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General Philosophy

“Everything should be as simple as possible, but no simpler.”

- A. Einstein (paraphrased)

4

Lecture Outline

• Course Structure

• Course Overview

• Exploratory vs Confirmatory Studies
– Typical chronology of investigation
– Role of screening studies
– Effect of multiple comparisons
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Course Structure

6

Course Structure

• Instructor: Scott S. Emerson, M.D., Ph.D.
» Fair warning

• TAs:          
• David Benkeser
• Emily Mosites

• Time and Place:
• Lectures:    1:30 - 3:20 am   TuTh HST 639
• Data Analysis:    

– 12:30 - 1:20 pm   Tu HST 733
– 10:30 - 11:20 am   Th HST 639

7

Assumed Prior Knowledge

• This course covers advanced categorical analysis including 
logistic regression and conditional logistic regression
– Material may be covered “out of order” compared to an 

introductory course

• Equivalent of Biost 515/518 or Biost 513
– Mantel-Haenszel statistic
– Logistic regression
– (Poisson regression)
– Proportional hazards regression

• Equivalent of Epi 513

• Or permission of instructor

8

Recording of Lectures

• Camtasia
– Audio and computer video on web
– Posted approximately 24 hours after class
– Lecture will typically be posted as “Part A” and “Part B”

• No guarantees: “Mistakes happen”
– Lecture may be re-recorded for online component of course
– Recording may differ slightly from what was presented in class
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Textbooks

• Recommended
– Hosmer, Lemeshow, and Sturdivant
– Kleinbaum and Klein

• Other references
– Agresti (1 introductory text, 2 higher level texts)
– Fleiss, Levin, and Paik
– Bishop, Fienberg, and Holland

10

Computer Software

• Extensively used for data analysis

• Students may use any program that will do what is required, 
however

• Stata is used heavily in Biostat 537, 540
• Stata commands will be provided in lecture
• R is free, but harder to use

– Some R functions will be provided on the website
• Help will presume the use of Stata or (for the very brave) R

11

Stata

• Extremely flexible statistical package
– Interactive
– Excellent complement of biostatistical methods

• Graphical, report capabilities suboptimal

• Available in microcomputer lab

• Supplementary info on web page

• Syntax introduced in lectures as needed

12

R

• The ultimate in flexible statistical languages
– Interactive
– Many user-supplied functions

• Graphical functions generally very good

• Open source and free

• Supplementary info on web page

• Syntax provided (sometimes) as supplemental materials on 
webpages

• A collection of functions that I have written will be made available 
on the webpages
– Caveat emptor
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Computer Software: Comments

• Designed for people who know statistics, but do not want to write 
basic functions

• Tries to be all things to all people
– Much output that you will not want
– Much output that I will recommend against

14

Guiding Principles

• This is a course in biostatistics, not statistical software

• I will tell you how you can get the statistics I teach you to use
– There are often multiple ways
– I tend to teach one of them

• I will not explain every number that appears on the printout

15

Written Homeworks

• Homeworks approximately every 10 days: analysis of real data
– Questions directed toward specific analyses

• But questions will still be stated in as scientific terms (as opposed 
to statistical) terms as possible

– Work handed in is expected to be organized scientifically
• I expect nicely formatted tables, figures
• Unedited Stata output is totally unacceptable

• Homeworks must be submitted:
– Electronically
– On-time (exceptions only in the most dire circumstances)
– Anonymized

• You must use ID codes supplied for each homework
• It is your responsibility to ensure no indication of your identity as 

document author, etc. 16
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Errors to Avoid

• Unedited Stata / R output is TOTALLY unacceptable

• Any assignments that are handed in should be only your work

• Electronically submitted homeworks should be anonymized
– Use ID code provided to you
– Remove identifying information from your files
– Name file appropriately

• Submission of homeworks and grades must be on time.

18

Peer Grading

• Keys to the homeworks will be generally be available on the web 
pages after the deadline for submission
– My answers will typically go beyond what I expected you to do

• Extra information will be identified in special fonts
• You are responsible for any new information that I provide in the 

homework keys, even if that information is not otherwise 
presented in class

• Annotated Stata output will often be included

• Each student is expected to use the key to grade another 
student’s paper
– Double blind: both submitted homework and comments should be 

anonymous
– Appeals of grades are decided by TAs and instructor

19

Quizzes and Lecture Discussion

• Approximately every other lecture will be used to
– Take a brief quiz on the subject matter

• Basic knowledge / judgment
– We will then discuss the reasoning that should be used to answer

the quiz questions and current homework assignments
• Participation in the discussion is required

20

Discussion Section

• Data analysis to answer scientific questions

• You will be given a scientific question and a data set which was
collected to try to answer that question
– Setting is more realistic than that which is given on written 

homeworks

• We will discuss the approach to the whole problem

• Nothing to hand in, but participation in discussion is required
– I will often call on students at random

• It is okay to be wrong, but not okay to be inattentive
– You must inform me if you are attending a different discussion 

section
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Grading

• 20% Homeworks and peer grading (approx 7)

• 10% Quizzes and discussion

• 25% One Midterm (in class, closed book)

• 20% Data Analysis and Report

• 25% Final Exam (in class, closed book)

22

Course Web Pages

• Address: www.emersonstatistics.com/b536/

• Content
– Syllabus
– Lecture handouts
– Recordings of lectures (and discussions if I think it worthwhile)
– Homework assignments and keys
– Datasets
– Supplemental materials not discussed in class

• Handouts, noteworthy emails

23

Course Content

• Categorical response variable
– Binary, counts, ordered categorical, unordered categorical

• Sampling schemes
– Cross-sectional, cohort, case-control

• Summarization of distribution
– Proportion (mean), odds
– Difference (proportion), Ratio (proportion, odds)

• One and two sample inference
– Large sample, small sample (unconditional exact tests)

• Adjusted analyses
– Stratified analyses
– Logistic, Poisson, conditional logistic regression

• Prediction 24

Course Overview
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Categorical Data Analysis…

• Categorical response variables

• Binary indicators of an event
– Incidence of cancer, prevalence of diabetes, death…

• Counts of events
– Asthma exacerbations, actinic keratoses, …

• Ordered categorical
– Stage of cancer, severity of edema, …

• Unordered categorical
– Findings on screening CT, allelic variants, …

26

…in Epidemiology: Study Design

• Observational studies
– Surveillance
– Cross-sectional
– Cohort
– Case-control

• Interventional
– Randomized clinical trials (cohort)

27

…in Epidemiology: Estimand

• Univariate
– Incidence rate; hazard; “force of mortality”
– Cumulative incidence; risk
– Prevalence

• Bivariate
– Risk difference

• Attributable risk
– Relative risk (rate ratio; odds ratio)

• Relative risk difference
• Attributable risk percent

– Population attributable risk

• Adjusted
– Confounders, precision

• Effect modification 28

Modeling Decisions

• Associations (variable importance) vs prediction

• Proportion vs odds vs (average) hazard

• Difference vs ratio

• Modeling predictor of interest (exposure)

• Modeling effect modification

• Covariates for adjustment: confounders, precision

• Method of adjustment:
– Stratification
– Dummy variables
– Linear
– Transformed linear
– Splines / smooths
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Relevance to Biost 536

• We will need to make many decisions
– We cannot make an informed decision without understanding the 

distinctions among our many choices
• Scientific interpretation
• Statistical behavior

• The validity of our scientific generalizations will be greatly 
affected by when we make the decisions
– Exploratory data-driven analyses

• Attempts to model the data generation process
• Prone to high false discovery rate

– Confirmatory hypothesis driven analyses
• Attempts to model our scientific question

30

Breslow (Int. Stat. Rev, 67, pp. 252-255)

“As a medical statistician, I am appalled by the large number 
of irreproducible  results published in the medical literature. 
There is a general, and likely  correct, perception that this 
problem is associated more with statistical,  as opposed to 
laboratory, research.  I am convinced, however, that results 
of clinical and epidemiological investigations could become 
more reproducible  if only the investigators  would apply 
more rigorous statistical thinking and adhere more closely to 
well established principles of the scientific method. While I 
agree that the investigative cycle is an iterative process, I 
believe that it works best when it is hypothesis driven.”

31

Breslow (Int. Stat. Rev, 67, pp. 252-255)

“The epidemiology literature is replete with irreproducible 
results stemming from the failure to clearly distinguish 
between analyses that were specified in the protocol and 
that test the a priori hypotheses whose specification was 
needed to secure funding, and those that were performed 
post-hoc as part of a serendipitous process of data 
exploration.”

32

Exploratory vs Confirmatory Studies
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General Message

“Make new friends, but don’t forget the old.  
One is silver, and the other is gold.”

- Children’s song

34

Possible Perception

“You’re going the wrong way. All y’all

are going the wrong way…”

- Wade
(Robert Altman’s Nashville, 1975)

35

Apologies in Advance

“If there is anyone here whom I have 

not offended, I sincerely apologize”

- Johannes Brahms

36

Science and Statistics

• Statistics is about science
– (Science in the broadest sense of the word)

• Science is about proving things to people
– (The validity of any proof rests solely on the willingness of the 

audience to believe it)
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Overall Goal: “Identifying Risk Factors”

• More generally 
– Environmental or genetic exposures that
– confer increased or decreased risk
– for some disease
– in some population of patients

• A series of experiments to 
– Quantify patterns of disease incidence
– Quantify patterns of exposure
– Generate hypotheses about associations
– Generate hypotheses about effect modification
– Confirm role of risk factor

38

Overall Goal: “Drug Discovery”

• More generally 
– a therapy / preventive strategy or diagnostic / prognostic 

procedure
– for some disease
– in some population of patients

• A series of experiments to establish
– Safety of investigations / dose
– Safety of therapy
– Measures of efficacy

• Treatment, population, and outcomes
– Confirmation of efficacy
– Confirmation of effectiveness

39

Similarity Between the Two

• Statistical analyses compare distributions of one random variable 
across groups defined by other random variables
– Estimating / testing associations

• Cause and effect comes from randomization
– Statistical software never knows whether data was randomized

• Observational data analyses need further confirmation
– Interventional studies when possible
– Designed observational studies when not

• Other populations, matching, etc. to try to minimize unmeasured 
confounding

• I will use “drug discovery” terminology in this lecture
– I will also try to draw parallels to observational research 40

Topic for Today: Optimizing the Process

• How do we maximize the number of drugs adopted while
– Ensuring effectiveness of adopted drugs
– Ensuring availability of information needed to use drugs wisely
– Minimizing the use of resources

• Patient volunteers
• Sponsor finances
• Calendar time

• The primary tool at our disposal: Sequential sampling
– Decrease average sample size used for each drug
– Maximize number of new drugs using limited resources
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Phases of Investigation

• A “piecewise continuous” process

• During any individual clinical trial
– Sequential monitoring, adaptation addresses that trial’s issues

• “White space” between trials
– More detailed analyses
– Evaluation of multiple endpoints; cost/benefit tradeoffs
– Exploratory analyses
– Integration of results from other studies
– Management decisions
– Regulatory and ethical review

42

The Enemy

“Let’s start at the very beginning, a very good 
place to start…”

- Maria von Trapp
(as quoted by Rodgers and Hammerstein)

43

First

• Where do we want to be?

– Describe some innovative experiment?

– Find a use for some proprietary drug / biologic / device?
• “Obtain a significant p value”

– Find a new treatment that improves health of some individuals
• “Efficacy” seems to benefit some people somehow

– Find a new treatment that improves health of the population
• “Effectiveness” requires proper use of a treatment that modifies 

an important clinical  endpoint

6
44

Which: Efficacy or Effectiveness

• Factors leading to efficacy trials
– “Knowledge is good”
– As pilot studies before prevention studies 
– Inability to perform experiment under realistic conditions

• Factors leading to effectiveness trials
– Serious conditions

• Patients generally want to get better
– Short therapeutic window for treatment
– Waiver of informed consent

• Do not withhold beneficial treatments in order to establish 
mechanisms

– High cost of clinical trials (time, people, $$)
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Treatment “Indication”

• Disease
– Therapy: Putative cause vs signs / symptoms

• May involve method of diagnosis, response to therapies
– Prevention / Diagnosis: Risk classification

• Population
– Therapy: Restrict by risk of AEs or actual prior experience
– Prevention / Diagnosis: Restrict by contraindications

• Treatment or treatment strategy
– Formulation, administration, dose, frequency, duration, ancillary 

therapies

• Outcome
– Clinical vs surrogate; timeframe; method of measurement

46

Evidence Based Medicine

• Decisions about treatments should consider PICO
– Patient (population)
– Intervention
– Comparators
– Outcome

• There is a need for estimates of safety, effect

47

Ideal Results

• Goals of “drug discovery” are similar to those of diagnostic testing 
in clinical medicine

• We want a “drug discovery” process in which there is

– A low probability of adopting ineffective drugs 
• High specificity (low type I error)

– A high probability of adopting truly effective drugs
• High sensitivity (low type II error; high power)

– A high probability that adopted drugs are truly effective
• High positive predictive value
• Will depend on prevalence of “good ideas” among our ideas 48

Distinctions without Differences

• There is no such thing as a “Bayesian design”

• Every RCT design has a Bayesian interpretation
– (And each person may have a different such interpretation)

• Every RCT design has a frequentist interpretation
– (In poorly designed trials, this may not be known exactly)
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Diagnostic Medicine: Evaluating a Test

• We condition on diagnoses (from gold standard)
– Frequentist criteria: We condition on what is unknown in practice

• Sensitivity: Do diseased people have positive test?
– Denominator: Diseased individuals
– Numerator: Individuals with a positive test among denominator

• Specificity: Do healthy people have negative test?
– Denominator: Healthy individuals
– Numerator: Individuals with a negative test among denominator

50

Diagnostic Medicine: Using a Test

• We condition on test results
– Bayesian criteria: We condition on what is known in practice

• Pred Val Pos: Are positive people diseased?
– Denominator: Individuals with positive test result
– Numerator: Individuals with disease among denominator

• Pred Val Neg: Are negative people healthy?
– Denominator: Individuals with negative test result
– Numerator: Individuals who are healthy among denominator

51

Points Meriting Special Emphasis

• Discover / evaluate tests using frequentist methods
– Sensitivity, specificity

• Consider Bayesian methods when interpreting results for a given 
patient
– Predictive value of positive, predictive value of negative

• Possible rationale for our practices
– Ease of study: Efficiency of case-control sampling
– Generalizability across patient populations

• Belief that sensitivity and specificity might be
• Knowledge that PPV and NPV are not

– Ability to use sensitivity and specificity to get PPV and NPV
• But not necessarily vice versa

52

Bayes’ Rule

• Allows computation of “reversed” conditional probability

• Can compute PPV and NPV from sensitivity, specificity
– BUT: Must know prevalence of disease

   

 
    prevalencesensprevalencespec

prevalenceyspecificitNPV
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Application to Drug Discovery

• We consider a population of candidate drugs

• We use RCT to “diagnose” truly beneficial drugs

• Use both frequentist and Bayesian optimality criteria
– Sponsor: 

• High probability of adopting a beneficial drug (frequentist power)
– Regulatory:

• Low probability of adopting ineffective drug (freq type 1 error)
• High probability that adopted drugs work (posterior probability)

– Public Health (frequentist sample space, Bayes criteria)
• Maximize the number of good drugs adopted
• Minimize the number of ineffective drugs adopted

54

Slightly Different Setting

• Usually we are interested in some continuous parameter
– E.g., proportion of infections cured is 0 < p < 1

• “Prevalence” is replaced by a probability distribution
– Prior (subjective) probability of selecting a drug to test that cures 

proportion p of the population

• Sum over two hypotheses replaced by weighted average (by 
some subjective prior) over all possibilities

     
   

distnsampfreqaverageweighted
probpriordistnsampfreq

dpppp
ppppp
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Frequentist Inference

• Control type 1 error: False positive rate
– Based on specificity of our methods

• Maximize statistical power: True positve rate
– Sensitivity to detect specified effect 

• Provide unbiased (or consistent) estimates of effect

• Standard errors: Estimate reproducibility of experiments

• Confidence intervals

• Criticism: Compute probability of data already observed
– “A precise answer to the wrong question”

56

Bayesian Inference

• Hypothesize prior prevalence of “good” ideas
– Subjective probability

• Using prior prevalence and frequentist sampling distribution
– Condition on observed data
– Compute probability that some hypothesis is true

• “Posterior probability”
– Estimates based on summaries of posterior distribution

• Criticism:  Which presumed prior distribution is relevant?
– “A vague answer to the right question”
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Frequentist vs Bayesian

• Frequentist and Bayesian inference truly complementary
– Frequentist: Design so the same data not likely from null / alt
– Bayesian: Explore updated beliefs based on a range of priors

• Bayes rule tells us that we can parameterize the positive 
predictive value by the type I error and prevalence
– Maximize new information by maximizing Bayes factor
– With simple hypotheses:

 

oddspriorFactorBayesoddsposterior

prevalence
prevalence

errItype
power

PPV
PPV

prevalenceerrItypeprevalencepower
prevalencepowerPPV













11

1

58

Distribution-free Bayesian Models

• Regard estimate of summary measure as the data
– Use asymptotic distributions under population model
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Topic for Today: Optimizing the Process

• How do we maximize the number of drugs adopted while
– Ensuring effectiveness of adopted drugs
– Ensuring availability of information needed to use drugs wisely
– Minimizing the use of resources

• Patient volunteers
• Sponsor finances
• Calendar time

• The primary tool at our disposal: Sequential sampling
– Decrease average sample size used for each drug
– Maximize number of new drugs using limited resources

60

Phases of Investigation

• Series of studies support adoption of new treatment

• Preclinical
– Epidemiology including risk factors
– Basic science: 

• Biochemistry, physiologic mechanisms,  physics / engineering
– Animal experiments: Toxicology / safety

• Clinical
– Phase I: Initial safety / dose finding
– Phase II: Preliminary efficacy / further safety
– Phase III: Confirmatory efficacy / effectiveness

• Approval of indication
– (Phase IV:  Post-marketing surveillance, REMS)
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Phase III Confirmatory Trials

• The major goal of a “registrational trial” is to confirm a result 
observed in some early phase study

• Rigorous science: Well defined confirmatory studies 
– Eligibility criteria
– Comparability of groups through randomization
– Clearly defined treatment strategy
– Clearly defined clinical outcomes (methods, timing, etc.)
– Unbiased ascertainment of outcomes (blinding)
– Prespecified primary analysis

• Population analyzed as randomized
• Summary measure of distribution (mean, proportion, etc.)
• Adjustment for covariates

62

Why Confirmation: Real-life Examples

• Effects of arrhythmias post MI on survival
– Observational studies: high risk for death
– CAST: Specific anti-arrhythmics have higher mortality

• Effects of beta-carotene on lung CA and survival
– Observational studies: high dietary beta carotene has lower 

cancer incidence and longer survival
– CARET: beta carotene supplementation in smokers leads to 

higher lung CA incidence and lower survival

• Effects of hormone therapy on cardiac events
– Observational studies: HT has lower cardiac morbidity and 

mortality
– WHI: HT in post menopausal women leads to higher cardiac 

mortality

63

Multiple Comparisons in Biomedicine

• Observational studies
– Observe many outcomes
– Observe many exposures
– Perform many alternative analyses

• Summary of outcome distribution, adjustment for covariates
– Consequently: Many apparent associations

• May be type I errors
• But even when valid, may be poorly understood due to 

confounding

• Interventional experiments
– Exploratory analyses (“Drug discovery”)

• Modification of analysis methods
• Multiple endpoints
• Restriction to subgroups

64

Statistics and Game Theory

• Multiple comparison issues
– Type I error for each endpoint – subgroup combination

• In absence of treatment effect, will still decide a benefit exists 
with probability, say, .025 in each such combination

• Multiple endpoints and subgroups increase the chance of 
deciding an ineffective treatment should be adopted
– This problem exists with either frequentist or Bayesian criteria for 

evidence
– The actual inflation of the type I error depends

• the number of multiple comparisons, and
• the correlation between the endpoints 

• Impact of increased type I error on Bayes factor is huge
– Ratio of power to type I error means multiplicative effects
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U. S. Regulation of Drugs / Biologics

• Wiley Act (1906)
– Labeling

• Food, Drug, and Cosmetics Act of 1938
– Safety

• Kefauver – Harris Amendment (1962)
– Efficacy / effectiveness

• " [If] there is a lack of substantial evidence that the drug will have the effect ... 
shall issue an order refusing to approve the application. “

• “...The term 'substantial evidence' means evidence consisting of adequate and 
well-controlled investigations, including clinical investigations, by experts 
qualified by scientific training”

• FDA Amendments Act (2007)
– Registration of RCTs, Pediatrics, Risk Evaluation and Mitigation 

Strategies (REMS)
66

U.S. Regulation of Medical Devices

• Medical Devices Regulation Act of 1976
– Class I: General controls for lowest risk
– Class II: Special controls for medium risk - 510(k)
– Class III: Pre marketing approval (PMA) for highest risk

• “…valid scientific evidence for the purpose of determining the safety or 
effectiveness of a particular device … adequate to support a determination that 
there is reasonable assurance that the device is safe and effective for its 
conditions of use…”

• “Valid scientific evidence is evidence from well-controlled investigations, partially 
controlled studies, studies and objective trials without matched controls, well-
documented case histories conducted by qualified experts, and reports of 
significant human experience with a marketed device, from which it can fairly 
and responsibly be concluded by qualified experts that there is reasonable 
assurance of the safety and effectiveness…”

• Safe Medical Devices Act of 1990
– Tightened requirements for Class 3 devices

67

Phase III Clinical Trials

• Confirmation of efficacy / effectiveness
– Goals:

• Obtain measure of treatment’s efficacy on disease process
• Incidence of major adverse effects
• Therapeutic index
• Modify clinical practice (obtain regulatory approval)

– Methods
• Relatively large number of participants from true target 

population (almost)
• Clinically relevant outcome

68

Need for Exploratory Science

• Before we can do a large scale, confirmatory Phase III trial, we
must have
– A hypothesized treatment indication to confirm

• Disease
• Patient population
• Treatment strategy
• Outcome

– Comfort with the safety / ethics of human experimentation

• In “drug discovery”, in particular, we will not have much 
experience with the intervention
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Phase II Clinical Trials

• Preliminary evidence of efficacy
– Goals:

• Screening for any evidence of treatment efficacy
• Incidence of major adverse effects
• Decide if worth studying in larger samples

– Gain information about best chance to establish efficacy
» Choose population, treatment, outcomes

– Methods
• Relatively small number of participants
• Participants closer to true target population
• Outcome often a surrogate
• Sometimes no comparison group (especially in cancer)

70

Screening Studies as Diagnostic Tests

• Clinical testing of a new treatment, preventive agent, or 
diagnostic method is analogous to using laboratory or clinical 
tests to diagnose a disease
– Goal is to find a procedure that identifies truly beneficial 

interventions

• Not surprisingly, the issues that arise when screening for disease 
apply to clinical trials
– Predictive value of a positive test is best when prevalence is high
– Use screening trials to increase prevalence of beneficial 

treatments

7171

Preliminary Studies in Screening

• In cancer less than 5% of treatments studied in clinical trials are 
adopted

• NCI drug development program 1970 - 1985
– 350,000 unique chemical structures studied
– 83 pass preclinical and phase I testing
– 24 pass phase II tests for biological activity

• Similar probabilities hold in
– Nutrition studies
– Genomics, proteomics

7272

Preliminary Studies in Screening

• Two general approaches to studying new treatments

• Scenario 1:
– Study every treatment in a large definitive experiment

• Only do Phase III studies
– Level of significance 0.025, high power

• (Ignore, for now, the safety / ethics of this)

• Scenario 2:
– Perform small screening trials, with confirmatory trials of 

promising treatments passing early tests
• Phase II studies

– Level of significance, power (sample size) to be determined
• Confirmatory 

– Level of significance 0.025, high power
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Scenario 1: Only Phase III

• Only large trials using 1,000,000 subjects
– 10% of drugs being investigated truly work
– Level of significance .025, .025, or 0.05

– Sample size / power
• 979 subj, α=0.025, 97.5% power  1,021 RCT   ( 102 vs 919)
• 500 sub, α=0.025, 80.0% power  2,000 RCT    ( 200 vs 1800)
• 394 subj, α=0.050, 80.0% power  2,538 RCT   ( 254 vs 2284)

– Results
• N=    979:   99 effective /   23 ineffective (PV+ = .81)
• N=    500: 160 effective /   45 ineffective (PV+ = .78)
• N=    394: 202 effective / 114 ineffective (PV+ = .64)

7474

Scenario 2a: Screening Phase II

• Use 700,000 subjects in Phase II studies
– 10% of drugs being investigated truly work
– Level of significance .025
– Sample size / power

• 100 subjects provide 24% power  7,000 RCT (700 vs 6300)
– Results

• N= 100:  168 effective /   158 ineffective (PV+ = .52)

• Use 300,000 subjects in confirmatory Phase III studies
– 52% of drugs being investigated truly work
– Level of significance .025
– Sample size / power

• 921 subjects provide 96.7% power  326 RCT
– Results

• N= 921:   162 effective /   4 ineffective (PV+ = .98)

7575

Scenario 2b: Screening Phase II

• Use 700,000 subjects in Phase II studies
– 10% of drugs being investigated truly work
– Level of significance .10
– Sample size / power

• 342 subjects provide 85% power  2,047 RCT (205 vs 1842)
– Results

• N= 342:   173 effective /   184 ineffective (PV+ = .49)

• Use 300,000 subjects in confirmatory Phase III studies
– 49% of drugs being investigated truly work
– Level of significance .025
– Sample size / power

• 839 subjects provide 95% power  357 RCT
– Results

• N= 839:   165 effective /   5 ineffective (PV+ = .97)

Summary

1,1811,021500N per Adopt

97%98%78%Pred Val Pos

5445# Ineff Adopt

165162160# Effctve Adopt

0.025;  95%0.025;  97%0.025;  80%Type 1 err, Pwr

839921500N per RCT

357 (49% eff)326 (52% eff)2,000 (10% eff)Number RCT

173 eff; 184 not168 eff; 158 not“Positive” RCT

0.100;  85%0.025;  24%Type 1 err; Pwr

3421000N per RCT
2,047 (10% eff)7,000 (10% eff)2,000 (10% eff)Number RCT

Scenario 2bScenario 2aScenario 1
P

hase 2
C

onfirm
taory

Phase 3



Lecture 1: Exploratory vs Confirmatory Studies September 26, 2013

Categorical Data Analysis, AUT 2013 20

Summary: Phase 2

1,1811,021500N per Adopt

97%98%78%Pred Val Pos

5445# Ineff Adopt

165162160# Effctve Adopt

0.025;  95%0.025;  97%0.025;  80%Type 1 err, Pwr

839921500N per RCT

357 (49% eff)326 (52% eff)2,000 (10% eff)Number RCT

173 eff; 184 not168 eff; 158 not“Positive” RCT

0.100;  85%0.025;  24%Type 1 err; Pwr

3421000N per RCT
2,047 (10% eff)7,000 (10% eff)2,000 (10% eff)Number RCT

Scenario 2bScenario 2aScenario 1

P
hase 2

C
onfirm

taory
Phase 3

Summary: Phase 3

1,1811,021500N per Adopt

97%98%78%Pred Val Pos

5445# Ineff Adopt

165162160# Effctve Adopt

0.025;  95%0.025;  97%0.025;  80%Type 1 err, Pwr

839921500N per RCT

357 (49% eff)326 (52% eff)2,000 (10% eff)Number RCT

173 eff; 184 not168 eff; 158 not“Positive” RCT

0.100;  85%0.025;  24%Type 1 err; Pwr

3421000N per RCT
2,047 (10% eff)7,000 (10% eff)2,000 (10% eff)Number RCT

Scenario 2bScenario 2aScenario 1

P
hase 2

C
onfirm

taory
Phase 3
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Screening Phase II: Bottom Line

• Pilot studies increase the predictive value of a positive study while 
using the same number of subjects. 
– Screening parameters can be optimized

• Proportion of subjects in Phase II vs Phase III
• Type I error at Phase II
• Power at Phase II

• Additional considerations when choosing among screening 
parameters
– Will we have same prevalence of “good” ideas when we screen 

2,000 drugs vs 7,000 drugs?
– Holding predictive value of positive constant, which strategy 

provides more information about safety and secondary endpoints 
for the treatments eventually adopted?

Summary: “Drug Discovery”

1,1811,021500N per Adopt

97%98%78%Pred Val Pos

5445# Ineff Adopt

165162160# Effctve Adopt

0.025;  95%0.025;  97%0.025;  80%Type 1 err, Pwr

839921500N per RCT

357 (49% eff)326 (52% eff)2,000 (10% eff)Number RCT

173 eff; 184 not168 eff; 158 not“Positive” RCT

0.100;  85%0.025;  24%Type 1 err; Pwr

3421000N per RCT
2,047 (10% eff)7,000 (10% eff)2,000 (10% eff)Number RCT

Scenario 2bScenario 2aScenario 1
P

hase 2
C

onfirm
taory

Phase
3
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Coherent vs Incoherent Bayes

• The previous results were based on “staying the course”

• A priori we presumed a certain treatment effect
– Phase 2 studies powered for that treatment effect
– When progress to phase 3, still power for that treatment effect

• An alternative optimistic strategy
– Phase 2 studies powered for presumed treatment effect
– Phase 3 studies powered for observed phase 2 estimate

• An alternative Bayesian strategy
– Phase 2 studies powered for presumed treatment effect
– Phase 3 studies powered for posterior mean treatment effect

• (up to some maximum)

Summary

1,2851,2591,181N per Adopt

97%97%97%Pred Val Pos

445# Ineff Adopt

156129165# Effctve Adopt

0.025;  95%0.025;  95 vs 86%0.025;  95%Type 1 err, Pwr

941 vs 998894 vs 1665839N per RCT

339(48% eff)309 (49% eff)357 (49% eff)Number RCT

163 eff; 176 not150 eff; 159 not173 eff; 184 not“Positive” RCT

0.100;  85%0.100;  85%0.100;  85%Type 1 err; Pwr

342342342N per RCT
1,959 (10% eff)1,759 (10% eff)2,047 (10% eff)Number RCT

Mod. BayesOptimisticScenario 2b

P
hase

2
C

onfirm
taory

Phase 3
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Burden of Larger Phase II Studies?

• It appears to be advantageous to use larger Phase 2 studies than
is typical currently in cancer research

• BUT: Ethical and efficiency concerns can be addressed through 
sequential sampling
– During the conduct of the study, data are analyzed at periodic 

intervals and reviewed by the DMC
– Using interim estimates of treatment effect decide whether to 

continue the trial
– If continuing, decide on any modifications to 

• scientific / statistical hypotheses and/or
• sampling scheme

84

Potential Benefits of Stopping Rules

• Sequential sampling
– Aggressive early stopping for futility: Pocock boundaries

• Greatest efficiency (or nearly so)
– Conservative early stopping for efficacy: O’Brien-Fleming

• Burden of proof, other endpoints

• Type I error, power maintained exactly at each phase
– Worst case maximum sample size increases

• Average sample size requirements assuming 10% truly effective 
drugs at start of Phase II
– Only large studies : 58.5% of fixed sample
– Pilot scenario 2a   : 56.0%
– Pilot scenario 2b   : 61.0%
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Furthermore

• Additional advantages of screening trials
– Gathering more detailed preliminary safety data before embarking

on expensive, large scale Phase 3 trials
– Gathering preliminary efficacy data that allows fine tuning of

• Fine tune eligibility criteria
– Include only susceptible patient populations
– Exclude patients at high risk for AEs

• Optimal treatment strategies
– Fine tune formulation, dose, administration, frequency, 

duration
– Develop dose modification strategies
– Prophylactic treatments, rescue treatments for AEs

• Optimal clinical endpoints

• Major disadvantage
– “White space” (time delay) between phase 2 and phase 3 86

Observational Studies

• In epidemiology, the preliminary studies are invariably 
observational

• Confirmatory studies often have to be observational as well
– Can we randomize children to smoking?

• We need many additional confirmatory studies before we should 
trust conclusions

• There is great motivation to try to modify the hypotheses between 
the various confirmatory studies
– Refined eligibility to better address confounding, effect 

modification

• In RCT, adaptive clinical trial methodology can illustrate 
difficulties of such modification, unless carefully addressed

87

Inflation of the Type I Error

• Recall that in order to avoid inflation of type I error, we require 
confirmatory studies using prespecified
– Patient population
– Treatment
– Primary clinical outcome
– Statistical analysis

• Hence, we must be concerned about data dredging (“data 
mining”) of the phase 2 data, because it may lead to differences 
between phase 2 and phase 3 due to
– Revising outcomes to reflect the most promising results
– Revising eligibility criteria based on subgroup analyses
– Changing from surrogate efficacy to effectiveness endpoints

• “Treating the symptom not the disease”

88

Mathematical Basis

• The multiple comparison problem is traced to a well known fact of 
probability

Pr (A or B) > Pr(A)

Pr (A or B) > Pr(B)
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Statistics and Game Theory

• Multiple comparison issues
– Type I error for each endpoint – subgroup combination

• In absence of treatment effect, will still decide a benefit exists 
with probability, say, .025

• Multiple endpoints and subgroups increase the chance of 
deciding an ineffective treatment should be adopted
– This problem exists with either frequentist or Bayesian criteria for 

evidence
– The actual inflation of the type I error depends

• the number of multiple comparisons, and
• the correlation between the endpoints 

90

Ex: Level 0.05 per Decision

• Experiment-wise Error Rate

Number  Worst            Correlation
Compared  Case   0.00   0.30   0.50   0.75   0.90

1      .050   .050 .050 .050 .050 .050
2      .100   .098   .095   .090   .081   .070
3      .150   .143   .137   .126   .104   .084
5      .250   .226   .208   .184   .138   .101

10      .500   .401   .353   .284   .193   .127
20     1.000   .642   .540   .420   .258   .154
50     1.000   .923   .806   .624   .353   .193

91

For Each Outcome Define “Tends To”

• In general, the space of all probability distributions is not totally 
ordered
– There are an infinite number of ways we can define a tendency 

toward a “larger” outcome
– This can be difficult to decide even when we have data on the 

entire population
• Ex: Is the highest paid occupation in the US the one with

– the higher mean?
– the higher median?
– the higher maximum?
– the higher proportion making $1M per year?

92

Statistical Issues

• Need to choose a primary summary measure or multiple 
comparison issues result

• Example: Type I error with normal data
– Any single test:                                             0.050
– Mean, geometric mean                                 0.057
– Mean, Wilcoxon 0.061
– Mean, geom mean, Wilcoxon 0.066
– Above plus median                                       0.085
– Above plus Pr (Y > 1 sd)                              0.127
– Above plus Pr (Y > 1.645 sd)                       0.169
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Statistical Issues

• Need to choose a primary summary measure or multiple 
comparison issues result

• Example: Type I error with lognormal data
– Any single test:                                             0.050
– Mean, geometric mean                                 0.074
– Mean, Wilcoxon 0.077
– Mean, geom mean, Wilcoxon 0.082
– Above plus median                                       0.107
– Above plus Pr (Y > 1)                                    0.152
– Above plus Pr (Y > 1.645)                             0.192

94

When Stopping Rules Not Pre-specified

• Methods to control the type I error have been described for fully 
adaptive designs
– Most popular: Preserve conditional error function from some fixed 

sample or group sequential design
– Can have loss of efficiency relative to prespecified plan

• Can choose revised sample size to maintain power

• Methods to compute bias adjusted estimates and confidence 
intervals not yet well-developed

95

Adaptive Sampling Plans

• At each interim analysis, possibly modify
– Conditions for early stopping
– Schedule of analyses
– Randomization ratios
– Maximal statistical information
– Statistical criteria for credible evidence
– Scientific and statistical hypotheses of interest

• Summary measures used to quantify treatment effect 
– Mean, median, etc.

• Clinical endpoint
– Objective response rate, progression, survival, etc.

• Eligibility criteria
– Restrict to a subgroup

• Definition of treatment
– Drop dose groups, change ancillary treatments, etc. 96

Generalizability

• We need to consider type 1 and type 2 errors relative to the 
ultimate result of the “drug discovery” process

• The previous results are dependent on
– A mixture of 10% effective drugs and 90% ineffective drugs, 

where “effectiveness” is defined based on the clinical outcome 
used in the phase 3 trial

– Phase 2 and phase 3 type I errors being controlled at the 
specified level based on the phase 3 outcome

– Phase 2 and phase 3 power being controlled at the specified level 
based on the phase 3 outcome

• Many early phase RCT use alternative outcomes
– “Surrogate endpoints” in restricted populations
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Examples

• We can explore the impact of adaptive changes in RCT in several 
examples
– Consideration of multiple summary measures

• Mean, geometric mean, Wilcoxon, median, two proportions
– Consideration of subgroups

• Overall sample 
• Plus equal sized subgroups defined by three variables

– Consideration of change of endpoint between phase 2 and 3
• Phase 2: potential surrogate
• Phase 3: clinical outcome

• We consider
– Adaptations that do or do not control type I error
– Treatment effect in all groups or only in one subgroup
– Surrogates that do or do not always predict outcome

98

Homogeneous Effects, No Error Control

• First we consider treatments that are equally effective in all 
subjects

• Prevalence of beneficial treatments: 10%

• Possible adaptations
– Adaptive choice of statistical summary measure

• Mean, geometric mean, median, Wilcoxon, two thresholds
– Look for subgroups having effects

• Sex, Age (young vs old), BMI (normal vs obese)
• Strategies

– If significant overall, proceed with all, otherwise choose most 
significant subgroup

– Choose subgroup if it is highly significant and opposite 
subgroup has estimated nil effect

– Choose analysis with smallest p value

Summary (Homogeneous Effects)

1,1811,1811,181N per Adopt

92%94%97%Pred Val Pos

1195# Ineff Adopt

134147165# Effctve Adopt

0.025;  95%0.025;  94%0.025;  95%Type 1 err, Pwr

839839839N per RCT

587 (24% eff)501 (31% eff)357 (49% eff)Number RCT

141 eff; 446 not155 eff; 346 not173 eff; 184 not“Positive” RCT

0.334;  95%0.227;  92%0.100;  85%Type 1 err; Pwr

342342342N per RCT
1,485 (10% eff)1,695 (10% eff)2,047 (10% eff)Number RCT

SubgroupsAlt Smry MeasScenario 2b

P
hase 2

C
onfirm

taory
Phase 3
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Inhomogeneous Effects, No Error Control

• Consider treatments effective only in females

• Prevalence of beneficial treatments: 10%

• Look for subgroups having effects
– Sex, Age (young vs old), BMI (normal vs obese)
– Strategies

• If significant overall, proceed with all, otherwise choose most 
significant subgroup

• Choose subgroup if it is highly significant and opposite subgroup 
has estimated nil effect

• Choose analysis with smallest p value
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Impact of Strategies for Subgroups

Analysis Sig Pref All Choice Min P

All                                 .64            .64 .40            .07

Females                       .85            .20            .40 .60

Males                           .10            .00            .00 .00

Young                          .45            .02            .03 .06

Old                               .45            .02            .03            .06

Norm Wt                      .45            .02            .03  .06

Obese                          .45            .02            .03 .06

Summary (Inhomogeneous Effects)

1,1811,1811,181N per Adopt

91%90%95%Pred Val Pos

11115# Ineff Adopt

10910399# Effctve Adopt

0.025;  80%0.025;  75%0.025;  73%Type 1 err, Pwr

839839839N per RCT

584 (23% eff)584 (23% eff)327 (42% eff)Number RCT

137 eff; 448 not137 eff; 448 not136 eff; 191 not“Positive” RCT

0.334;  92%0.334;  92%0.100;  64%Type 1 err; Pwr

342342342N per RCT
1,490 (10% eff)1,490 (10% eff)2,123 (10% eff)Number RCT

Choose SubgrpPrefer AllScenario 2b

P
hase 2

C
onfirm

taory
Phase 3
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Inhomogeneous Effects, Control Errors

• Consider treatments effective only in females

• Prevalence of beneficial treatments: 10%

• Look for subgroups having effects
– Sex, Age (young vs old), BMI (normal vs obese)
– Strategies as before

• Perform all tests using type I error of 0.023
– Yields experimentwise type I error of 0.100

• Increase phase 2 sample size to obtain 0.85 experimentwise
power

Control Error (Inhomogeneous Effects)

1,2771,1811,181N per Adopt

96%91%95%Pred Val Pos

4115# Ineff Adopt

10510999# Effctve Adopt

0.025;  76%0.025;  80%0.025;  73%Type 1 err, Pwr

839839839N per RCT

294 (47% eff)584 (23% eff)327 (42% eff)Number RCT

138 eff; 156 not137 eff; 448 not136 eff; 191 not“Positive” RCT

0.100;  80%0.334;  92%0.100;  64%Type 1 err; Pwr

438342342N per RCT
1,720 (10% eff)1,490 (10% eff)2,123 (10% eff)Number RCT

Control ErrorInflate ErrorScenario 2b
P

hase 2
C

onfirm
taory

Phase 3
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Homogeneous Effects, Surrogates

• We consider treatments that are equally effective in all subjects

• Prevalence of beneficial treatments: 10%
– “Beneficial” defined based on phase 3 endpoint

• Prevalence of misleading treatments: 0%, 10%, or 20%
– “Misleading” = efficacious on surrogate but not effective
– 85% power to detect efficacy on surrogate

• No adaptations

Surrogates (Homogeneous Effects)

1,1811,1811,181N per Adopt

91%95%97%Pred Val Pos

1285# Ineff Adopt

132147166# Effctve Adopt

0.025;  95%0.025;  95%0.025;  95%Type 1 err, Pwr

839839839N per RCT

632 (22% eff)491 (31% eff)358 (49% eff)Number RCT

138 eff; 494 not154 eff; 337 not174 eff; 184 not“Positive” RCT

0.100;  85%0.100;  85%0.100;  85%Type 1 err; Pwr

342342342N per RCT
1,627 (10% eff)1,812 (10% eff)2,046 (10% eff)Number RCT

20% Misleading10% Misleading0% Misleading

P
hase 2

C
onfirm

taory
Phase 3
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Comparisons

RCT      Eff Not         n

• Nonadaptive
– Homogeneous effect 2,047  165   5   1,181
– Homogeneous,10% misleading    1,812  147   8   1,181
– Homogeneous,20% misleading    1,627  132  12   1,181
– Inhomogeneous effect 2,123   99   5   1,181

• Adaptive subgroups: inflate error
– Homogeneous effect 1,485  134  11   1,181
– Inhomogeneous effect 1,490  109  11   1,181

• Adaptive subgroups: control error
– Homogeneous effect 1,707  139   4   1,277
– Inhomogeneous effect 1,720  105   4   1,277

108

Comments

• Screening Phase II trials provide great protection 
– Ensure that overwhelming majority of adopted therapies are truly

effective

• However, control of type I and II errors are of great importance
even at phase 2
– But note that type 1 error of 0.025 not necessarily indicated

• Adaptive designs can help provide that control
– But need to re-power the study to get greatest benefit
– The added benefit over nonadaptive designs is not huge, but 

there are advantages
• Higher power and predictive value of the positive
• More beneficial drugs identified
• More patient exposure for adopted drugs

• Adaptation cannot protect against false surrogates
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Deleterious Adaptation at Phase 3

• Adaptive modification of scientific hypotheses may destroy the 
scientific and regulatory relevance of the trial
– Modification of patient population, treatment, outcomes will 

change the hypothesized indication

• Impact on evidence based medicine
– Physicians need to judge the magnitude of treatment effect in 

order to choose among alternatives for individual patients
– Even with control of the experimentwise type I error, 

quantification of treatment effect will be biased with adaptation
• Sampling distribution for the “winning” indication will depend on 

the true effects of the alternative indications that were dropped
• There will undoubtedly be “regression to the true mean” on the 

subsequently gathered data 
• There is “random high bias” in the previously gathered data

110

Really Bottom Line

“You better think (think) 

about what you’re 

trying to do…”

-Aretha Franklin, “Think”


