts. The leading case is Ake v. 

Oklahoma, 470 U.S. 68 (1985). InAke,  the Supreme Court reversed a conviction because the 
trial court had refused to appoint an expert to assist the indigent defendant, who was relying on 
an insanity defense. But Ake was a capital case in which the defense sought the assistance of  a 
psychiatrist, and courts have differed in their interpretation of  the holding (Harris 1992). Some 
courts have applied Ake broadly tO authorize all types of  expertise; others have restricted Ake to 
its particular facts, focusing on the type of  assistance requested and on whether the prosecution 
was seeking the death penalty (see Harrison v. State, 644 N.E.2d 1243 [Ind. 1995]). 
Furthermore, courts differ in how much of  a particularized showing of  need and potential 
prejudice a defendant must make. 48 Those variations in the interpretation of  Ake have produced 
conflicting results when indigent defendants have sought expert assistance with regard to DNA 

44 Compare State v. Faraone, 425 A.2d 523,526 (R.I. 1981) ("The court may [after the defendant moves for 
testing] in its discretion, provide for appropriate safeguards, including where necessary, the performance of such 
tests at the state laboratory under the supervision of the state's analyst.") with Prince v. Superior Court, 8 Cal. App. 
4th 1176, 1179, 10 Cal. Rptr. 2d 855, 857 (1992) (defendant entitled to independent testing). 

45 See, e.g., State v. Faraone, 425 A.2d 523,526 (ILl. 1981) (requiring defendant to file a motion "setting 
forth the circumstances of the proposed analysis, the identity of the expert who will conduct such analysis, his 
qualifications, and scientific background"). 

46 See, e.g., Hicks v. State, 352 S.E.2d 762, 769 (Ga.) (it is not an error to deny a request for independent 
analysis of blood samples if the trial court had offered the defendant an opportunity to have the state crime 
laboratory perform additional tests and had left open the possibility of a forensic expert for the defendant if 
necessity was shown; capital case), cert. denied, 482 U.S. 931 (1987). 

47 Cf. Harrison v. State, 644 N.E.2d 1243, 1253 (Ind. 1995) (in finding no abuse of discretion in failing to 
appoint a defense expert, the court noted that "there was every reason to believe that" experts who had performed 
testing for the prosecution were neutral). 

4s Statutes also play a role; some set limits, which can be quite low, on the compensation for experts and 
other defense services. E.g., Tex. Crim. Proc. Code Ann. art. 26.05 § l(d) (Vernon 1989 & Supp. 1994) (maximum, 
$1,000). 
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testing. Some  courts have  held that an expert mus t  be provided,  49 and others have found no such 
need.  5° 

Instead o f  providing a defendant with an expert, a court  might  appoint  an expert  to assist 
the court. As  noted in the earlier discussion o f  expert  witnesses,  courts have been more  inclined 

to use this p rocedure  to investigate general scientific issues related to D N A  profi l ing than to 
resolve controversies  related to the particulars o f  the D N A  testing in a g iven case. However ,  no 

rule o f  law clearly compels  such a limitation on court-appointed experts.  

Returning to the implications o f  recognizing a defendant 's  right to retest ing wheneve r  

feasible, diff icult  issues can arise as to informing the ju ry  o f  the defense 's  failure to retest  or  o f  

the results o f  any  retesting. May  the prosecution com m en t  on or introduce evidence  about  the 

defendant 's  failure to request  retesting or to introduce DNA-tes t ing results? 51 M a y  it cross- 
examine  defense  experts about a failure to retest? 52 May  it obtain discovery or t es t imony f rom 

an expert  w h o  conducted  retesting for the defense but w h o m  the defense does not  intend to call 
as a witness?  sa The law with regard to those questions is far f rom c l e a r :  4 Implicated are state 
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49 See, e.g., Dubose v. State, 662 So.2d 1189 (Ala. 1995) (it is a due-process violation not to provide an 
expert "to refute the testimony of the Lifecodes witnesses.., to independently test the samples, to question whether 
the DNA results, in fact, showed a match, or to explain that scientific opinion may be divided"); Care v. State, 658 
So. 2d 550 (Fla. Ct. App. 1995) (trial court abused its discretion under state statute by denying defense request for 
appointment of DNA expert even though there was no showing of specific need, but only the general observation 
that "I can't tell the Court what I'm looking for because it's so complicated"), rev. denied, 663 So. 2d 631 (Fla. 
1995); Husske v. Commonwealth, 448 S.E.2d 331,335 (Va. Ct. App. 1994) (it depends on how important the 
scientific issue is in the case and how much help a defense expert could have given; it is an error not to PrOvide an 
expert to challenge the numbers and assertions of a population geneticist). 

so Harrison v. State, 644 N.E.2d 1243 (Ind. 1995) (there is no error in failing to provide an expert in acapital 
case; the court stresses that Ake was concerned with expertise of a very subjective nature, whereas DNA testing 
involved precise physical measurements performed by an independent laboratory, and the defendant had not made 
any showing of what the laboratory might have done inaccurately); State v. Harris, 866 S.W.2d 583 (Tenn. Crim. 
App. 1992) (insufficient showing of particularized need). The more detailed a showing the court requests as to 
precisely what issues in the case necessitate expert assistance, the less likely it is that a defense counsel 
unsophisticated about DNA testing will be able to satisfy the court. 

Many subsidiary questions can arise: Would such a comment chill the defendant's right to effective 
assistance of counsel because defendants would not avail themselves of the opportunity to retest if this provided 
ammunition for the prosecution? Would such a comment impermissibly shift to the defendant a burden to produce 
evidence? To what extent does it matter whether the defense has called wimesses in its behalf instead of merely 
cross-examining the prosecution's expert? Would such a comment be unfair if the defendant were indigent and the 
jurisdiction did not provide defendants with experts in DNA typing. 

5z See State v. Gentry, 888 P.2d 1105, 1121-1122 (Wash. 1995) (the trial court ruled that questions to experts 
about whether they had retested forensic samples were permissible but that questions about whether they could have 
done so were impermissible and gave curative instruction on the prosecution's burden of proof; appellate court 
stated: "While it is questionable whether asking scientific experts whether they did, or could have, conducted 
duplicate testing is error at all, in this case any possible error in confusing the jury as to the burden of proof was 
cured by the trial court's simultaneous curative instructions."). See also State v. Jobe, 486 N.W.2d 407, 418 (Minn. 
1992) (the court found that the prosecutor's question to the defense's DNA expert, who was critical of FBI's testing 
procedures, as to "whether he could do that type of procedure in his laboratory if samples were provided" did not 
impermissibly shift the burden of proof, because it did not suggest that the "appellant was obligated to pursue 
independent testing."). 

53 When the defense calls its expert to testify, it waives some privileges: United States v. Nobles, 422 U.S. 
225, 239 (1975) (work product); United States v. Alvarez, 519 F.2d 1036, 1046-47 (3d Cir. 1975) (attorney-client 
privilege). 
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and federal  constitutional concerns  emanating f rom due-process 55 and effective-assistance-to- 

counsel  provisions,  56 such evident iary doctrines as the at torney-client  57 and work-product  

privileges, 5s and cr iminal-procedure  issues related to discovery.  59 

Beyond  all that, the recommendat ion  to give a defendant  the opportunity to retest 

wheneve r  possible leaves open the question o f  how to proceed when  a sample is too small to 

permit  splitting. Some opinions suggest that i f  the prosecution consumes  the evidence in the 

course o f  testing, it will  not  be constitutionally barred f rom introducing the results as long as it 

acted in good  faith. 6° The Supreme Court has held that even a negl igent  failure to p r e s e r v e  

evidence  does not  of fend due process. 6~ However,  as one commenta to r  notes,  a "si tuation in 
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Compare Giannelli (I 991, p 819) ("retesting comes with a price tag. The prosecution could introduce 
evidence that samples had been turned over to the defense with the opportunity for retesting and then comment to 
the jury on the defense's failure to introduce the test results,") with Sheck (1994, p 1969 n 33) ("there should be no 
requirement that the results [of defense tests] be disclosed."). 

55 In Ake v. Oklahoma, 470 U.S. 68 (1985), the Supreme Court rested its decision requiring the state to 
provide expert psychiatric assistance to the defendant on the due-process clause. It has been suggested that a rule 
that infringes on the right of a defendant to obtain expert assistance by making that right costly "subverts this due 
process right" (Maringer 1993, p 656 n 11). Due process also is implicated to the extent that a comment 
impermissibly shifts the prosecution's burden of proof to the defendant. 

56 See, e.g., Prince v. Superior Court, 8 Cal. App. 4th 1176, 1179, 10 Cal. Rptr. 2d 855,857 (1992) (an order 
that would require defendant to turn over the results of DNA testing even if it did not introduce this evidence at trial 
denied the defendant the effective assistance of counsel); State v. Melvins, 382 A.2d 925 (N.J.Super. 1978) (an order 
r ~ q u [ r L l ~  pI-ULII.ISLIUI1 U l  ~U[, ) l~:b  U1 ~ ~ . l ~ l ~ l l b U  S A ~ $ l t  ~ I I I ¥ $ ~ L I ~ O . L I ¥ $  t $ ~ U l l ~  VlUIO, L~,I.L UA~ ~.Jt,'~.~t m A x ~ x x m A A ~ A ~  xL ~A~ 

defense was not planningto call the expert as witness). But see State v. McDaniel, 485 N.W.2d 630, 633 (Iowa 
1992) (prosecution use of an expert provided an indigent defendant violates neither due process nor effective 
assistance of counsel). 

57 The majority rule appears to be that the attorney-client privilege covers communication between experts 
and attorneys and that consequently the privilege prevents the prosecution from calling a defense-retained expert as 
a government witness (see Giannelli and Imwinkelried 1993, § 5-10). There are, however, cases that find either that 
the expert is not an agent of the attorney or that the privilege applies only to experts, such as psychiatrists, who rely 
on the defendant's co .mmunication in reaching their opinions. Id. See also Mosteller (1986). 

5s See Imwinkelried (1990) (arguing that work product, rather than privilege, should apply so that 
prosecution can obtain a defense witness's opinion on a showing of need). 

59 Rule 16 of the Federal Rules of Criminal Procedure requires the defense to advise the prosecution of the 
results of scientific tests only if it intends to introduce the results in its case in chief. Especially when coupled with 
a requirement that defense applications for "investigative, expert or other services" proceed ex parte (see 18 U.S.C. 
§ 3006A (e)), in many instances this provision would preclude the prosecution from knowing a defendant's plans. 
With DNA evidence, however, the prosecution will know that the defense wishes to retest because the samples have 
to be turned over. Nevertheless, it has been suggested that the restriction on discovery should be interpreted as 
barring the prosecution from calling the defense expert (Contra State v. McDaniel, 485 N.W.2d 630 [Iowa 1992]). 

6o See California v. Trombetta, 467 U.S. 479 (1984) (failure to preserve a breath sample did not amount to a 
lack of due process). With the advent of PCR testing, the prosecution's choice of a method that will consume a 
sample, rather than replicate it, might become an issue. See, e.g., People v. Griff'm, 761 P.2d 103, 107, 46 Cal.3d 
1011, 1021-1022, 251 Cal.Rptr. 643, 647-48 (1988) (en bane) (surveys cases in which courts have suggested that 
prosecution has burden of showing that its destruction of the sample was reasonable). When the defense tests a 
sample to which the prosecution has not had access, it may not keep the results secret if the testing consumes the 
sample. See, e.g., State v. Cosey, 652 So.2d 993, 994 (1995); People v. Cooper, 809 P.2d 865, 889, 53 Cal.3d 771, 
815, 281 Cal.Rptr. 90, 114 (1991) (en bane). 

~l Arizona v. Youngblood, 488 U.S. 51 (1988) (the prosecution's failure to preserve evidence and to perform 
genetic-marker tests did not amount to a denial of due process). But el. Colo. Rev. Star. § 16-3-309 (1986) (setting 
forth factors that a court should consider in deciding whether to admit results of a test that consumed a sample, 
making independent testing impossible). 
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which lost evidence might be exculpatory differs from one in which inculpatory evidence will be 
offered. A higher duty of care should be required in the latter situation" (Giannelli 1991, p 820). 

One possible response to the problem of testing that legitimately consumes the sample is 
to give the defendant the fight to have an expert present if prosecution testing will consume the 
available sample. E.g., State v. Gaddis, 530 S.W.2d 64, 69 (Tenn. 1975). However, additional 
steps might have to be taken to make this fight meaningful. 62 When later independent testing is 
not possible and the defendant is not provided an opportunity to have an independent expert 
observe the testing, or the testing is performed before charges are filed, our recommendation that 
all stages of the testing process be fully documented becomes particularly important. 63 In such 
cases, experts who report to the defense or directly to the court might be helpful in verifying that 
there are no ambiguities in the autoradiographs or that any ambiguities are properly accounted 
for. 

Whereas our recommendations are directed at reducing the chance of error and detecting 
errors that do occur in rare cases, defendants and some legal commentators have contended that 
the risk of laboratory or handling errors that would falsely incriminate a suspect should be 
estimated from external, blind proficiency tests, and a few courts have held that a laboratory's 
record in proficiency tests must accompany its estimate of the probability of a matching profile. 
E.g., United States v. Porter, 1994 WL 742297 (D.C. Super. Ct., Nov. 17, 1994). We believe 
that proficiency-testing is a valuable device for reducing errors of all kinds, should be 
implemented as a matter of social policy, and bears on the weight that should be accorded 
forensic test results. At the same time, for the reasons given in Chapter 3, we have concluded 
that it is exceedingly difficult to estimate relevant error rates from either industry-wide or 
laboratory-specific proficiency-test results. 

A question arises as to the admissibility of proficiency-test statistics themselves. The 
1992 NRC report stated that the probative value of such statistics, when balanced against their 
potential to mislead a jury, favored admissibility: "laboratory error rates must be continually 
estimated in blind proficiency testing and must be disclosed to juries" (p 89). Inasmuch as the 
purpose of  our report is to determine what aspects of the procedures used in connection with 
forensic DNA testing are scientifically valid, we attempt no such policy judgment. 

~2 Obviously, the defense can make such an arrangement only if it is provided adequate notice of  the 
prosecution's plans for testing and if it has retained an expert. See, e.g., Commonwealth v. Gliniewicz, 500 N.E.2d 
1324, 1327 (1986) (in holding that the prosecution's actions violated a pretrial agreement, the court noted that 
"defendants received no notice of the impending tests, and thus were not able to have their own expert present to 
Observe and potentially to refute the subjective aspects of  the [blood] testing"). The value of  having defense experts 
present, however, has been questioned (see Wooley 1995). 

63 See, e.g., People v. Garries, 645 P.2d 1306 (Colo. 1982) (test results were suppressed where blood samples 
were consumed, and the defendant had no opportunity to be present and no photographs were taken); State v. 
Schwartz, 447 N.W.2d 422, 427 (Minn. 1989) (because "forensic samples are otten so small that the entire sample is 
used in testing . . . .  access to the data, methods, and actual results is crucial"). See also People v. Griffin, 761 P.2d 
103, 107, 46 Cal.3d 1011, 1021-1022, 251 Cal.Rptr. 643, 647-48 (1.988) (en banc) (surveys cases in which courts 
have suggested that prosecution has burden of showing that its destruction of  the sample was reasonable). 
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Population and Subpopulation Frequencies 

As indicated earlier, the concern that has given courts the most pause in admitting DNA 
evidence involves the methods for characterizing the implications of an observed degree of 
similarity in DNA types. Impressed with the diversity of the views expressed in the scientific 
literature and in testimony, many courts concluded that a major scientific controversy is raging 
over the proper method for ascertaining the frequency of a given profile. Particularly in Frye 
jurisdictions, those courts have held some forms of testimony about DNA findings 
inadmissible. 64 This section outlines some of the objections to estimating profile frequencies and 
random-match probabilities that have been heard in court and the implications of our conclusions 
about them. 

Convenience Samples 

Estimates of the frequency of matching genotypes depend on estimated allele frequencies. 
As noted in Chapter 5, databases used to provide allele frequencies come from convenience 
samples gathered from sources as diverse as FBI agents, university students, blood bank donors, 
and parties in paternity cases. Some experts discussing DNA evidence in court have questioned 
the representativeness of convenience samples. 65 Most courts have held that the use of 
convenience samples does not make computations inadmissible, but a few courts have suggested 
that a database resulting from a convenience sam~61e provides an unacceptable foundation for the 
probability or frequency estimates being offered. 

Nevertheless, the ideal alternative to convenience sampling---some form of random 
sampling--often is impractical, and convenience sampling can produce reasonable estimates in 
some circumstances. In Chapter 5, we explained why the allele-frequency estimates from 
existing databases are suitable for computing genotype frequencies. In other contexts, courts 
have accepted convenience sampling. For many years, courts in criminal cases and paternity 
suits have admitted calculations based on allele frequencies derived from convenience samples 
for genetic markers, such as blood groups, HLA types, and serum proteins and enzymes. Courts 
regularly admit surveys based on convenience samples in litigation over alleged trademark 
infi'ingement and deceptive advertising (Jacoby and Handlin 1991). When such samples are 
drawn from the relevant population and there is no evidence that an important subgroup is 
underrepresented, sample estimates are widely accepted to prove the likelihood of consumer 
confusion between products (Diamond 1994, p 238-239). 

However, the courts usually view the results of such convenience samples as rough 
indicators rather than as precise quantitative estimates, and an expert relying on a convenience 

64 State v. Streich, 658 A.2d 38 (Vt. 1995) ("We note that the courts that refuse to accept statistics based on 
the unmodified product method continue to rely on the more narrow Frye standard," but the court reached the same 
result under the Daubert standard). 

65 For example, one early criticism of the aUele-frequency estimates focused on the FBI's reliance on a 
database consisting of FBI agents. E.g., United States v. Jakobetz, 747 F. Supp. 250 03. Vt. 1990), affd, 955 F.2d 
786 (2d Cir. 1992), cert. denied, 113 S. Ct. 109 (1992); United States v. Bonds, 12 F.3d 540 (6th Cir. 1993). 

66 State v. Bible, 858 P.2d 1152, 1186 (Ariz. 1993); State v. Buckner, 125 P.2d 915 (Wa. 1995) (although 
"the sample must be truly random," the ceiling calculation could account for a departure from randomness). 
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sample would be well advised to provide evidence that respondents were selected in a manner 
that was unlikely to introduce bias (Diamond 1994, p 238-239). One widely accepted way to test 
the potential bias associated with a particular convenience sample is to compare the results 
obtained from multiple convenience samples selected with substantially different criteria. Thus, 
in Chapter 5, we suggested that the similarities among DNA samples from a variety of  sources 
indicate that convenience samples used to construct DNA databases are likely to be 
representative of  racial and geographic population groups. 

• The  Disagreement  about  Subs tructure  

As explained in Chapter 4, the dispute about the "product rule" centers on the degree of  
population structure and the effect that it could have, in most situations, on the frequency of  an 
incriminating profile in a racial group or, in a few cases, on the frequency within a particular 
subpopulation. 67 In the absence of  any effects from population substructure, the product of  the 
frequencies o f  the alleles (taking into account the factor of  two for each heterozygous locus) 
closely approximates the frequency of the profile in the population. 

At the time of  the 1992 report, however, little information was available on the extent to 
which the relative frequencies of  VNTR alleles varied among subgroups within the racial groups, 
and the report described the conflicting views of  population geneticists on the validity of  simply 
multiplying allele frequencies. Many courts took the report's description of  a "substantial 
controversy" as proof of  a major scientific disagreement. 6s 

Today, the debate is shifting in the direction of  accepting the validity of  using the 
assumptions of  Hardy-Weinberg proportions and linkage equilibrium to estimate profile 
frequencies and match probabilities in major racial groups. Courts are beginning to cite this 
development to support the Conclusion that "it is apparent that...RFLP DNA profiling has 
achieved 'a consensus drawn from a typical cross-section o f  the relevant, qualified scientific 
colnlllLlnJty. '''69 

67 Neither the courts nor the experts are always careful to specify the population that is of interest. Population 
structure is less of an issue when one seeks to estimate the frequency within a racial group than in a small, 
genetically isolated subpopulation. See, e.g., Kaye (1993) (suggesting that the published criticism of the usual 
multiplication procedure occurs only in the context of making subpopulation estimates). 

~s See, e.g., Lindsey v. People, 892 P.2d 281 (Colo. 1995) (suggesting that general acceptance was more 
easily found before 1992 Research Council report); State v. Carter, 246 Neb. 953, 524 N.W.2d 763, 782 (1994) 
("The report.., is persuasive regarding the lack of general acceptance . . . .  Before [its] issuance.., statistical 
estimates calculated by forensic laboratories were routinely ruled admissible in most cases; however, since the 
issuance, an overwhelming majority of courts have excluded evidence of a match after fmding that there isno 
general acceptance as to the statistical probability calculations due to the division in the scientific community on the 
issue ofpopu!ation substructure."). For a more complete review of the cases after the publication of the 1992 
report, see Kaye (1995). 

69 People v. Wilds, 31 Cal. App. 4th 636, 37 Cal. Rp~'. 2d 351 (1995). See also People v. Amundsen, 34 Cal. 
App. 4th 1151 (1995) ("the scientific landscape has once again changed"); People v. Marlow, 34 Cal. App. 4th 460 
(1995) ("Since Lewontin's and Hartrs article . . .  numerous studies have been published in scientific journals 
compiling VNTR frequency data from around the world. These studies have empirically demonstrated the very 
conservative nature of the frequency calculation methods employed by forensic laboratories . . . .  The weight of 
authority in the published peer-reviewed literature overwhelmingly supports the proposition that VNTR frequency 
differences due to ethnicity or substructuring have little impact on DNA population frequency estimates . . . .  "); 
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Nevertheless, most courts  have not had the opportunity to consider the implications of  the 
data uncovered since 1992, and judges continue to express misgivings over the possible impact 
o f  population structure on  estimated VNTR profile frequencies. In addition, some courts have 
questioned the scientific acceptance of  computations for PCR-based systems. 7° Because our 
conclusions about the limited extent and effect of  population structure are derived from studies of  
many genetic markers, they pertain to the systems that detect DQA, STRs, and other DNA 
polymorphisms. Although the data on variations among subpopulations are more limited for 
these systems than for VNTRs, the experience with VNTRs and other polymorphisms indicates 
that correcting for population structure should make little difference, and the procedures outlined 
in Chapter 5 can be expected to give fair estimates of  the range of  uncertainty in population and 

subpopulation frequency estimates for discrete allele systems. 

Ceiling Frequencies in Court 

Rather than giving a def'mitive answer to speculations about population structure, the 
1992 report assumed that population structure could be a serious threat to estimates of  VNTR 
profile frequencies within the general population or within subpopulations. To counter the 
assumed threat, it proposed a procedure for placing an upper bound on the profile frequency---the 
"interim ceiling principle" discussed in Chapter 5 of  the present report. The method, as 
~leS(~l-IO¢(.1 I l l  H i e  I YY/--  I~IJU-FL , ! l l t S l U k t ~  Ulii i12¢ l l~. l - l l lg~l l l~ i i$~,  gl&Igi o..l.lit.si~l.~t¢~t1,.,o ,u.Jt v m.t~.Li.~va.,t~., a.t . . . .  

details have led to theTpresentation of  markedly different values by prosecutors and defendants as 
the ceiling frequency. 1 We believe that combing through VNTR data on many subgroups to fred 
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People v. Soto, 30 Cal. App. 4th 340, 357, 35 Cal. Rptr. 2d 846, 856 (1994), modified on rehearing, 1994 WL 
714008 (Dec. 22, 1994) ("We now have data showing that population substructuring is not 'forensically significant' 
in estimating the random likelihood of a particular DNA profile."); Taylor v. State, 889 P.2d 319 (Okla. Ct. Crim. 
App. 1995) (reiterating the conclusion of People v; Soto that "several scientific developments since the [1992] NRC 
. . .  report have laid to rest any concern over the use of the product rule"); Lindsey v. People, 892 P.2d 281 (Colo. 
1995) (perceiving a "calming of the DNA waters" and suggesting that "the debate seems to have turned full circle"). 

7o The supreme court of Nebraska, for example, while finding a PCR-based match sufficiently reliable to 
satisfy its Frye standard, reversed a conviction on the grounds that no general acceptance exists with regard to the 
calculation of the probability to which the state's experts testified: State v. Carter, 524 N.W.2d 763 (Neb. 1994) 
(relies on 1992 NRC report as indicating lack of general acceptance and states that limiting statistical estimates to 
two racial groups when the racial or ethnic background of the perpetrator is unknown is prejudicial). 

71 E.g., People v. Venegas, 31 Cal. App. 4th 234, 36 Cal. Rptr. 2d 856 (1995) (an FBI expert reported a three- 
locus match for "DNA characteristics as shared by one person out of 65,000 in the general population, and one out 
of 30,000 in the southwestern United States Hispanic population"; "the defense genetics expert.., concluded that.. 
• depending on his choice of methodology . . . .  one out of 35 or one out of 378 persons shared appellant's DNA 
profile."). Discrepancies sometimes occur in the figures quoted for ceiling frequencies by prosecution experts 
alone• E.g., People v. Marlow, 34 Cal. App. 4th 460 (Cal. Ct. App. I995) (such estimates ranged from 1/105,000 to 
1/27,000); cf. Taylor v. State, 889 P.2d 319 (Okla. Ct. Crim. App. 1995) (the state's expert produced figures of 1/(97 
billion), 1/(334 billion), and, "using Lifecodes's current, more conservative approach" of"straight binning," 1/(10 
billion)). Discrepancies between unadjusted figures and ceiling frequencies are even more dramatic. E.g., id. 
(1/7,400,000 - 1/33,000,000 without adjustment); People v. Wilds, 31 Cal. App. 4th 636, 37 Cal. Rptr. 2d 351 
(1995) CCellmark's original probability estimate of a random match included a calculation of 1 in 186 billion• 
Using a more conservative approach, the estimate was reduced to 1 in 66 million. At the Kelly hearing, Dr. Kidd 
applied 'statistically unreasonably conservative' assumptions to Cellmark's data and calculated a probability of 1 in 
1.86 million. Based on an expanded data base which was available at the time of trial, Dr. Kidd revised his 
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the largest allele frequencies, taking the upper end o f  a confidence interval for each such 
frequency, ignoring loci because large samples indicate that alleles for some other locus do not 
occur in Hardy-Weinberg proportions, and using fixed-bin frequencies with extremely wide bins 
(e.g., State v. Guevara, No. K9-92-1873 [Minn. Dist. Ct., Dakota Cty., Jan 26, 1993] [Order]; 
and Weir 1993b) were neither contemplated by the 1992 committee nor reflect reasonable 
scientific judgments .  Although we cannot recommend either the interim or final ceiling 
methods,  in Chapter  5 we identified several guidelines for those who wish to use such methods.  
These guidelines make  such misuses less likely. • 

In  addit ion to disputes over the details o f  how a ceiling should be computed,  questions as 
to implicat ions o f  the recommendat ion to use a ceiling have surfaced. Are ceiling frequencies 
sufficiently valid or accepted in the scientific communi ty  to be admissible? I f  so, should they be 
the exclusive measure o f  the frequency o f  an incriminating profile in the reference population, or 
may they be presented along with other estimates for racial groups or subgroups? 72 

Shortly after the publication o f  the 1992 NRC report, appellate courts drew various 
inferences f rom the proposal to present ceiling frequencies in court. Some courts reasoned that 
wil l ingness to advance the proposal undermined the use o f  population-specific estimates. 73 
Others int imated that ceiling frequencies might  well be admissible and remanded  cases to lower 
courts to decide whether  such calculations had achieved sufficient general acceptance to be 
admissible. TM A few wrote or held that ceiling frequencies already had attained the requisite 
general acceptance. 75 
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probability estimate to 1 in 415 million."); Lindsey v. People, 892 P.2d 281 Colo. 1995) (estimates of"the" 
probability that Lindsey's DNA profile would match the profile of a randomly selected African American individual 
. .. ranged from one in 340 billion down to one in 21 million using more conservative frequency calculations"); 
Brim v. State,654 So. 2d 184 (Fla. Dist. Ct. App. 1995) ("the FBI procedure [used by the Florida state laboratory] 
generated a probability that only one out of 1.4 billion whites and one out of 2.5 million blacks would share the 
DNA code . . .  The modified ceiling principle indicated that only one in just over 9,000 individuals would share the 
perpetrator's genetic DNA code.") ; Commonwealth v. Lanigan, 419 Mass. 15, 641 N.E.2d 1342 (1994) (interim 
ceiling estimate changed VNTR probability "from only one in more than 2,000,000... to a range of one in 311,000 
to one in 108,000"). Still larger figures can be obtained with the "counting method." E.g., People v. Marlow, 34 
Cal. App. 4th 460 (1995) (the laboratory's expert witness reported figures ranging from high of 1 in 33 million to a 
low of 1 in 7.4 billion for the frequency of the defendant's four-locus VNTR profile in various populations; the 
defense expert reported that it "might be as common as one in 211"). Because the opinions are not always clear 
about which "conservative" method is being used, it is not always easy to discern how much of the variation in the 
estimates can be attributed to ambiguities in the interim ceiling method or to choices among other competing 
procedures. 

72 The 1992 report was not explicit on this point. The interim ceiling principle does not purport to measure 
the frequency of an incriminating profile in the reference population, but rather an upper limit of the random-match 
probability that is unrelated to the reference population. In late 1994, one of the authors of that report, and an early 
advocate of the ceiling procedure, expressed his belief that the committee intended to offer ceiling frequencies as a 
supplement rather than as a necessary substitute for estimates derived from data on the population or subpopulation 
of interest (Lander and Budowle 1994). 

73 State v. Sivri, 646 A.2d 169 (Conn. 1994); State v. Carter, 246 Neb. 953, 524 N.W.2d 763 (1994) (the 
NRC report indicates a lack of general acceptance of Hardy-Weinberg proportions, which renders testimony of a 
PCR DQA test result said to include about 7% of the population inadmissible under Frye). 

~4 United States v. Porter, 618 A.2d 629 (D.C. App. 1992); People v. Watson, 629 N.E.2d 634 (Ill. App. 
1994); Commonwealth v. Lanigan, 596 N.E.2d 311 (Mass. 1992); State v. Vandebogart, 616 A.2d 483 (Vt. 1992). 
In Franson v. Mitchell, 206 Ill. Dec. 399, 645 N.E. 2d 404 (Ill. Ct. App. 1994), the court determined that questions 
about the effect of population structure made a "probability of paternity" of 99.99% and a "cumulative paternity 
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The earliest opinions discussing ceiling estimates did not mention the strident criticisms 
of the method made by some population geneticists and statisticians. In time, however, the 
courts began to assimilate this literature. Although a few courts interpreted the criticism as 
"precluding the admissibility of DNA evidence" under the general-acceptance standard,  76 m o s t  

have recognized that much of the criticism amounted to claims that there was no need for 
subpopulation studies andceiling frequencies in the first place or that the recommended 
procedure for estimating an upper bound was unnecessarily cautious in its details. 77 In 
jurisdictions that admit scientific evidence on the basis of the sound-methodology standard, 
ceiling estimates (as well as population-specific estimates) usually have fared well. 7s 

I 
I 
i 
I 
I 

index" (likelihood ratio) of 29,217,637 inadmissible under Frye. It remanded for a determination of whether the 
more conservative methods proposed in the 1992 report had achieved general acceptance for parentage 
determinations. As we observed in Chapter 5, however, the ceiling methods were not proposed or designed for 
computing a paternity index, and the 1992 report's call for "conservative" procedures was influenced by its 
interpretation of the "beyond a reasonable doubt" standard of proof used in criminal, but not civil, cases. 

75 People v. Venegas, 31 Cal. App. 4th 234, 36 Cal. Rptr. 2d 856 (1995); State v. Bloom, 516 N.W.2d 159 
(Minn. 1994); State v. Air, 504 N.W.2d 38 (Minn. Ct. App. 1993); State v. Streich, 658 A.2d 38 (Vt. 1995); State v. 
Cauthron, 846 P.2d 502 (Wash. 1993). 

76 People v. Wallace, 14 Cal. App. 4th 651, 17 Cal.Rptr. 2d 721 (1993). See also Hayes v. State, 660 So. 2d 
257 (Fla. 1995) (dictum); State v. Hollis, No. 92-1-04603-9 (Wash. Super Ct. King County, June 1993), appeal 
pend77mg, No. 3307-1-L. 

State v. Johnson, 905 P.2d 1002 (Az. Ct. App. 1995) ("most of the remaining debate stems from criticisms 
that the ceiling method is too conservative, that evidence of population substructure is lacking, and that further 
study is needed to determine the best means of presenting probability statistics to juries, not [from any doubts about] 
the ceiling method's validity as a reliable and highly conservative forensic tool"); People v. Venegas, 31 Cal. App. 
4th 234, 36 Cal. Rptr. 2d 856 (1995) (noting general agreement that interim ceiling calculations have "forensic 
reliability"); United States v. Porter, 618 A.2d 629 (D.C. Ct. App. 1992); Commonwealth v. Lanigan, 419 Mass. 15, 
641 N.E.2d 1342 (1994) ("the great weight of opinion appears to be" that "the answer given by the ceiling principle 
i s . . .  either irrationally conservative and thus absurd or a reasonable means of producing admissible probability 
evidence untainted by potential problems of population substructuring"); State v. Air,504 N.W.2d 38 (Minn. Ct. 
App. 1993); State v. Vandebogart, 616 A.2d 483 (N.H. 1994) (affirming trial court's findings on remand "that there 
is 'universal' consensus in the scientific community of geneticists and forensic DNA scientists that the interim 
ceiling principle properly accounts for the possibility of population substructure by providing a highly conservative 
estimate" and that, although those estimates "may be so conservative as to be deemed not accurate, it is nonetheless 
generally accepted.. ,  that any possible errors in such estimates favor the defendant"); State v. Streich, 658 A.2d 38 
(Vt. 1995) ("There is general acceptance within the scientific community that the ceiling principle over- 
com7Pensates for any population substructure or allele linkage."). 

s For example, in United States v. Chischilly, 30 F.3d 1144 (9th Cir. 1993), a jury convicted the defendant of 
raping and murdering a woman in a remote part of the Navajo Indian reservation in Arizona. Single-locus VNTR 
tests performed by the FBI indicated a match between sperm found on the victim and a sample of the defendant's 
blood. A population geneticist testified that a probability of 1/2,563 would be a "conservative estimate" of the 
probability of a match with a randomly selected American Indian. That probability was not obtained with the 1992 
report's ceiling method, but by looking to the largest profile frequency among particular tribes represented in FBI's 
American Indian database. The U.S. Court of Appeals for the Ninth Circuit upheld the admission of the testimony. 
It reasoned that "evidence of opposing academic camps in virtual scholarly equipoise amidst the scientific journals" 
demonstrated more than "minimal support within a [scientific] community" and that this degree of acceptance, in 
combination with the other considerations listed in Daubert, militated in favor of admission. Other federal and state 
courts, applying the scientific-soundness standard, have held far smaller genotype-frequency estimates---both 
ceiling and population-specific--admissible: United States v. Jakobetz, 955 F.2d 786, 800 (2d Cir.), cert. denied, 
113 S.Ct. 104 (i992) (pre-Daubert opinion holding population-specific frequencies admissible); United States v. 
Bonds, 12 F.3d 540 (6th Cir. 1993); United States v. Martinez, 3 F.3d 1191 (Sth Cir. 1993), cert. denied, 114 S.Ct. 
734 (1994); Commonwealth v. Lanigan, 419 Mass. 15, 641 N.E.2d 1342 (1994) (interim ceiling estimate properly 
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In Chapter 5, we concluded that the ceiling method is unnecessarily conservative. With 
estimates of the uncertainty in the computed frequencies, population-specific computations Of 
frequencies are scientifically valid. The ceiling procedure is simply one possible method for 
producing VNTR-profile frequency estimates that are expected to be larger than their true values. 
If, for courtroom use, advocates desire or courts require probable upper bounds on the true value 

of the frequency, the ceiling approach should yield a very high upper bound. Although we note 
that there is no convincing scientific reason to insist on such conservative procedures (see 
Chapter 5), we discuss the legal policies relevant to presentation of frequency estimates or related 
statistics later in this chapter. 

A few courts have required the application of a "ceiling principle" in calculating 
frequencies or probabilities for a PCR-based test match or have held "unmodified" computations 
• • • 7 9  • ,, . • • . inadmissible. Other courts have held ordinary product-rule estimates assoemted with the 
DQA test as generally accepted (State v. Gentry, 125 Wash.2d 570, 888 P.2d 1105 [1995]). As 
indicated in Chapter 5, using the ceiling approach for genetic systems that have a small number 
of alleles per locus and moderate or large allele frequencies is especially difficult to justify. 

EXPLAINING THE MEANING OF A MATCH 

Once two samples are found to have similar profiles, the question arises as to what, if 
anything, the trier of fact may be told about the significance of this finding. Before forensic 
experts can conclude that DNA testing has the power to help identify the source of an evidence 
sample, it must be shown that the DNA characteristics vary among people. Therefore, it would 
not be scientifically justifiable to speak of a match as proof of  identify in the absence of  
underlying data that permit some reasonable estimate of how rare the matching characteristics 
actually are. 

However, determining whether quantitative estimates should be presented to a jury is a 
different issue• Once 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 (Kaye 1995, p 104-105). If the results are sufficiently probative to be admissible, 
the conceivable alternatives for presentation range from statements of the posterior probability 

admitted under Daubert on retrial following reversal under Frye of original conviction obtained with usual product- 
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rule estimate); State v. Duran, 881 P.2d 48 (N.M. 1994); State v. Peters, 192 Wis. 2d 674, 534 N.W.2d 867 (Ct. 
App. 1995) (ceiling frequency properly admired with other estimates against American Indians under relevancy 
standard when the trial court found that the interim ceiling method satisfied Daubert); State v. Springfield, 860 P.2d 
435 (Wyo. 1993) (population-specific frequencies admissible when accompanied by ceiling frequency). But see 
State v. Streich, 457 A.2d 440 (Vt. 1995) ("even under Daubert it is inappropriate to allow evidence based on the 
unmodified product method. In the lexicon of Daubert, we are concerned that the accuracy of the results cannot be 
ensured by testing, there is an unknown potential for error, and these calculations are not generally accepted within 
the scientific community. The endorsement of the ceiling principle by the NRC and more recently by leading 
advocates in the dispute, including a representative of the FBI, leads us to this conclusion."). 

79 State v. Carter, 246 Neb. 953, 524 N.W.2d 763 (1994) (NRC Report indicates lack of general acceptance of 
Hardy-Weinberg proportions, which renders testimony of a DQA test result said to include about seven percent of 
the population, held inadmissible under Frye); People v. Morales (Rockland County Ct.), N.Y.L.J., Oct. 26, 1994, 
at 34, col. 6. 
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that the defendant is the source of the evidence DNA (see Chapter 5), to qualitative 
characterizations of this probability, to computations of the likelihood ratio for the hypothesis 
that the defendant is the source, to qualitative statements of this measure of the strength of the 
evidence, to the currently dominant estimates of profile frequencies or random-match 
probabilities, to unadorned reports of a match. 

Few courts, if  any, have examined the full range of alternatives, and courts have reached 
conflicting conclusions as to the acceptability of those modes of presentation that they have 
examined. Here, we outline the alternatives, identify the considerations that affect their 
suitability, and discuss the social science research that supplies some information on the possible 
effects of the various types of presentations on the jury. 

The Necessity for Quantitative Estimates 

Many courts have held that unless the finding of a match is accompanied by some 
generally accepted or scientifically sound profile frequency or probability estimate, no testimony 
about DNA testing is admissible, s° A few courts, thinking that existing estimates lack 
acceptance or validity, have excluded quantitative expressions of the frequency of the matching 
profile while allowing testimony about the match itself, sl The insistence on quantitative 
estimation has been fueled by the observation in the 1992 report (p 74) that "[t]o say that two 
pattems match, without providing any scientifically valid estimate (or, at least, an upper bound) 
of the frequency with which such matches might occur by chance, is meaningless." See, e.g., 
State v. Carter, 246 Neb. 953,524 N.W.2d 763,783 (1994)(quoting 1992 report); Kaye (1995). 

Certainly, a judge's or juror's untutored impression of how unusual a DNA profile is 
could be very wrong. This possibility militates in favor of going beyond a simple statement of a 
match, to give the trier of fact some expert guidance about its probative value. As noted above, 

so E.g., People v. Wallace, 14 Cal. App. 4th 651, 17 Cal. Rptr. 2d 721 (1993); State v. Hollis, No. 2-1-04603- 
9 (Wash. Super. Ct., King County, June, 1993), appeal pending, No. 3307-1-L; People v. Barney, 8 Cal. App. 4th 
798, 10 Cal. Rptr. 2d 731 (1992); People v. Atoigue, DCA No. CR 91-95A (Guam Dist. Ct. App. Div. 1992); State 
v. Carter, 246 Neb. 953,524 N.W.2d 763, 782, 783 (1994) ("The calculation of statistical probability is an essential 
part of the process used in determining the significance of a DNA match.. .We hold that evidence of a DNA match 
will not be admissible if it has not been accompanied by statistical probability evidence that has been calculated 
from a generally accepted method."). Contra Commonwealth v. Crews, 640 A.2d 395,402 (Pa. 1994) ("The factual 
evidence of the physical testing 0fthe DNA samples and the matching alleles, even without statistical conclusions, 
tended to make appellant's presence more likely than it would have been without the evidence, and was therefore 
relevant."). 

el State v. Bogan, 905 P.2d 515, 522-23 (Ariz. Ct. App. 1995), rev. granted; State v. Hummert, No. CR 90- 
05559 (Super. Ct. Maricopa Co. Apr. 16, 1991), rev'd for not excluding testimony thought to assert that match was 
unique, 905 P.2d 493 (Ariz. Ct. App. 1994); State v. DeSpain, No. 15589 (Super. Ct. Yuma Co., Feb. 12, 1991); 
State v. Peunell, 584 A.2d 513 (Del. 1989); State v. Schwarz, 447 N.W.2d 422, 428 (Minn. 1989); State v. Air, 504 
N.W.2d 38 (Minn. Ct. App. 1993); Polk v. State, 612 So. 2d 381 (Miss. 1993) (the trial court admired testimony of 
a match but excluded an accompanying population frequency estimate); State v. Moore, 885 P.2d 457, 467,468 
(Mont. 1994) (the defendant was barred from challenging the fact that the trial court "refused to allow testimony 
concerning the statistics, but allowed the experts to testify that the RFLP and PCR test results were 'consistent' with 
[the defendant's DNA]," but "whether, and if so, to what extent we will allow DNA evidence without the 
accompanying statistical evidence in other criminal cases will be decided in a future case."); Rivera v. State, 840 
P.2d 933 (Wyo. 1992) (suggesting that the better practice is not to refer to probability estimates when inlroducing 
DNA results). But cf. Springfield v. State, 860 P.2d 435 (Wyo. 1993) (a probability estimate was admissible). 
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however, there are a variety of procedures--qualitative as well as quantitative--that might 
accomplish this objective. 

Qualitative Testimony on Uniqueness or Infrequency 

In Chapter 5, we asked whether DNA typing has advanced to the point where statements 
that a particular person is the source of an evidence sample of DNA can be scientifically 
justified. The 1992 report cautioned that "an expert should--given...the relatively small number 
of loci used and the available population data--avoid assertions in court that a particular 
genotype is unique in the population" (p 92). Because more population data and loci already are 
available, and still more will be available soon, we are approaching the time when many 
scientists will wish to offer opinions about the source of incriminating DNA. 

In the context of a profile derived from a handful of single-locus VNTR probes, several 
courts have held that assertions of uniqueness are inadmissible, 82 and others have found such 
testimony less troublesome. 83 We can say only that after one reaches some threshold, the point 
at which DNA testing is extensive enough to warrant an opinion as to the identity of the source 
becomes a matter of  judgment. Does a profile frequency of the reciprocal of twice the Earth's 
population suffice? Ten times? One hundred times? There 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 (see 
Chapter 1 for a discussion of how this problem was addressed for fingerprints; see Chapter 5 for 
discussion of statistical approaches to the problem for DNA typing). 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? 4 

s2 See State v. Hurnmert 183 Ariz. 493, 905 P.2d 493 (Ct. App. 1994); State v. Cauthron, 846 P.2d 502 
(Wash. 1993) ("experts from a testing laboratory presented no "probability statistics" but claimed that "the DNA 
could not have from anyone else on earth"); State v. Buckner, 890 P.2d 460 (Wash. 1995) (testimony that the profile 
"would occur in only one Caucasian in 19.25 billion" and that because "this figure is almost four times the present 
population of the Earth, the match was unique" was improper). 

s3 State v. Zollo, 36 Conn. App. 718 (1995) ("testimony that the chance that the DNA sample came from 
someone other than the defendant was 'so small tha t . . ,  it would not be worth considering'" was not inadmissible as 
an opinion on an ultimate issue in the case "because his opinion could reasonably have aided the jury in 
understanding the [complex] DNA testimony."); People v. Heaton, 266 Ill. App. 3d 469, 640 N.E.2d 630 (1994) (an 
expert who used the product rule to estimate the frequency at 1/52,600 testified over objection to his opinion that 
the "defendant was the donor of the semen"); State v. Pierce, No. 89-CA-30 (Ohio Ct. App. 1990) (aff'uming 
admission of testimony that the probability would be one in 40 billion "that the match would be a random 
occurrence," and "the DNA is from the same individual."), affd, 64 Ohio St. 3d 490, 597 N.E.2d 107 (1992); cf. 
State v. Bogan, 905 P.2d 515, 522-23 (Ariz. Ct. App. 1995) (it was proper to allow a molecular biologist to testify, 
on the basis of a PCR-based analysis known as RAPD, that he "was confident the seed pods found in the truck 
originated from" a palo verde tree near a corpse); Commonwealth v. Crews, 640 A.2d 395 (Pa. 1994) (testimony of 
an FBI examiner that he did not know of a single instance "where different individuals that are unrelated have been 
shown to have matching DNA profiles for three or four probes" was admissible under Frye despite objection to lack 
of a frequency estimate, which had been given at a preliminary hearing as 1/400). 

u See, e.g., State v. Bloom, 516 N.W.2d 159, 160 n.2 (Minn. 1994) (a population geneticist was prepared to 
testify that "in his opinion the nine-locus match constituted 'overwhelming evidence that, to a reasonable degree of 
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Opinion testimony about uniqueness would simplify the presentation of  evidence by 
dispensing with specific estimates of  population frequencies or probabilities. I f  the basis of  an 
opinion were attacked on statistical grounds, however, or if  frequency or probability estimates 
were admitted, this advantage would be lost. Nevertheless, because the difference between a 
vanishingly small probability and an opinion of  uniqueness is so slight, courts that decide on a 
criterion for uniqueness and determine that the criterion has been met may choose to allow the 
latter along with, or instead of  the former, when the scientific findings support such testimony. 

Uniqueness is the limit as the frequency of a profile becomes smaller and smaller. But 
some experts might testify in qualitative terms even absent a claim of  uniqueness; they might 
prefer to characterize profiles as "rare," "extremely rare," and the like. E.g., People v. Venegas, 
31 Cal. App. 4th 234, 36 Cal. Rptr. 2d 856, 865n.13 (1995). At least one state supreme court 
has endorsed that more modest approach as a substitute to the presentation of  more debatable 
numerical estimates. 85 Although different jurors might interpret the same words differently, the 
formulas provided in Chapters 4 and 5 produce frequencY estimates for profiles of  three or more 
loci that almost always can be conservatively described as "rare." 

I 
i 
I 
I 
I 
I 

Quantitative Assessments: Frequencies and Match Probabilities I 
Except for strong claims of  uniqueness, purely qualitative presentations suffer from 

¢rdrli~r¢ chnxxr hloh 
i : I .LLLUL~ULLff .  _F LUL~3~LULLC~L .LULK,~.,O.~I.~,LD, ~.XJ.LffDJA.,,EC&.L,L,~, O',~J:~J.J:'~'~ vvxxw.~.~x~, ~L.v,.4:l.~.v~.*~ ~.I.L.~,.6 

variability in translating verbal probability expressions to numerical expressions (Mosteller and 
Youtz 1990; Wallsten and Budesco 1990). Judges and jurors are likely to show a similar 
variability in interpreting the meaning of  such verbal expressions, s6 To help a court or jury to 
understand the importance of  a match, most experts provide quantitative, rather than qualitative, 
estimates of  the frequency of  an incriminating profile in one or more races or an upper bound on 
the frequency. Typically, the figures are presented as an estimated profile frequency or as the 
"probability of  a random match or "random-match probability." In some cases, probabilities that 
the profiles of  close relatives would match are given as well. Chapters 4 and 5 describe methods 
for calculating those quantities. It is accurate to characterize the estimate obtained with those 
methods  as match probabilities if  it is established or assumed that the laboratory correctly 
characterized the human DNA in the samples and that the samples came from reported sources. 
Thus, the "match probability" might be called the "true match probability, ''s7 and some experts 

! 
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scientific certainty, the DNA from the victim's vaginal swab came from the [defendant], to the exclusion of all 
others'"). 

85 State v. Bloom, 516 N.W.2d 159, 166-67 (Minn. 1994) ("Since it may be impossible to reach a consensus 
on how to estimate, with any degree of precision, the probability of a random match, and 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."). See also Kreiling (1993). 

s6 Cf. United States v. Fatico, 458 F.Supp. 388, aft'd, 603 F ,2d 1053 (2d Cir. 1979), cert. denied, 444 U.S. 
1073 (1980) (a survey of district judges revealed that their assessment of the probability of guilt associated with the 
"beyond a reasonable doubt" Standard ranged from 76% to 90%). 

s7 Some commentators distinguish between the probability of a reported match (including the risk of sample 
mishandling or laboratory error that would produce a false positive result) and the probability of a U~e (but 
coincidental) match for a person selected at random. E.g., Koehler 1993b. 
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use the phrase in this sense. In Chapters 4 and 5, all match probabilities are calculated on the 
assumption that no error has been made. 

If  a court concludes that the computations satisfy the general-acceptance or scientific- 
soundness standards, the opponent of the evidence may further argue that the quantitative 
testimony should be excluded because its prejudicial effect outweighs its helpfulness to the jury. 
E.g., People v. Simpson, No. BA097211 (Super. Ct., Los Angeles Cry., Mar. 20, 1995) (Notice 

of Objections to Testimony Concerning DNA Evidence); and Taylor v. State, 889 P.2d 319 
(Okla. Ct. Crim. App. 1995). Three major sources of prejudice have been articulated: that the 
jury will be awed by small numbers and ignore other aspects of the case, that the jury will 
misconstrue the probability of a random match as the probability that the defendant is not the 
source of the incriminating DNA, and that the statement of a probability ignores the possibility 
of a match being declared due to sample mishandling or other blunders. 

When the numbers have been presented as estimating the frequency of a profile or the 
probability of a random match and have not been mischaracterized as the probability that the 
defendant is not the source of the incriminating DNA, the argument that numbers will 
overwhelm the jury rarely has prevailed, ss Only one jurisdiction has routinely excluded 
quantitatively framed testimony of probabilities or population frequencies in criminal cases for 
fear of unduly influencing lay jurors, s9 and the supreme court of that state carved out an 
exception to the exclusionary rule for ceiling calculations of DNA profile frequencies (State v. 
Bloom, 516 N.W.2d 159 ['Minn. 1994]). Nevertheless, some courts and legal scholars (e.g., 
Tribe 1971) have theorized that jurors will overvalue the quantitative evidence and undervalue 
other evidence. For example, the Massachusetts Supreme Judicial Court hypothesized in 
Commonwealth v. Cumin, 565 N.E.2d 440, 441 (Mass. 1991), that "evidence of this nature [a 
random-match probability of 1 in 59 million], having an aura of infallibility, must have a strong 
impact on a jury." 

Empirical research does not support the common assertion that statistical evidence is 
overvalued. To the contrary, several studies with mock jurors suggest that decision-makers 
generally make smaller adjustments in their judgments in response to probability evidence than 
the statistical evidence warrants. 9° Nonetheless, the extremely low random-match probabilities 
associated with much DNA evidence might cause jurors to perceive the evidence as different in 

/ 

8s For cases rejecting this argument, see, e.g., United States v. Chischilly, 30 F.3d 1144 (9th Cir. 1994) (citing 
cases); State v. Weeks, 891 P.2d 891 P.2d 477 (Mont. 1995); State v. Schweitzer, 533 N.W.2d 156, 160 (S.D. 1995) 
(reviewing cases). 

89 State v. Carlson, 267 N.W.2d 160 (Minn. 1978); McCormick (1992, § 210). The opinions of the 
Minnesota Supreme Court also posit "a real danger that the jury will use the evidence as a measure of the 
probability of the defendant's guilt or innocence" (State v. Schwarz, 447 N.W22d 422, 428 [Minn. 1989], quoting 
State v. Boyd, 331 N.W.2d 480, 483 [Minn. 1983]). 

90 For example, Goodman (I 992) varied the frequency of  the suspect's blood type in a hypothetical homicide 
case in which the sample of blood from the scene of the crime matched that taken from the defendant and not the 
victim. Although the mock jurors with frequency information were more likely to convict than those who received 
no frequency information, and although guilty verdicts decreased as the frequency of  a random match went from 
0.001 to 0.1, frequencies of 0.001, 0.01, and 0.05. did not produce differing rates of  conviction. Other research on 
blood-type evidence has produced similar results (Faigman and Baglioni 1988; Thompson and Schumann 1987). 
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quality, as well as quantity. Virtually no studies of juror reactions have assessed the impact of 
probabilities as extreme as those in Commonwealth v. Curnin. 91 

Courts that are especially concerned that small estimates of the match probability might 
produce an unwanted sense of certainty and lead a jury to disregard other evidence might wish to 
adopt procedures to reduce this risk. The party offering evidence has the primary responsibility 
of informing the jury about the evidence, but the legal system depends also on cross- 
examination, opposing witnesses, and judicial instructions to guide the jury. The efficacy of the 
first two approaches rests on the opposing party's capacity to enlist the assistance of informed 
counsel and well-qualified, expert witnesses. Issues related to the retention and appointment of 
experts were discussed earlier in this chapter. The third approactr-qnstructing the jury---enables 
the court directly to address subjects likely to cause confusion or overweighting. Jurors 
commonly receive judicial instructions on factors to be considered in evaluating the credibility of 
witnesses. E.g., CALJIC No. 2.20 (3d ed. 1970), cited with approval in People v. Hall, 28 
Cal.3d 143, 167 Cal. Rptr. 844, 6t6 P.2d 826 (1980). Similarly, courts might wish to instruct a 
jury on, for example, factors that affect the adequacy of DNA analysis and the need to consider 
all the evidence in the case. 

The second possible source of prejudice is the jury's potential misinterpretation of the 
probability of a random match as the probability that the defendant is not the source. Many court 
opinions and transcripts of expert testimony present the random-match probability as though it 
were the conditional probability that the defendant is not the source, given the evidence of a 
match. 92 The random-match probability is the conditional probability of the match, given that 
the defendant is not the source. Transposing the conditionals, as noted in Chapter 5, is 

9, See Kaye and Koehler 1991 (reviewing studies). Koehler and colleagues (1995) provided a brief written 
summary of a homicide case in which the case evidence was circumstantial and weak apart from the DNA evidence. 
In two studies, one with college students and a replication with jurors, respondents were assigned to one of three 
laboratory error-rate conditions (absent, .02, .001) and were either provided with a 1/(1 billion) probability of a 
random match or given no information on the probability of a random match. Conviction rates were influenced by 
the information on probability of a random match but unaffected by the presence or level of  the laboratory error-rate 
information. Yet conviction rates with information on probability of a random match averaged 44% for the students 
(44% with and 44% without laboratory error information) and 49% for the jurors (54% with and 44% without 
laboratory error information), reinforcing the impression that jurors are not overwhelmed by statistical DNA 
evidence. 

92 Examples are collected in Kaye (1993) and Koehler (1993a). See also, e.g., United States v. Martinez, 3 
F.2d 1191, 1194 (8th Cir. 1993) ("The second step of the DNA identification process then involves a determination 
of the probability that someone other than the contributor of the known sample could have contributed the unknown 
sample."); Greenwood v. United States, 659 A.2d 825, 826 (D.C. Ct. App. 1995) ("The parties stipulated that DNA 
evidence established that the probability that Greenwood was the source of the semen found on the victim's 
underpants was not less than 2000 to 1."); People v. Heaton, 266 Ill. App. 3d 469, 640 N.E.2d 630 (1994) (an expert 
was said to have testified that "the probability of another Caucasian. . .  was 1 in 52,600"); Commonwealth v. 
Crews, 640 A.2d 395,400 (Pa. 1994) ("DNA analysis generally can provide only statistical probability; e.g., there is 
one chance in four hundred or one chance in four million that the DNA samples come from someone else."); Taylor 
v. State, 889 P.2d 319 (Okla. Ct. Crim. App. 1995) (Lifecodes's expert was said to have "testified that the likelihood 
that an African American other than Taylor contributed the D N A . . .  was one in 97 billion"); Taylor v. 
Commonwealth, No. 1767-93-I, 1995 WL 80189 (Va. Ct. App. Feb. 28, 1995) (an unpublished opinion reporting 
that "DNA analysis of  semen obtained from the victim and defendant's blood established a probability of 1 in 128 
million that a black male other than defendant was the perpetrator."). 
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sometimes called the "prosecutor's fallacy" and is often condemned in judicial dicta. E.g., State 
v. Bible, 858 P.2d 1152 (Ariz. 1993); and State v. Bloom, 516 N.W.2d 159 (Minn. 1994). 

Nevertheless, few courts or commentators have recommended the exclusion o f  evidence 
merely because of  the risk that jurors will transpose a conditional probability (McCormick 1992, 
§ 212). The available research indicates that jurors may be more likely to be swayed by the 
"defendant's fallacy" than by the "prosecutor's fallacy." When advocates present both fallacies to 
mock jurors, the defendant's fallacy dominates. That fallacy, as noted in Chapter 5, consists of  
dismissing or undervaluing the matches with extremely high likelihood ratios because other 
matches are to be expected in unrealistically large populations of  potential suspects. 
Furthermore, if the initial presentation of the probability figure, cross-examination, and opposing 
testimony all fail to clarify the point, the judge can counter both fallacies by appropriate 
instructions to the jurors that minimize the possibility of  cognitive errors. 

Finally, defendants and some legal commentators have contended that the risk of  a 
reported match due to laboratory or handling errors dwarfs the probability that a randomly 
selected profile will match the evidence DNA and renders any profile frequency or random- 
match probability estimate unfairly prejudicial (People v. Barney, 8 Cal. App. 4th 798, 10 Cal. 
Rptr. 2d 731 [1992]; People v. Simpson, No. BA097211 [Los Angeles Cty. Super. Ct., Oct. 4, 
1994] [Defendant's Motion to Exclude DNA Evidence]; and Koehler, Chia and Lindsey 1995). 
The argument that jurors will make better use of  a single figure for the probability that an 
innocent suspect would be reported to match never has been tested adequately. 94 The  argument 
for a single figure is weak in light of  this lack of  research into how jurors react to different ways 
of  presenting statistical information, and its weakness is compounded by the grave difficulty of  
estimating a false-positive error rate in any given case. But efforts should be made to fill the 
glaring gap in empirical studies of  such matters. Because of  the potential power and probative 
value of  DNA evidence, it is important to learn more about juror and judicial response to this 
evidence in the face of  strong and weak nonstatistical evidence. 95 

93 As regards the transposition fallacy, such an instruction might be framed along these lines: "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 coincidentally have the same DNA profile 
as the [blood stain, 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." 

94- The only study comparing reactions to separate and combined estimates found that subjects were 
insensitive to information on error rates when the random-match probability and the laboratory-error rate were 
presented separately (Koehler, Chia, and Lindsey 1995). The "evidence" in the mock case, however, was presented 
in the form of a single sentence unaccompanied by explanation or argument. 

95 In the short run, it is appropriate to alert jurors both to the value of the statistical evidence and to its 
limitations. In the longer run, research should be conducted to evaluate the impact of DNA testimony on juror 
decision-making and the effects of alternative approaches, such as likelihood ratios or instructions in applying 
Bayes's theorem, on jury comprehension. Studies are needed that test reactions to the kind of DNA evidence that is 
presented in the courtroom, along with witness explanations, attorney arguments, and judicial instructions. Such 
hypotheses as the suggestion that jurors faced with the estimated laboratory-error rate and the random-match 
probability might average the two (L,empert 1993) or that jurors will fail to use information on laboratory-error rates 
cannot be evaluated in a useful way if jurors are not provided with the kind of assistance that they would receive in 
the relevant legal setting. Additional research on juror reactions should test the ability of jury instructions, 
videotaped expert explanations, and other educational efforts to facilitate appropriate interpretation of DNA 
evidence. 
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Quantitative Assessments: Likelihood Ratios and Posterior Odds 

Small values of the probability of a random match undermine the hypothesis (which we 
may abbreviate as S c) that the defendant is not the source of incriminating DNA but just happens 
tohave the same profile. Some statisticians prefer to use a likelihood ratio to explain the 
probative value of a match. As explained in Chapter 5, the likelihood ratio (LR) is related to 
competing hypotheses about the process that generated the data. With DNA measurements, the 
hypotheses of most interest are that the DNA samples have a common source (S) and that they 
do not (sC). LR indicates how many times more probable it would be to observe the data if S, as 
opposed to S c, were true. As long as LR is greater than 1, the DNA data support hypothesis S. 
The more LR exceeds 1, the greater the probative value of the data in supporting hypothesis S 
(see Lempert 1977). 

Chapter 5 noted several LRs that might be used to describe the probative value of DNA 
data. With discrete allele systems and the match-binning analysis of V'NTRs, we saw that the LR 
is l/P, where P is the probability of a coincidental match. 96 For a profile such that P is, say, 
1/1,000,000, the LR would be 1,000,000, and an expert might testify that the match is 1,000,000 
times as probable under S than under S c. More-complicated VNTR-profile LRs do not use 
match windows and bins, but rather consider the extent of the matching at each allele and rely on 
a continuous representation of the frequency distribution of fragment lengths. With those 
models, a match that involves almost no separation in all the bands produces an LR that is 
greater than a match that involves separations at the edges of the match windows for all the 
bands. Indeed, because these LRs dispense with the somewhat arbitrary dichotomy between 
matches and nonmatches, they have been termed "similarity likelihood ratios" (Kaye 1995) and 
advocated on the ground that they make better use of the DNA data. E.g., Berry 1991a; Evett, 
Scranage and Pinchin 1993; Kaye 1995; Roeder 1994. As with match probabilities, qualitative 
as well as overtly quantitative presentations can be devised (see Evett 1991, p 201, proposing "a 
verbal convention, which maps from ranges of the likelihood ratio to selected phrases," such as 
"strong evidence" or "weak evidence"). 

Although LRs are rarely introduced in cr iminal  cases, 97 we believe that they are 
appropriate for explaining the significance of data and that existing statistical knowledge is 
sufficient to permit their computation. None of the LRs that have been devised for VNTRs can 
be dismissed as clearly unreasonable or based on principles not generally accepted in the 
statistical community. Therefore, legal doctrine suggests that LRs should be admissible unless 
they are so unintelligible that they provide no assistance to a jury or so misleading that they are 

96 As discussed in Chapter 5, with match-binning, the numerator is slightly less than 1 because there is a very 
small chance that two measurements of the same band will not satisfy the match criteria (see Kaye 1995). 

9~ Likelihood ratios were used in State v. KIindt, 389 N.W.2d 670 (Iowa 1986) (discussed later), and are 
admitted routinely in parentage litigation, where they are known as the "paternity index" (see Chapter 5). E.g., 
Kaye 1989; Aickin and Kaye 1983; McCormick 1992, § 212. Some state statutes use them to create a presumption 
of  paternity (Kaye 1990ab,c). The practice of  providing a paternity index has been carried over into criminal cases 
in which genetic parentage is used to indicate the identity of the perpetrator of an offense. E.g., State v. Skipper, 
228 Conn. 610, 637 A.2d 1101 (1994); Davis v. State, 476 N.E.2d 127 (Ind. Ct. App. 1985); State v. Weeks, 891 
P.2d 477 (Mont. 1995); State v. Spann, 130 N.J. 484, 617 A.2d 247 (1993); State v. Jackson, 320 N.C. 452, 358 
S.E.2d 679 (1987). Some of  the appellate courts in some of these cases disapproved of  the biostatistical 
presentations, but none specifically condemned the use of the likelihood ratio. 
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unduly prejudicial. As with frequencies and match probabilities, prejudice might exist because 
the proposed LRs do not account for laboratory error, and a jury might misconstrue even a 
modified version that did account for it as a statement of the odds in favor of S. As for the 
possible misinterpretation of LRs as the odds in favor 0fidentity, that too is a question of jury 
ability and performance to which existing research supplies no clear answer. 

The likelihood ratio is still one step removed from what a judge or jury truly seeks---an 
estimate of the probability that a suspect was the source of a crime sample, given the observed 
profile of  the DNA extracted from samples. Recognizing that, a number of statisticians have 
argued that the LR should not be presented to the jury in its own right 9s but should be used to 
estimate the probability that a suspect is the source of a crime sample. E.g., Berry 1991a (but see 
Berry 1991b, p 203-204). Thus, a few experts have testified on this posterior probability in 
court. °° 

As noted in Chapter 5, the posterior odds (considering the DNA data) that the defendant 
is the source are the LR times the prior odds (those formed on the basis of other information). 
That procedure for updating probabilities has a rich history in statistics and law. Known as 
Bayes's rule, it has been the subject of protracted discussion among legal scholars and 
statisticians (see generally Allen et al. 1995; Symposium 1991; and Kaye 1988a). One of the 
more substantial issues raised in the legal scholarship revolves around specifying the prior odds 
to be updated. For courtroom practice, three methods of presentation have been proposed or 
used: "expert-prior-odds," "jury-prior-odds," and "variable-prior-odds" (Kaye 1993). 

In the expert-prior-odds implementation, a scientist implicitly or explicitly selects a prior 
probability, applies Bayes's rule, and informs the jury that the scientific evidence establishes a 
single probability for the event in question. The prosecution relied on a Bayesian analysis of this 
type in State v. Klindt, 389 N.W.2d 670 (Iowa 1986), a gruesome chainsaw-murder case decided 
before the emergence of DNA testing. The supreme court of Iowa affirmed the admission of a 
statistician's testimony as to a posterior probability in excess of  99% that a torso found in the 
Mississippi River was what remained of the defendant's missing wife. (It is doubtful, however, 
that the Iowa courts appreciated the basis of the calculation.) For years, courts in civil paternity 
cases that involved testing of antigens have routinely admitted testimony of posterior 
probabilities. E.g., Kaye 1989; Aiekin and Kaye 1983; and McCormick 1992, § 212. However, 
the practice has met with much less favor in criminal cases where the experts failed to disclose 
that they had used an ad hoe prior probability of one-half. ]°° The expert-prior-odds approach has 

9s E.g., Evett 1991, p 201 ("Just leaving a court with a likelihood ratio does not seem enough."); cf. Fienberg 
1992 (criticizing presentation of a relative likelihood function). 

99 See Smith v. Deppish, 807 P.2d 144 (Kan. 1991) (the state's "DNA experts informed the jury that . . ,  there 
was more than a 99 percent probability that Smith was a contributor of the semen"); State v. Thomas, 830 S.W.2d 
546 (Mo. Ct. App. 1992) (a geneticist testified that "the likelihood that the DNA found in Marion's panties came 
from the defendant was higher than 99.99%"); Commonwealth v. Crews, 640 A.2d 395, 402 (Pa. 1994) (an FBI 
examiner who at a preliminary hearing had estimated a coincidental-match probability for a VNTR match "at three 
of four loci" reported at trial that the match made identity "more probable than not"). 

~oo State v. Skipper, 228 Conn. 6i0, 637 A.2d 1101 (1994) (reasoning that this application of  Bayes's theorem 
violated the presumption of  innocence and suggesting in dictum that any use of  Bayes's theorem would be 
impermissible); State v. Hartman, 426 N.W. 2d 320 (Wis. 1988). The undisclosed use of  a prior probability of one- 
half was standard in civil cases and first was criticized in ElL, nan and Kaye (1979). The courts that routinely 
admitted such testimony probably did not recognize the Bayesian nature of  the "probability of  paternity" laid before 
them, but courts unmistakably apprised of the foundations of these probabilities have continued to approve of them. 
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been criticized as requiring a jury to defer to an expert's choice of the prior odds, even though the 
scientist's special knowledge and skill extend merely to the production of the likelihood ratio for 
the scientific evidence (Kaye 1993). 

Jury-prior-odds implementation requires a jury to formulate prior odds, to adjust them as 
prescribed by Bayes's rule, and to return a verdict of guilty if the posterior odds exceed some 
threshold that expresses the point at which the reasonable-doubt standard is satisfied. But that 
procedure raises serious questions about a jury's ability to translate beliefs into numbers (see 
Tribe 1971; and Kaye, 1991) and about the desirability of quantifying the vague concept of 
reasonable doubt (See Nesson 1979, 1985; Shaviro 1989; and Tribe 1971). 

Finally, with the variable-prior-odds method, an expert neither uses his or her own prior 
odds nor demands that jurors formulate their prior odds for substitution into Bayes's rule. 
Rather, the expert presents the jury with a table or graph showing how the posterior probability 
changes as a function of the prior probability, i 01 Although the variable-prior-odds 
implementation of Bayes's rule has garnered the most support among legal scholars and is used 
in some civil cases, very few courts have considered its merits in criminal cases. ~°2 How much it 
would contribute to jury comprehension remains an open question, especially considering the 
fact that for most DNA evidence, computed values of the likelihood ratio (conditioned on the 
assumption that the reported match is a tree match) would swamp any plausible prior probability 
and result in a graph or table that would show a posterior probability approaching 1 except for 
very tiny prior probabilities. 

Importance of Behavioral Research 

Tomake appropriate use of DNA technology in the courtroom, the trier of fact must give 
the DNA evidence appropriate weight. However, unless the results and meaning of the DNA 
evidence are clearly communicated, the trier of fact may fail to grasp much of the technical merit 
of DNA profiling. No research has as yet tested the reactions of triers of fact to the detailed 
presentations of evidence on DNA profiling that are encountered in the courtroom. We do know 
that people can make frequent and systematic errors in tasks that require them to assess 
probabilities or to draw inferences using probabilistic information (see, for example, Bar-Hillel 
1980; Edwards and von Winterfeldt 1986; Kahneman et al. 1982; Hogarth and Reder 1987; 
Nisbett and Ross 1980; Nisbett et al. 1983; Palmerini 1993; Poulton 1989). Yet, despite this 
plethora of research into information processing in other contexts, we know very little about how 
laypersons respond to DNA evidence and how to minimize the risk that they will give the DNA 
evidence inappropriate weight. For example, research generally shows that subjects tend to 
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A few courts have imposed restrictions on the practice. E.g., Commonwealth v. Beausoleil, 490 N.E.2d 788 (Mass. 
1986); Plemel v. Walter, 735 P.2d 1209 (Or, 1987). For discussion and criticism, see Kaye (1988b, 1989). 

~0~ Finkelstein and Fairley (1970). For LR -- 1,000,000, the posterior probability approaches 1 for all but 
invisible values of the prior probability. For example, the prior probability would have to be about 1/1,000,000 or 
less to keep the posterior probability to less than one-half. 

,o2 See State v. Skipper, 228 Conn. 610 (1994) (statingin dictum that it would be an error to use the variable- 
prior-odds approach); State v. Spann, 130 N.J. 484, 617 A.2d 247 (1993) (remanding for possible consideration of 
the use of a Bayesian graph of the probability of paternity). The Skipper opinion is criticized by many of the 
discussants in Allen et al. (1995). 
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revise their probability estimates in light of new information less than Bayes's theorem would 
predict (reviewed by Beyth-Marom and Fischhoff 1983), and some research with mock jurors 
given written descriptions of blood-group evidence and various types of accompanying expert 
testimony also suggests that jurors will undervalue match probabilities (see Faigman and 
Baglioni 1988). However, the studies involve far higher match probabilities than the extreme 
probabilities associated with DNA evidence, which may evoke a different reaction (see Kaye and 
Koehler 1991). 

Contextual features, such as the method of presenting a question, that are unrelated to a 
problem's formal structure may substantially influence probability judgments (Reeves and 
Lockhart 1993). The small amount of research on reactions to probabilistic evidence suggests 
that methods of presentation may strongly affect reactions to DNA evidence. Unexamined are 
the effects of testimony about extreme probabilities or laboratory error when DNA evidence is 
presented by expert witnesses who are subjected to cross-examination. To evaluate the reactions 
of laypersons to DNA evidence, research is needed in which the respondents are exposed to the 
methods of presenting DNA evidence typically used in trial settings. 

Although scholars have suggested promising ways to present probabilistic assessments in 
the courtroom (Finkelstein and Fairley 1970; suggesting that jurors be presented with a range of 
plausible prior probabilities and information about what the likelihood ratio for the trace 
evidence implies in light of these prior probabilities), almost no empirical evidence yet exists on 
the effects of such modes of presentation on decisionmakers. Similarly, although some basic 
probability concepts can be taught to undergraduates in a half-hour with reasonable success 
(Fong et al. 1986), research is needed on the appropriate way to instruct jurors adequately on the 
more sophisticated probabilistic concepts at issue when DNA evidence is presented at trial. If 
courts are to make informed decisions about the expert presentations that will be allowed or 
preferred, further research is needed into alternative methods of trial presentation. 

C O N C L U S I O N S  

This chapter has described some of the legal principles and procedures governing the 
admission and use of DNA evidence in the courtroom and how this evidence has been received 
over the last decade. In assimilating scientific developments, the legal system necessarily lags 
behind the scientific world. Before making use of evidence derived from scientific advances, 
courts must scrutinize the proposed testimony to determine its suitability for use at trial, and 
controversy within the scientific community often is regarded as grounds for the exclusion of the 
scientific evidence. Although some controversies that have come to closure in the scientific 
literature continue to limit the presentation of DNA evidence in some jurisdictions, courts are 
making more use of theongoing research into the population genetics of DNA profiles. We hope 
that our review of the research will e0nlribute to this process. 

In this chapter, we have also discussed how our conclusions and recommendations for 
reducing the risk of laboratory error, for applying human population genetics to DNA profiles, 
and for handling uncertainties in estimates of profile frequencies and match probabilities might 
affect the application of the rules for the discovery and admission of evidence in court. Many 
suggestions can be offered to make our recommendations most effective: for example, that every 
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jurisdiction should make it possible for all defendants to have broad discovery and independent 
experts; that accreditation, proficiency-testing, and the opportunity for independent testing 
(whenever feasible) should be prerequisites to the admission of laboratory findings; that in 
resolving disputes over the adequacy or interpretation of DNA tests, the power of the court to 
appoint its own experts should be exercised more frequently; and that experts should not be 
barred from presenting any scientifically acceptable estimate of a random-match probability. We 
have chosen, however, to make no formal recommendations on such matters of legal policy; the 
single recommendation in the chapter concerns scientific evidence--namely, the need for 
behavioral research that will assist legal decision makers in developing standards for 
communicating about DNA in the courtroom: 

Recommendation 6.1: Behavioral research should be carried out to identify any 
conditions that might cause a trier of fact to misinterpret evidence on DNA profiling and to 
assess how well various ways of presenting expert testimony on DNA can reduce such 
misunderstandings. 

We trust that our efforts to explain the state of the forensic science and some of the social science 
findings that are pertinent to resolving these issues will contribute to better-informed judgments 
by courts and legislatures. 
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APPENDIX 6A 

The following tables summarize the law in the United States on the admissibility of 
estimates of profile frequencies or random-match probabilities of DNA types. Table 6.1 lists the 
leading cases or statutes in each jurisdiction with a parenthetical explanation of the result in each 
case. Table 6.2 presents this information in a more abbreviated format. In many of the more 
recent eases, both an interim-ceiling and product-rule estimates were presented. The tables do not 
show whether an opinion holds or suggests that the product-rule estimate would have been 
inadmissible had the ceiling estimate not been included. Many other subtleties and issues that 
arise in these cases are not captured in this brief summary. 

Table 6.1. Leading Cases and Statutes on Admissibility of Inclusionary DNA Evidence by 
Jurisdiction, as of June 1995 
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D.C. Cir. 

2d Cir. 

6th Cir. 

8th Cir. 

9th Cir. 

10th Cir. 

Alabama 

Alaska 

Arizona 

United States v. Perry, Crim. No. 92-474 (D.D.C. Jan. 11, 1994) (V'NTR product 
estimate admissible) 
United States v. Jakobetz, 955 F.2d 786 (2d Cir. 1992). affd, 955 F.2d 786 (2d 
Cir.), cert. denied, 113 S. Ct. 109 (1992) (VNTR product-rule estimate admissible 
under relevance standard) 
United States v. Bonds, 12 F. 3d 540 (6th Cir. 1993) (VNTR product-rule 
estimate admissible under Daubert) 
United States v. Martinez, 3 F. 3d 1191 (8th Cir. 1993) (testimony of VNTR 
match without frequency estimate admissible where defendant opposed admission 
of statistic), cert. denied, 114 S. Ct. 734 (1994) 
United States v. Chisehilly, 30 F. 3d 1144 (9th Cir. 1994) (VNTR product-rule 
estimate admissible under Daubert), cert. denied, 115 S. Ct. 946 (1995) 
United States v. Davis, 40 F. 3d 1069 (10th Cir. 1994) (VNTR estimate 
admissible under Daubert, but estimation procedure not specified), cert. denied, 
115 S. Ct. 1387, 1806(1995) 

Dubose v. State, 662 So.2d 1189 (Ala. 1995) (error not to appoint defense expert 
to counter what, presumably, was admissible VNTR product-rule estimate and 
opinion of uniqueness); Perry v. State, 586 So. 2d 242 (Ala. 1991) (VNTR 
product-rule estimate remanded for Frye hearing ), on appeal from remand, 606 
So. 2d224 (Ala. Crim. App. 1992) (admissible) 
Hilbish v. State, 891 P.2d 841,847 (Alas. Ct. App. 1995) (unstated DNA testing 
introduced, apparently without objection , to show that blood stain was the victim's 
to "a certainty of over 99.5 percent") 
State v. Bible, 175 Ariz. 549, 858 P.2d 1152 (1993), cert. denied, 114 S.Ct. 1578 
(1994) (VNTR product-rule estimate inadmissible under Frye because of 
controversy over sampling method, linkage equilibrium, and Hardy-Weinberg 
proportions); State v. Johnson, 905 P.2d 1002 (Ariz. Ct. App. 1995) (VNTR 
ceiling estimate admissible under Bible and Frye); State v. Bogan, 905 P.2d 515, 
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Arkansas 

California 

Colorado 

Connecticut 

Delaware 

DC 

Florida 

• Georgia 

Hawaii 

THE EVALUATION OF ~FORENSIC DNA EVIDENCE 

522-23 (Ariz. Ct. App. 1995) (RAPD match of DNA from tree and opinion as to 
source admissible), rev. granted; State v. Hummert, 170 Ariz. Adv. Rep. 17 (Az. 
Ct. App. July 26, 1994) (testimony all but stating that matching VNTR profile is 
unique inadmissible) 
Swanson v. State, 308 Ark. 28, 823 S.W. 812 (1992) (VNTR product-rule 
estimate admissible under relevance standard); Prater v. State, 820 S.W.2d 429 
(Ark. 1991) (same) 
People v. Admundson, 34 Cal. App. 4th 1151, 41 Cal. Rptr. 2d 127 (1995) 
(unspecified PCR-based test as well as VNTR profiling); People v. Marlow, 34 
Cal. App. 4th 460, 41 Cal, Rptr. 2d 5 (1995); People v. Taylor, 33 Cal. App. 4th 
262 (1995); People v. Wilds, 31 Cal. App. 4th 636, 37 Cal. Rptr. 2d 351 (1995), 
review granted, 890 P. 2d 1117, 39 Cal. Rptr. 2d 406 (1995); People v. Venegas, 
31 Cal. App. 4th 234, 36 Cal. Rptr. 2d 856 (1995), review granted, 890 P.2d 
1117, 39 Cal. Rptr: 2d 408 (1995); People v. Soto, 30 Cal.App. 4th 340, 357, 35 
Cal.Rptr.2d 846, 856 (1994), modifiedon rehearing, 39 Cal. App. 4th 757 (1994) 
(Dec. 22, 1994), review granted, 890 P. 2d 1115, 39 Cal. Rptr. 2d 406 (1995); 
People v. Wallace, 14 Cal. App. 4th 651, 17 Cal. Rptr. 2d 721 (1993); People v. 
Pizarro, 10 Cal. App. 4th 57, 12 Cal. Rptr. 436 (1992); People v. Barney, 8 Cal. 
App. 4th 798, 10 Cal. Rptr. 2d 731 (1992); People v. Axell, 235 Cal. App. 3d 836, 
1 Cal. Rptr. 2d 411 (1991) (conflicting opinions on admissibility of VNTR 
product-rule and interim-ceiling estimates) 
Lindsey v. People, 892 P.2d 281 (Colo. 1995) (VNTR product-rule and ceiling 
estimates admissible under Frye and relevance standards) 
State v. Sivri, 231 Conn. 115, 646 A.2d 169 (1994) (VNTR product-rule estimate 
admitted at trial, but case remanded for Frye hearing on necessity for interim- 
ceiling estimate in light of 1992 National Research Council report) 
Nelson v. State, 628 A.2d 69 (Del. 1993) (trial court's exclusion of VNTR 
product-rule frequency "inherently inconsistent" with its admission of testimony 
of a match, because "without the necessary statistical calculations, the evidence of 
the match was 'meaningless' to the jury"); Del. Code Ann. § 3515 (1994) 
United States v. Porter, 618 A.2d 629 (D.C. App. 1992) (remanding for Frye 
hearing on admissibility of VNTR ceiling estimates), on remand, 1994 WL 
368405 (D.C. Super. Ct. 1994) (admissible) 
Hayes v. State, 660 So. 2d 257 (Fla. 1995) (VNTR ceiling estimate admissible 
under Frye; dictum); Andrews v. State, 533 So. 2d 851 (1988) (VNTR product- 
rule estimate admissible under Frye and relevance standards) 
Caldwell v. State, 260 Ga. 278, 393 S.E.2d 436 (1990) (VNTR product-rule 
estimate inadmissible because database shows departure from Hardy-Weinberg 
proportions, but a more-conservative estimate said to be derived without using 
any "population theory" admissible under Frye); Blige v. State, 211 Ga. App. 771, 
440 S.E.2d 525 (1994) (estimate produced by "downsizing" the numbers as in 
Caldwell admissible) 
State v. Montalbo, 73 Haw. 130 828 P.2d 1274 (1992) (VNTR product-rule 
estimate admissible under Frye) 
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Illinois 

Indiana 

Iowa 

Kansas 

Louisiana 

Maryland 

Mass. 

Michigan 

Minnesota 

Mississippi 

Missouri 

Franson v. Micelli, 269 Ill. App. 3d 20 (1994) (summarizing the positions of each 
appellate district and holding inadmissible under Frye standard a VNTR paternity 
probability), appeal allowed, 161 Ill. 2d 525, 649 N.E. 2d 415 (1995); People v. 
Heaton, 266 Ill. App. 3d 469, 640 N.E.2d 630 (1994) (VNTR product-rule 
estimate and opinion as to source admissible before 1992 National Research 
Council report); People v. St/emmel, 258 N.E.2d 93 (1994) (VNTR product-rule 
estimate admissible under Frye); People v. Watson, 257 Ill. App. 915, 629 N.E.2d 
634 (1994) (VNTR product-rule estimate inadmissible under Frye; remanded for 
Frye hearing on admissibility of ceiling estimates); People v. Lipscomb, 215 Ill. 
App. 3d 413,574 N.E. 2d 1345 (1991) (VNTR product-rule estimate admissible 
under Frye) 
Harrison v. State, 644 N.E.2d 1243 (Ind. 1995) (remanding for Frye hearing on 
PCR-based tests); Davidson v. State, 580 N.E. 2d 238 (Ind. 1991) (VNTR 
product-rule estimate admissible under Frye); Hopkins v. State, 579 N.E. 2d 1297 
(Ind. 1991) (same) 
State v. Brown, 470 N.W.2d 30 (Iowa 1991) (VNTR product-rule estimate 
admissible under relevance standard) 
State v. Haddock, 257 Karl. 964, 897 P.2d 152 (1995) (DQA test and frequency 
admissible under Frye); State v. Hill, 257 Kan. 774, 859 P.2d 1238 (1995) 
(unspecified PCR-based test and frequency estimate admissible under Frye); State 
v. Dykes, 252 Kan.556, 847 P.2d 1214 (1993) (VNTR product-rule estimate 
admissible under Frye) 
State v. Quatrevingt, 617 So.2d 484 (La. Ct. App. 1992) (VNTR product-rule 
estimate admissible under statute); aft'd, No. 93-KO-1644, 1996 WL 83873 (La. 
Feb. 28, 1996) (statute satisfies relevance requirement of Daubert, but Lifecodes's 
use ofmonomorphic probes was not shown to be scientific sound under Daubert); 
La. Stat. Ann. § 441.1 (1992) 
Cobey v. State, 80 Md. App. 31,559 A.2d 391 (1989) (VNTR product-rule 
estimate admissible under statute); Md. Code Ann. Cts. & Jud. Proc. § 10- 
9!5(3)(b) (Michie Supp. 1992) ("evidence of a [RFLP] DNA profile is 
admissible") 
Commonwealth v. Lanigan, 419 Mass. 15, 596 N.E. 2d 311 (1994) (VNTR 
ceiling estimate admissible under Frye), appeal of remand from 413 Mass. 154, 
596 N.E.2d 311 (1992) (VNTR product-rule estimate inadmissible under Frye) 
People v. Adams, 195 Mich. App. 267, 489 N.W.2d 192 (1992) (VNTR product- 
rule estimate admissible under Frye), modified on other grounds, 441 Mich. 916, 
497 N.W.2d 182 (1993); People v. Adell, 205 Mich. App. 326, 517 N.W.2d 785 
(1994) (VNTR product-rule estimates admissible under Adams) 
State v. Bloom, 516 N.W.2d 159 (1994) (VNTR ceiling estimates admissible 
under Frye); Minn. Stat. Ann. § 634.25 (1989) 
Polk v. State, 612 So.2d 381 (1993) (VNTR match admissible under Frye without 
frequency estimates) 
State v. Davis, 814 S.W.2d 593 (Mo. 1991) (VNTR product-rule estimate 
admissible under Frye), cert. denied, 502 U.S. 1047 (1992) 
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Montana 

Nebraska 

New Hamp. 

New Jersey 

New Mexico 

New York 

North Car. 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

South Car. 

South Dakota 

State v. Weeks, 270 Mont. 63, 891 P.2d 477 (1995)(serological and VNTR tests 
along with paternity index of 1,900,000 calculated by unspecified method 
admissible to prove rape); State v. Moore, 268 Mont. 20, 885 P.2d 457 (1994) 
(VNTR and DQA results admissible under Daubert without any statistical 
estimates where defendant had moved to exclude estimates as prejudicial) 
State v. Carter, 246 Neb. 953, 524 N.W.2d 763 (1994) (PCR DQA product 
estimate inadmissible under Frye in light of 1992 National Research Council 
report's discussion of Hardy-Weinberg proportions) 
State v. Vandebogart, 136 N.H. 345, 616 A.2d 483 (1992) (VNTR product-rule 
estimate inadmissible under Frye; remanded for a Frye hearing on ceiling 
estimates), appeal after remand, 139 N.H. 145, 652 A.2d 671 (1994) (ceiling 
estimate admissible under Frye) 
State v. Williams, 252 N.J. Super. 369, 599 A.2d 960 (1991) (DQA product-rule 
estimate admissible under Frye) 
State v. Duran, 118 N.M. 303, 881 P.2d 48 (1994) (VNTR ceiling estimate 
admissible under Daubert); State v. Anderson, 118 N.M. 284, 881 P.2d 29 (1994) 
(VNTR product-rule estimates admissible under Daubert) 
People v. Varm, 627 N.Y.S.2d 473 (App. Div. 3d Dep't 1995) (VNTR product- 
rule estimate admissible under Frye where the defendant objected that the test was 
not scientifically accepted but did not object to the frequency estimate); People v. 

. . . . . . . . . . . . .  A • . • 

Palumbo, 162 Misc. 2d 650, 618 N.Y.S.23d 197 (Sup. t.:t. 1~4) (L~t~A test 
ordered following finding that DQA testing and population frequencies are 
generally accepted); People v. Wesley, 83 N.Y.2d 417, 633 N.E.2d 451, 611 
N.Y.S.2d 97 (1994) (VNTR product-rule estimate admissible under Frye); People 
v. White, 621 N.Y.S.2d 728 (App. Div. 3d Dep't 1995) (VNTR test that identified 
defendant as father of aborted fetus admissible to prove rape) 
State v. Pennington, 327 N.C. 89, 393 S.E.2d 847 (1990) (VNTR product-rule 
estimate admissible under relevance standard) 
State v. Pierce, 64 Ohio St. 3d 490, 597 N.E.2d 107, 113 (1992) (VNTR product- 
rule estimate admissible under relevance standard); State v. Penton, No. 9-91-25 
(Ohio Ct. App. Apr. 7, 1993) (DQA estimate admissible under relevance 
standard) 
Taylor v. State, 889 P.2d 319 (Okla. Ct. Crim. App. 1995) (VNTR product-rule 
estimate admissible under DauberO 
State v. Lyons, 124 Or. App. 598, 863 P.2d 1303 (1993) (DQA product-rule 
estimate admissible under relevance standard), review allowed, 319 Or. 406, 879 
P.2d 1284 (1994); State v. Fntch, 123 Or. App. 176, 860 P.2d 264 (1993) (VNTR 
product-rule and (apparently) ceiling estimates admissible under relevance 
standard), review allowed, 319 Or. 406, 879 P.2d 1284 (1994) 
Commonwealth v. Crews, 536 Pa. 508, 640 A.2d 395 (1994) (testimony that 
VNTR match "at three of four loci" made identity "probable" admissible under 
Frye despite objection to lack of frequency estimate) 
State v. Ford, 301 S.C. 485, 392 S.E.2d 781 (1990) (VNTR product-rule estimate 
admissible under Frye and relevance standards) 
State v. Schweitzer, 533 N.W.2d 156, 160 (S.D. 1995) (VNTR estimate 
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Tennessee 

Texas 

Vermont 

Virginia 

Washington 

West Virginia 

Wisconsin 

Wyoming 

admissible under Daubert; method of estimation not specified); State v. 
Wimberly, 467 N.W.2d 499 (S.D. 1991) (VNTR product-rule estimate admissible 
under Frye) 
State v. Steele, No. 03C01-9207-CR-233, 1993 WL 415836 (Tenn. Ct. Crim. 
App. Oct. 13, 1993) (VNTR product-rule estimate admissible under Daubert); 
State v. Harris, 866 S.W.2d 583 (Tenn. Ct. Crim. App. 1992) (VNTR product-rule 
estimate admissible under Frye, relevance standard, and special statute) 
Campbell v. State, 910 S.W.2d 475 (Tex. Crim. App. 1995) (DQA estimate 
admissible under "reliability" standard); Flores v. State, 871 S.W. 2d 714 (Tex. 
Crim. App. 1993) (VNTR product-rule estimate admissible under relevance 
standard); Kelly v. State, 824 S.W. 2d 568 (Tex. Crim. App. 1992) (same); Fuller 
v. State, 827 S.W. 2d 919 (Tex. Crim. App. 1992) (same); Clarke v. State, 839 
S.W.2d 92 (Tex. Crim. App. 1991) (DQA product-rule estimate admissible under 
relevance standard) 
State v. Streich, 658 A.2d 38 (Vt. 1995) Cv"NTR product-rule estimate, as opposed 
to a ceiling estimate, inadmissible under Daubert) 
Mickens v. Commonwealth, 247 Va. 395,442 S.E.2d 678 (1994) (VNTR and 
DQA results admitted at trial but not discussed on appeal); Satcher v. 
Commonwealth, 244 Va. 220, 421 S.E.2d 821 (1992) (VNTR product-rule 
estimate admissible under special statute); Spencer v. Commonwealth, 238 Va. 
295, 384 S.E. 2d 785 (1989) (same), cert. denied, 493 U.S. 1093 (1990); Spencer 
v. Commonwealth, 240 Va. 78, 393 S.E.2d 609 (1989) (DQA test result 
admissible under statute), cert. denied, 498 U.S. 908 (1990); Va. Code Ann. § 
19.2-207.5 
State v. Buckner, 125 Wash.2d 915, 890 P.2d 460 (1995) (testimony that VNTR 
profile with product-rule estimate of 1/19.5 billion inadmissible); State v. Gentry, 
125 Wash.2d 570, 888 P.2d 1105 (1995) (DQA product-rule estimate admissible 
under Frye); State v. Cauthron, 120 Wash. 2d 879, 846 P.2d 502 (1993) (VNTR 
testimony of a VNTR match said to prove that defendant was the source of the 
incriminating DNA inadmissible under Frye because it was "unsupported by valid 
probability statistics," but ceiling estimate would be admissible) 
State v. Satterfield, 193 W.Va.503,457 S.E.2d 440 (1995) (unspecified DNA test 
results admitted at trial but not discussed on appeal) 
State v. Peters, 192 Wis. 2d 674, 534 N.W. 2d 867 (Ct. App. 1995) (VNTR 
product-rule and interim-ceiling estimates admissible under relevance standard) 
Springfield v. State, 860 P.2d 435 (Wyo. 1993) (VNTR ceiling estimate 
admissible under relevance standard) 
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Jurisdiction 
II 

Standard Of  
i 

Admissibility 

Table 6.2 
Admissibility of Inclusionary DNA Evidence 

by Jurisdiction, as of June 1995 
III 

DNA Test 
IV 

Method Of 
Computation 

D.C. Cir. i i RFLP I Product 

2d Cir i R i RFLP I Product 
6th Cir I F i RFLP i Product 
8th Cir i D I RFLP I Product 
9th Cir v D I RFLP I Product 
10th Cir . D . RFLP . ? 

Ala RFLP 
RFLP 

RAPD 

Ariz. 

Product 

Product 
Product 
Ceiling 
None 

V 
Opinion As 
To Source 
Admissible? 

Yes 
No 

Yes 

VI 
Only Fact O f  
Match 
Admissible? 

Yes 

VII 
Product 
Admissible? 

Yes 
Yes 
Yes 
Yes 
Yes 
? 

Yes 
No 

VIII  
Ceiling 

:Admissible? 

Yes 

Ark R RFLP i Product " " Yes " 
t I I I I Yes-No I Yes-No 

Cal F RFLP,PCR Product 
Yes-No Yes-No i I i Ceiling i i 1 i 

Colo F,R RFLP Product Yes 
Yes w i I Ceiling I I i i 

~,"~ - - -  - -  D I ~ T  'D I D , . ~ e ] , ,  ~ *  ¢)  

~ u a u . t .  I F . I A ~  x..,.t I • " ~ ' ~ ' " " "  I I I " i 

!Del , F,S , RFLP , Product , , , Yes 
RFLP 

RFLP 

RFLP 
RFLP 

F 

F 

DC 

Fla 

Product 
Ceiling 
Product 
Ceiling 

Ga i F 
Haw . R Product 

I11 F RFLP Product 
I I I 

RFLP Product 
Ind F,S !PCR 

I I I 
Iowa ! R . RFLP ~ Product 

Product 
Product 

RFLP 

DQA 

r t 

Kan 

No  

Yes 

? 

Yes 
Yes-No 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes 

La 1 R,S ] RFLP i Product 
Md . S . RFLP . Product 

Product 

Yes 

Yes 
(Dictum) 

to3 I. Federal or state jurisdiction in which at least one court opinion on the admissibility o f  DNA test results that 

incriminated the defendant was reported. 
II. Frye (F), Daubert (D), relevance-helpfulness (R), or special statutory (S) standard applied. R refers to cases 

applying a non-Frye standard adopted before Daubert; all federal courts are now required to apply the Daubert 
standard. 

III.  Type o f  DNA test performed. 
IV. Procedure used to compute probability or frequency offered in the case. 
V. Is expert-opinion testimony that defendant is the source or that the type is unique admissible? 
VI. Is only the fact o f  a match admissible? 
VII.  Is the product-rule estimate admissible? 
VIII.  Is the interim-ceiling-principle estimate admissible? 
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ilu~ 

Jurisdiction 
II 
Standard Of 
Admissibility 

Miss 
Mo 
Mont 

III 
DNA Test 

IV 
Method Of 
Computation 

V 
Opinion As 
To Source 
Admissible? 

VI 
Only Fact Of 
Match 
Admissible? 

VII 
Product 
Admissible? 

VIII 
Ceiling 
Admissible? 

Ma D RFLP Ceiling No Yes 
Mich 'F  RFLP Product Yes 
Minn ,' F,S RFLP Ceiling Yes 
Miss ' F RFLP Yes :None 

Product Mo F RFLP Yes 
Mont ' D .RFLP Product Yes 

PCR 
Neb ' F , Product Yes RFLP 

PCR 
NH RFLP No Product 

Ceiling Yes 
NJ 'F  PCR Product Yes 
NM !D RFLP 

,F 
~R 

NY 
NC 

Product 
Ceiling 
Product 
Product 
Product Ohio R 

RFLP 
RFLP 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

RFLP 
PCR 

Yes 
Yes 

:Okla D RFLP Product Yes 
'Ore ' R RFLP Product !Yes 

PCR Yes 
I 

Pa F RFLP None Yes 
I 

SC F,R Product Yes 
SD Product i Y e s  F 

RFLP 
RFLP 

Term F,D,R,S RFLP Product Yes 
I 

Tex R RFLP Product Yes 
i DQA, PCR 

Vt I D RFLP Product No Yes 
Ceiling 

i 

Va tLS RFLP Product i Yes 
i DQA Product i Yes 

Wash F RFLP Product No ~No Yes 
PCR 

! 

Wisc R RFLP Product Yes Yes 
Ceiling 

Wyo R RFLP Yes Product 
Ceiling 
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ABBREVIATIONS 

0 
2 % 

2p rule 

A 
ABC 
AMP-FLP 
ANSI/ASQC 
ASCLD 
ASCLD-LAB 

C 
CAP 
CODIS 
DISJ 

DNA 
DQA 

FBI 
FST 

G 
GYPA 
HBGG 
HLA 
HW 
K562 
LDLR 
LE 
LR 
MVR 
NIST 
PCR 

Pi 

PM 

Designating a significance-level probability or confidence coefficient; a measure 
of the uncertainly of a band measure with VNTRs 
A measure of the degree of population subdivision; equivalent to Fsr 
A measure used to assess statistical significance. From the value of 2 and the 
number of degrees of freedom, the probability of a deviation from the expected 
value as large as or larger than that observed can be determined. 
A conservative adjustment for a single VNTR band possibly being from a 
heterozygote; 2pi replaces pi 2. 
Adenine; also used to designate an arbitrary genetic locus 
American Board of Criminalistics 
Amplified fragment length polymorphism 
American National Standards Institute/American Society for Quality Control 
American Society of Crime Laboratory Directors 
American Society of Crime Laboratory Directors, Laboratory Accreditation 
Board. 
Cytosine, covariance (also Cov) 
College of American Pathologists 
The FBI national DNA identification index 
A designation of a VNTR. I designates the chromosome; J is a numerical 
indentifier. D1S79 is number 79 on chromosome 1. 
Deoxyribonucleic acid, the genetic material 
A gene locus associated with HLA and used in forensic analysis; the gene 
product is called DQa. 
The US Federal Bureau of Investigation 
Wright's measure of population subdivision; same as 0 when mating within 
subpopulations is random 
Guanine 
Glycophorin A gene locus 
Hemoglobin b gamma globin gene locus 
Human leukocyte antigen gene locus 
Hardy-Weinberg (proportions) 
A human cell line whose DNA sample used as a standard 
Low-density lipoprotein receptor gene locus 
Linkage equilibrium 
Likelihood ratio 
Minisatellite variant repeat 
National Institute of Standards and Teetmology 
Polymerase chain reaction 
A symbol used to designate the frequency of the i-th allele; the subscript may be 
dropped. 
Polymarker 
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ABBR-2 

QA 
QC 
RFLP 
S or (~  

STR 
T 
TWGDAM 
V 
VNTR 

THE EVALUATION OF FORENSIC DNA EVIDENCE 

Quality assurance 
Quality control 
Restriction fragment length polymorphism 
Standard deviation 
Short tandem repeats 
Thymine 
Technical Working Group on DNA Analysis and Methods 
Variance (also Var) 
Variable number of tandem repeats. (These are RFLPs.) 
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Glossary I 

Adenine  - a purine base; one of the constituents of DNA; abbreviated A. 
Allele - one of two or more alternative forms of a gene. In DNA analysis the definition is 

extended to any DNA region used for analysis. 
Ampl i f ica t ion  - increasing the number of copies of  a DNA region, usually by PCR. 
Autorad iograph  (autoradiogram; autorad) - a photographic recording of the position on an X- 

ray film where radioactive decay of isotopes has occurred. 
Autosome  - any chromosome other than the X or Y. 
B a n d  - the visual image representing a particular DNA fragment on an autoradiograph . 
B a n d  shif t  - the  phenomenon in which DNA fragments in one lane of a gel migrate at a different 

rate from that of identical fragments in other lanes of the same gel. 
Base p a i r  - t w o  complementary nucleotides in double-stranded DNA; these are AT or GC. 
Biased  - systematically deviating from the true value, as a conservative estimate. 
Binn ing  - grouping VNTR alleles into sets of similar sizes, necessary because the individual 

alleles are too similar to differentiate; two binning processes are fLxed and floating bins 
(see Chapter 5). 

Bl ind  pro f i c i ency  test - a proficiency test in which the laboratory personnel do not know that a 
test isbeing conducted. 

Blot  - see Southern blot. 
C h r o m o s o m e  - a physical structure in the cell nucleus, made of DNA, RNA, and proteins. The 

genes are a.rranged in linear ~ order along the chromosome. 
Ceil ing pr inc ip le  - a procedure for setting a minimum profile frequency. One hundred persons 

from each of 15-20 genetically homogeneous populations spanning the range of racial 
groups in the United States are sampled. For each allele, the highest frequency among 
the groups sampled, or 5%, whichever is larger, is used for calculations. (el. interim 
ceiling principle) 

Conf idence  interval, confidence limits - A n  interval, based on a sample, that is expected to 
include the population mean value a specified proportion of the time. 100(l<t)% 
confidence limits are expected to include the population value 100(I-ix)% of the time. 
Conventional values are 90% (ix = 0.10), 95%, and 99%. 

Conservat ive  - favoring the defendant. A conservative estimate is deliberately chosen to be more 
favorable to the defendant than the best (unbiased) estimate would be. 

Convenience  sample  - a sample chosen because of availability or similar reason; not a random 
sample. 

Covar iance  (Cov, C) - for paired numbers, the average of the product of the deviation from its 
mean of each member of a pair. 

Cross ing  over  - the exchange of parts between homologous chromosomes during meiosis; 
recombination. 

Cytosine - a pyrimidine base; one of the constituents of DNA; abbreviated C. 
Degrada t ion  - the  breaking down of DNA by chemical or physical means. 

' Adapted from NRC (1992) 
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Denaturation - separation of a double stranded DNA into single strands. 
Deoxyribonucleic  ac id  (DNA) - the genetic material; a double helix composed of two 

complementary chains of paired nucleotides. 
Dip lo id -  having two sets of chromosomes (el. haploid). 
DNA polymerase  - the enzyme that catalyzes the synthesis of double-stranded DNA. 
DNA probe  - see probe. 
EDTA - a preservative added to blood samples. 
Electrophoresis  - a technique in which different molecules are separated by their rate of 

movement in an electric field. 
Enzyme - a protein that is capable of speeding up, and therefore facilitating, a specific chemical 

reaction; a biological catalyst. 
Ethidium bromide - a molecule that binds to DNA and fluoresces under ultraviolet light; used to 

identify DNA. 
F statistics - Wright's measures of inbreeding and population structure; in this report population 

subdivision is measured by FST or 0. 
Gamete - a haploid reproductive cell; sperm or egg. 
Gametic equilibrium - see linkage equilibrium. 
Gel - a semisolid medium used to separate molecules by electrophoresis. 
Gene - the basic unit of heredity; a functional sequence of DNA in a chromosome. 
Gene f requency  - the relative frequency (proportion) of an allele in a population. 
Genetic d r ~  - random fluctuation in allele frequencies. 
Genome - the total (haploid) genetic makeup of an organism. In the human this comprises 3 

billion base pairs. 
Genotype - the genetic makeup of an organism, as distinguished from its physical appearance 

(phenotype); usually designated by allele symbols, e.g. AIA2 designates the genotype of 
an individual with alleles Aland A2. The word may be used to designate any number of 
loci, from one to the total number. 

Guanine - a purine base; one of the consituents of DNA; abbreviated G. 
Haploid  - having one set of chromosomes, as a gamete (el. diploid). 
Hardy-Weinbergpropor t ions  - the state, for a genetic locus in a population, in which the alleles 

making up the genotypes are in random proportions; abbreviated HW. 
Heterozygosi ty  - the proportion of a population that is heterozygous for a particular locus. 
Heterozygote - a fertilized egg (zygote) with two different alleles at a designated locus; by 

extension, the individual that develops from such a zygote. 
Heterozygous - having different alleles at a particular locus (cf. homozygous). 
Homologous  - corresponding; used to describe the relationship between two members of a 

chromosome or gene pair. 
Homozygote  - a fertilized egg (zygote) with two identical alleles at a designated locus; by 

extension, the individual that develops from such a zygote. 
Homozygous  - having the same allele at a particular locus (el. heterozygous). 
Hybridizat ion - the pairing of complementary single strands of DNA. 
Inbreeding coefficient - the probability that two homologous genes in an individual are 

descended from the same gene in an ancestor; a measure of the proportion by which the 
heterozygosity is reduced by inbreeding; designated by F. 
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G L O S S A R Y  ~ . G L - 3  

In ter im ce i l ing  pr inc ip le  - For each allele, the highest frequency (adjusted upward for statistical 
uncertainty) found in any racial group, or 10%, whichever is higher, is used in product- 
rule calculations. (cf. ceiling principle) 

I so tope  - an alternative form of a chemical element; used particularly in reference to radioactive 
forms, or radioisotopes. 

Ki lobase  (kb) - 1000 bases. 
Kinsh ip  coef f ic ient  - the probability that two randomly chosen genes, one from each of two 

individuals in a population, are identical (i.e. both descended from the same ancestral 
gene, or one from the other); equivalent to the inbreeding coefficient of a (perhaps 
hypothetical) offspring; designated by F. 

Linkage  - inheritance together of two or more genes on the same chromosome. 
Linkage  equi l ibr ium - the state in which two or more loci in a gamete are in random 

proportions--i.e., the gamete frequency is the product of the allele frequencies; 
abbreviated LE. 

L o c u s  (pl. loci)  - the physical location ofa  gene on a chromosome. 
M a r k e r  - an easily detected gene or chromosome region used for identification. 
M a t c h  - 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 VNTRs, two samples match when the pattern of the bands are similar and the 
positions of the corresponding bands at each locus fall within a preset distance. 

M e i o s i s  - the t w o  cell divisions that occur in the development of a sperm or egg, during which 
the chromosome number is halved. 

M e m b r a n e -  the  matrix (usually nylon) to which DNA is transferred from a gel during Southern 
blotting. 

N u c l e i c  a c i d  - DNA or RNA. 
N u c l e o t i d e  - a unit of nucleic acid composed of phosphate, a sugar, and a purine or pyrimidine 

base. 
P h e n o t y p e  - the manifestation of the genotype; it may be externally visible, as eye color, or 

observed by a special technique, as blood groups or enzymes. 
P o l y m e r a s e  cha in  react ion  - an in vitro process for making many copies of a fragment of DNA; 

abbreviated PCR. 
P o l y m o r p h i s m  - the presence of more than one allele at a locus in a population; in forensic loci, 

the most common allele usually has a frequency less than 0.6. 
P r o b e  - a short segment of single-stranded DNA, labeled with a radioactive or chemical tag, that 

is used to detect the presence of a particular DNA sequence through hybridization to its 
complementary sequence. 

P r o f i c i e n c y  tes t  - a test to evaluate the quality of performance of a laboratory. 
P u r i n e  - the larger of the two kinds of bases found in DNA and RNA; A and G are purines. 
P y r i m i d i n e  - the  smaller of the two kinds of bases found in DNA and RNA; C and T are 

pyrimidines. 
Qual i t y  a s surance  - a program conducted by a laboratory to ensure accuracy and reliability of 

tests performed; abbreviated QA. 
Qual i t y  aud i t  - a systematic and independent examination and evaluation of a laboratory's 

operations. 
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Quality control - activities used to monitor the quality of DNA typing to satisfy specified criteria; 
abbreviated QC. 

Random match - A match in the DNA profiles of two samples of DNA, where one is drawn at 
random from the population. 

Random-match probabil i ty  - The chance of a random match. As used in this report, it is the 
probability that the DNA in a random sample from the population has the same profile as 
the DNA in the evidence sample. 

Random sample - a sample chosen so that each sample of the population has a known chance of 
being represented. In a simple random sample each member has an equal chance of being 

represented. 
Rebinning - grouping adjacent bins whose absolute number in the data base is less than 5. 
Replication - the synthesis of new DNA from existing DNA. 
Restriction enzyme, restriction endonuclease - an enzyme that cuts a DNA molecule at a 

specified short base sequence. 
Restriction f ragmen t  length polymorphism - variation in the length of a stretch of DNA; 

abbreviated RFLP. 
Ribonucleic acid - a class of nucleic acid; it is synthesized from DNA and is part of the process 

of  translating a DNA sequence into a phenotype; abbreviated RNA. 
Sex chromosomes - the X and Y chromosomes. 
Short tandem repeat - a tandem repeat in which the repeat units are 3, 4, or 5 base pairs; 

abbreviated STR. 
Significant, statistically s igni f icant-  two values are significantly different if  the probability of 

obtaining a difference as large as or larger than that found is less than c~ when the true 
difference is zero. Conventionally, ~ is taken as 0.05, although other values, such as 

0.01, are also used. 
Somatic cells - cells other than those in the cellular ancestry of egg and sperm. 
Southern blotting - the technique for transferring DNA fragments that have been separated by 

electrophoresis from the gel to a nylon membrane. 
Standard deviation - the square root of the variance; abbreviated s or t~. 
Tandem repeat - multiple copies of an identical DNA sequence arranged in direct succession in a 

particular region of the chromosome. 
Thymine - a pyrimidine base; one of the constituents of DNA; abbreviated T. 
Variable number o f  tandem repeats - repeating units of a DNA sequence; a class of RFLPs; 

abbreviated VNTR. 
Variance (Far, I0 - for a series of numbers, the average of the squared deviation of each number 

from the mean. 
Zygote - the diploid cell resulting from the fusion of egg and sperm. 
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