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Foreword

This comprehensive book takes the reader from the underpinnings of statistical infer-
ence through to cutting-edge modern analytical techniques. Along the way, the authors
explore graphical representations of data, a key component of any data analysis; standard
procedures such as the t-test and tests for independence; and modern methods, including
the bootstrap and empirical likelihood methods. The presentation focuses on practical
applications interwoven with theoretical rationale, with an emphasis on how to carry out
procedures and interpret the results. Numerous software examples (R and SAS) are pro-
vided, such that the readers should be able to reproduce plots and other analyses on their
own. A wealth of examples from real data sets, web resources, supplemental notes, and
plentiful references are provided, which round out the materials.

Nicole Lazar
Department of Statistics, University of Georgia
Athens, Georgia
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Preface

SUMMARY: In all likelihood, the universe of statistical science is relatively or privately
infinite, and it is expanding in a similar manner as our universe, satisfying the property of
a science that is alive. Hence, it would be an absolute impossibility to include everything
in one book written by humans, even around a statistical topic such as statistical testing
strategies. One of our major goals is to provide the readers a road map of where and what
to look for, corresponding to their interests, while steering them away from improper or
suboptimal approaches.

Modern studies in health sciences require formal comparisons and evaluations based on
correct and appropriate statistical decision-making mechanisms. In many scenarios, the
statistical design and analysis of a health-related study is carried forth under strict federal
guidelines and review; for example, the Food and Drug Administration (FDA) reviews
and approves the safety and efficacy of new drugs and medical devices based on rigorous
statistical approaches. The cost of these types of investigations is enormous and time-
consuming. Thus, the use of cost-effective and appropriate statistical methods is a high
priority. In addition to federal reviews, scientific journals have become much more rigor-
ous as well, in terms of making sure an appropriate analysis plan was applied, usually
employing statisticians as reviewers.

The primary objective of this book is to provide a compendium of statistical approaches
for decision-making policies ranging from graphical methods and classical procedures
through computational-intensive bootstrap strategies to newly advanced empirical likeli-
hood techniques. Historically, many of the approaches that we will present in this book
were not feasible due to the computational requirements. In the past, this meant relying on
approximations that may or may not be accurate in the finite sample setting. However, in
the modern age, we are generally no longer constrained by computational issues and have
a greater flexibility in terms of the statistical approaches that we may employ to data anal-
ysis problems. In some sense, the computational power of modern computers has spurred
a renaissance in new and modern statistical methods, which is the thrust of what we wish
to accomplish. These methodologies may be applied to various problems encountered in
medical and epidemiological studies, including clinical trials.

Theoretical aspects of various decision-making procedures, including those based on
parametric and nonparametric likelihood methods, have been extensively discussed in the
literature. We introduce correct and efficient testing mechanisms with the aim of making
these techniques assessable to a wide variety of data analysts at different skill levels by pro-
viding the accompanying software routines. In terms of the book’s content, we cannot cover
every statistical testing scenario and strategy. For example, we do not include tests based on
survival data or topics such as regression models. In general, the techniques covered in this
book span robust statistical methods to more computationally intensive approaches.

Our intent is that this book provides material that will bridge the gap between highly
relevant theoretical statistical methods and practical procedures applied to the planning
and analysis of health-related experiments. The theoretical underpinnings of the methods
presented in this book are introduced with a substantial amount of chapter notes to point
the readers to additional references. We work from a theoretical framework and move
toward the practical application for each concept, providing real-world examples that are

X0l
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xviii Preface

made easily implementable by providing the corresponding statistical software code. We
also show the basic ingredients and methods for constructing correct and powerful sta-
tistical decision-making processes to be adapted toward complex statistical applications.

We start the book by laying the foundation for properly framing health-related experi-
ments in terms of formal statistical decision rules. We also include novel theoretical and
applied results, which have been published in high-impact biostatistical and statistical jour-
nals, including those developed by the authors. In order to help transfer statistical theory
into practice, we provide easily accessible software routines for a majority of the methods
described in the book based on both the R and SAS statistical software packages. Descriptions
of the R and SAS languages at an introductory level are also presented in our book.

Generally speaking, we try to balance presenting the materials in a manner that is useful
to medical researchers who have some training in statistics and statistical computing and
need only a reminder of some of the basic statistical tools and concepts with the interests of
research-oriented statisticians who are concerned with the theoretical aspects of the meth-
ods we present. In the book, the reader will find new theoretical methods, open problems,
and new procedures across a variety of topics for their scholarly investigations. We present
results that are novel to the current set of books on the market and results that are even new
with respect to the recent scientific literature. Our aim is to draw the attention of theoretical
statisticians and practitioners in epidemiology and clinical research to the necessity of new
developments, extensions, and investigations related to statistical testing and its applications.
In the context of focusing this book on applied work, we emphasize the following topics:

¢ Correctly formulating statistical hypotheses with respect to aims of medical and
epidemiological studies

¢ Constructing and providing statistical decision-making test rules corresponding
to practical experiments

¢ Using simple but efficient graphical methods, including the receiver operating
characteristic (ROC) curve analysis and Kendall-type plots

¢ Using basic test procedures and their components in practical decision-making
problems

* Employing parametric and nonparametric likelihood testing techniques in
applied research

* Understanding the basic properties of likelihood ratio-type tests in parametric
and nonparametric settings

¢ Using Bayesian concepts to develop decision-making procedures
¢ Applying goodness-of-fit tests and tests for independence

¢ Understanding the concepts of retrospective and sequential decision-making
mechanisms

¢ Solving multiple testing problems in clinical experiments

* Defining and solving change point detection problems

e Comparing statistical tests and evaluating their properties

* Understanding and employing bootstrap and permutation methods
¢ Implementing the statistical software at a beginning level

* Learning modern techniques and their applications presented in the recent statis-
tical literature
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For the more research-oriented statistician, our book describes important properties and
new as well as classical theoretical results of testing statistical hypotheses. We introduce
several methodological tools to evaluate different theoretical characteristics of statistical
procedures, for example, Chapters 4, 6, and 7. We present higher-level theoretical develop-
ments relative to parametric and empirical likelihood functions and Bayesian approaches
to statistical inference, which may be extended, modified, and investigated using asymp-
totic and finite sample size propositions. We lay the foundation for new dependence mea-
sures based on Kendall plots in terms of both summary statistical measures and graphical
displays. New methods for combining biomarkers based on ROC methods are presented.
Learning the book material, one can easily find interesting open problems. For example,
in Chapter 1 we introduce the approach of expected p-values. The reader can recognize
that the formal notation for expected p-values has a form of the area under the ROC
curve (AUC). Then the problem to obtain the best combinations of different test statistics
(Chapter 14) can be stated in a manner related to the maximization of AUCs, mentioned
in Chapter 8. The introduced bootstrap-type techniques (e.g.,, Chapter 17) are very attrac-
tive to be employed in this context. In a similar mode, the areas under the Kendal plot
(Chapter 10) can be considered. The software code mentioned in this book can certainly be
improved, optimized, and extended.

This book describes statistical strategies for handling multiplicity issues arising in
hypothesis testing across medical and epidemiological studies. We cover a variety of boot-
strap methods from a practical point of view, making sure the limitations of the approach
are understood in the finite sample setting, and develop strategies for scenarios when the
most basic bootstrap approach may fail. We also introduce the concept of permutation—or
so-called exact tests—which under certain conditions is a very desirable and robust test-
ing strategy. We display traditional statistical testing techniques as well as present novel
testing approaches. The book shows efficient methods for constructing powerful proce-
dures to test for composite hypotheses based on data that can be subject to different issues
related to problematic data, for example, data with observations containing measurement
errors or limit of detection issues. We introduce several strategies to evaluate and compare
treatment effects based on multiple biomarkers. Our book offers tools that help the reader
to fully understand statistical approaches for decision making. This book points out com-
parisons between different statistical methods based on real medical data.

The organization of the material within the book is primarily based on the type of ques-
tions to be answered by inference procedures or according to the general type of math-
ematical derivation. We consider a wide class of decision-making mechanisms, starting
from probability plotting techniques via the receiver operating characteristic curve analy-
sis, which is widely applied in diagnostic studies, and moving to modern nonparametric
likelihood approaches. The arrangement of chapters makes the book attractive to scien-
tists who are new to the biostatistical research area, including those who may not have a
strong statistical background. It can help attract statisticians interested in learning more
about advanced topics. We explain step-by-step procedures and present a practical oppor-
tunity for trainees not only to acquaint themselves with statistics in the health sciences
and understand statistical analysis in the medical literature, but also to be guided in the
application of planning and analysis in their own studies.

The book is also intended for graduate students majoring in biostatistics, epidemiology,
health-related sciences, or in a field where a statistics concentration is desirable, particu-
larly for those who are interested in formal decision-making mechanisms. This book can
be used as a textbook for a one- or two-semester advanced graduate course. The material
in the book should be appropriate for use as both a text and a reference. We hope that
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the mathematical level and breadth of examples will recruit students and teachers not only
from statistics and biostatistics, but also from a broad range of fields. We anticipate the
book will induce the readers to learn a variety of new and current statistical techniques,
and that by employing these new and efficient methods, they will change the practice of
data analysis in clinical research.

A very important reason for writing this book was to refocus the scientist toward better
understanding the underpinnings of appropriate statistical inference in a well-rounded
fashion. It is our experience that applied statisticians or users often neglect the underly-
ing postulates when implementing formal test procedures and interpreting their results.
Consider, for example, the following telling quote:

P values are widely used in science to test null hypotheses. For example, in a medical
study looking at smoking and cancer, the null hypothesis could be that there is no link
between the two. Many researchers interpret a lower P value as stronger evidence that
the null hypothesis is false. Many also accept findings as ‘significant” if the P value comes
in at less than 0.05. But P values are slippery, and sometimes, significant P values vanish
when experiments and statistical analyses are repeated. (Nature 506, 150-152, 2014.)

In this book, we provide the definition of a p-value and describe its formal role in deci-
sion-making mechanisms (e.g., see Chapter 1). Under the null hypothesis, p-values are
uniformly [0,1] distributed random variables. At this rate, it is difficult to use p-values as
the measurement. Oftentimes, practitioners misinterpret the notion of a p-value relative
to a given statistical test. Without considering the statistical design of a given experiment
and other information, careless interpretations of p-values can yield to absurd and unre-
alistic conclusions. This has resulted in different cases when practitioners try to avoid
applications of statistical tools. For example, in 2015, the editors of Basic and Applied Social
Psychology (BASP) announced that the journal would no longer publish papers containing
p-values because the statistics were too often used to support low-quality research.

Finally, we would like to note that this book attempts to represent a part of our life that
consists of mistakes, stereotypes, puzzles, and so forth—all that we love. Thus, our book
cannot be perfect. We truly thank the reader for his or her participation in our life. We hope
that the presented material can play a role as prior information for various research outputs.

Buffalo

AN ALL AMERICA cITY

Albert Vexler
Alan D. Hutson
Xiwei Chen
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Preliminaries: Welcome to the Statistical
Inference Club: Some Basic Concepts in
Experimental Decision Making

“I'm just one hundred and one, five months and a day.”

“I can’t believe that!” said Alice.

“Can’t you?” the Queen said in a pitying tone. “Try again: draw a long breath, and
shut your eyes.”

Alice laughed. “There’s no use trying,” she said: “one can’t believe impossible things.”

“I daresay you haven’'t had much practice,” said the Queen. “When I was your age,
I always did it for half-an-hour a day. Why, sometimes I've believed as many as six
impossible things before breakfast.”

Lewis Carroll (Charles Lutwidge Dodgson), 1871

1.1 Overview: Essential Elements of Defining Statistical
Hypotheses and Constructing Statistical Tests

The majority of experiments in biomedicine and other health-related sciences involve
mathematically formalized tests. The common goal in testing is to employ appropriate and
efficient statistical procedures to make informed decisions based on data. Mathematical
strategies for constructing formal decision rules play an important role in medical and
epidemiological discovery, policy formulation, and clinical practice. In order to draw con-
clusions about populations on the basis of samples from populations, clinical experiments
commonly require the application of the mathematical statistics discipline. It is often said
that statistics is the language of applied science.

The aim of the scientific method in decision theory is to simultaneously maximize quan-
tified gains and minimize losses when reaching a conclusion. For example, clinical experi-
ments can have stated goals of maximizing factors (gains), such as the accuracy of diagnosis
of a medical condition, faster healing, and greater patient satisfaction, while minimizing
factors (losses), such as misdiagnoses, human resource expenditures, employed efforts,
duration of screening for a disease, side effects, and costs of an experiment.

In order to correctly define statistical testing procedures and interpret the correspond-
ing results, practitioners should research the nature of clinical data, experimental limi-
tations, and instrumental sensitivities, as well as appropriate state objectives and their
corresponding hypotheses.

* Through the Looking-Glass, and What Alice Found There, 1871. Lewis Carroll is a writer, mathematician, and
logician.
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