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DNA Microarray Technology

• Powerful tool for understanding 
mechanisms and enabling predictive 
medicine

• Challenges ability of biomedical scientists 
to analyze and interpret data

• Challenges mathematical scientists with 
new problems for which existing analysis 
paradigms are often inapplicable



Microarray Environment

• Hype
• Excessive skepticism
• Mis-information



Problems Illustrated by Microarray
Development

• Inefficient utilization of technology for advancing 
medicine

• Substantial waste of resources on development 
of ineffective software systems

• Contributions of specialists limited by inability to 
bridge knowledge boundaries

• Organizations searching for ways of fostering 
interdisciplinary research

• Insufficient opportunities for attracting the best 
and brightest undergraduates to quantitative 
medicine  





BRB Website Resources for 
Education of Biomedical Scientists

http://linus.nci.nih.gov/brb

• Reprints & Technical Reports
• Powerpoint presentations

– Audio files
• BRB-ArrayTools software

– Message board
• BRB-ArrayTools Data Archive
• Sample Size Planning for Targeted Clinical 

Trials



Using Genomic Classifiers In Clinical Trials
•Simon R and Maitnourim A. Evaluating the efficiency of targeted designs for randomized clinical trials. Clinical 
Cancer Research  10:6759-63, 2004.

•Maitnourim A and  Simon R. On the efficiency of targeted clinical trials. Statistics in Medicine 24:329-339, 2005.

•Simon R. When is a genomic classifier ready for prime time? Nature Clinical Practice – Oncology 1:4-5, 2004.

•Simon R. An agenda for Clinical Trials: clinical trials in the genomic era. Clinical Trials 1:468-470, 2004.

•Simon R. Development and Validation of Therapeutically Relevant Multi-gene Biomarker Classifiers. Journal of the 
National Cancer Institute 97:866-867, 2005. 

•Simon R. A roadmap for developing and validating therapeutically relevant genomic classifiers. Journal of Clinical 
Oncology 23:7332-41,2005.

•Freidlin B and Simon R. Adaptive signature design. Clinical Cancer Research 11:7872-78, 2005.

•Simon R. Validation of pharmacogenomic biomarker classifiers for treatment selection. Disease Markers (In Press). 

•Simon R. Guidelines for the design of clinical studies for development and validation of therapeutically relevant 
biomarkers and biomarker classification systems. In Biomarkers in Breast Cancer, Hayes DF and Gasparini G, pp 3-
15, Humana Press, 2006.



Using Genomic Classifiers In Clinical Trials

• Simon R. and Wang SJ. Use of genomic signatures in therapeutics development in oncology and other diseases, The 
Pharmacogenomics Journal 6:166-73, 2006.

• Simon R. A checklist for evaluating reports of expression profiling for treatment selection. Clinical Advances in 
Hematology and Oncology 4:219-224, 2006. 

• Trepicchio WL, Essayan D, Hall ST, Schechter G, Tezak Z, Wang SJ, Weinreich D, Simon R. Designing prospective 
clinical pharmacogenomic trials- Effective use of genomic biomarkers for use in clinical decision-making. The 

Pharmacogenomics Journal 6:89-94,2006.
• Dupuy A and Simon R. Critical review of published microarray studies for cancer outcome and guidelines on statistical 

analysis and reporting, Journal of the National Cancer Institute, In Press.



BRB Website
http://linus.nci.nih.gov/brb

• 15,000 hits per month
• 702 hits to Technical Reports & Talks
• 1985 hits to BRB-ArrayTools home page



BRB-ArrayTools
• Statistically state-of-the-art integrated software 

for DNA microarray data analysis
– Architecture and statistical content by R Simon
– Programming by contractor

• User interface for use and education of 
biomedical scientists

• Publicly available for non-commercial use
• Active user list-serve and message board

http://linus.nci.nih.gov/brb



BRB-ArrayTools
June 2006

• 6283 Registered users
• 2000+ Distinct institutions 
• 62 Countries
• 245 Citations

• Registered users
– 3528 in US
– 456 at NIH
– 246 at NCI

















BRB Array Tools

• Wasn’t designed by committee
• Wasn’t a response to users dictating what 

should be developed. 
– We encourage our users to have clear 

objectives; they are not experts on how to 
achieve those objectives

• Offers substance, not flashy displays
– State of the art statistical advice in a form 

useable by non-statisticians





Moving from Correlative 
Studies to Predictive Medicine



“Biomarkers”

• Surrogate endpoints
– A measurement made on a patient before, 

during and after treatment to determine 
whether the treatment is working

• Predictive classifier
– A measurement made before treatment to 

predict whether a particular treatment is likely 
to be beneficial



Surrogate Endpoints

• It is extremely difficult to properly validate 
a biomarker as a surrogate for clinical 
outcome. It requires a series of 
randomized trials with both the candidate 
biomarker and clinical outcome measured



Biomarkers for Treatment Selection

• Oncologists need improved tools for selecting 
treatment for individual patients

• Most cancer treatments benefit only a minority of 
patients to whom they are administered

• Being able to predict which patients are likely to 
benefit would save patients from unnecessary 
toxicity, inconvenience and enhance their 
chance of receiving a drug that helps them

• The current over treatment of patients results in 
a major expense for individuals and society



Oncology Needs Predictive Markers
not Prognostic Factors

• Most prognostic factors are not used 
because they are not therapeutically 
relevant

• Most prognostic factor studies use a 
convenience sample of patients for whom 
tissue is available. Often the patients are 
too heterogeneous to support 
therapeutically relevant conclusions



Pusztai et al. The Oncologist 8:252-8, 2003

• 939 articles on “prognostic markers” or 
“prognostic factors” in breast cancer in past 20 
years

• ASCO guidelines only recommend routine 
testing for ER, PR and HER-2 in breast cancer

• “With the exception of ER or progesterone 
receptor expression and HER-2 gene 
amplification, there are no clinically useful 
molecular predictors of response to any form of 
anticancer therapy.”



• Targeted clinical trials can be much more 
efficient than untargeted clinical trials, if 
we know who to target



• In new drug development, the role of a 
classifier is to select a target population for 
treatment
– The focus should be on evaluating the new 

drug in a population defined by a predictive 
classifier, not on “validating” the classifier



Developmental Strategy (I)

• Develop a diagnostic classifier that identifies the 
patients likely to benefit from the new drug

• Develop a reproducible assay for the classifier
• Use the diagnostic to restrict eligibility to a 

prospectively planned evaluation of the new 
drug

• Demonstrate that the new drug is effective in the 
prospectively defined set of patients determined 
by the diagnostic



Using phase II data, develop 
predictor of response to new drugDevelop Predictor of Response to New Drug

Patient Predicted Responsive Patient Predicted Non-Responsive

Off Study
New Drug Control



Evaluating the Efficiency of Strategy (I)

• Simon R and Maitnourim A. Evaluating the efficiency of targeted 
designs for randomized clinical trials. Clinical Cancer Research
10:6759-63, 2004; Correction & Supplement 12:3229, 2006

• Maitnourim A and  Simon R. On the efficiency of targeted clinical 
trials. Statistics in Medicine 24:329-339, 2005.

• reprints and interactive sample size calculations at 
http://linus.nci.nih.gov/brb



Two Clinical Trial Designs

• Un-targeted design
– Randomized comparison of E to C without 

screening for expression of molecular target

• Targeted design
– Assay patients for expression of target
– Randomize only patients expressing target



Pharmacogenomic Model for Two 
Treatments With Binary Response

•Molecularly targeted treatment E
•Control treatment C
•γ Proportion of patients that express target
•pc control response probability
•response probability for E patients who 
express target is (pc + δ1)
•Response probability for E patients who do 
not express target is (pc + δ0) 



Randomized Ratio
(approximation)

• RandRat = nuntargeted/ntargeted

• δ1= rx effect in marker + patients
• δ0= rx effect in marker - patients
• γ =proportion of marker + patients
• If δ0=0, RandRat = 1/ γ 2

• If δ0= δ1/2, RandRat = 4/(γ +1)2

2

1

1 0(1 )
RandRat δ

γδ γ δ
⎛ ⎞

≈ ⎜ ⎟+ −⎝ ⎠



Randomized Ratio
nuntargeted/ntargeted

Proportion Assay 
Positive

No Treatment Benefit 
for Assay Negative 

Patients

Treatment Benefit for 
Assay Negative 

Patients is Half That 
for Assay Positive 

Patients

0.75 1.78 1.31

0.5 4 1.78

0.25 16 2.56



Screened Ratio
Proportion

Assay Positive
No Treatment Benefit 
for Assay Negative 

Patients

Treatment Benefit for 
Assay Negative 

Patients is Half That 
for Assay Positive 

Patients

0.75 1.33 0.98

0.5 2 0.89

0.25 4 0.64



Imperfect Assay Sensitivity & 
Specificity

• λsens=sensitivity 
– Pr[assay+ | target expressed]

• λspec=specificity
– Pr[assay- | target not expressed]



Proportion of Assay Positive 
Patients That Express Target

1 (1 )(1 )
sens

sens spec

w γλ
γλ γ λ

=
+ − −



Randomized Ratio

• RandRat = nuntargeted/ntargeted

2

1 1 1 0

1 0

(1 )
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w wRandRat δ δ
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Randomized Ratio
sensitivity=specificity=0.9
γ

Express target
δ0=0 δ0= δ1/2

0.75 1.29 1.26

0.5 1.8 1.6

0.25 3.0 1.96



• For Trastuzumab, even a relatively poor 
assay enabled conduct of a targeted 
phase III trial which was crucial for 
establishing effectiveness

• Recent results with Trastuzumab in early 
stage breast cancer show dramatic 
benefits for patients selected to express 
Her-2



Comparison of Targeted to Untargeted Design
Simon R, Development and Validation of Biomarker Classifiers for Treatment Selection, JSPI

Treatment Hazard 
Ratio for Marker 
Positive Patients

Number of Events for 
Targeted Design

Number of Events for Traditional 
Design

Percent of Patients Marker 
Positive

20% 33% 50%

0.5 74 2040 720 316



Interactive Software for Evaluating 
a Targeted Design

• http://linus.nci.nih.gov/brb/

http://linus.nci.nih.gov/brb/








Developmental Strategy (II)

Develop Predictor of 
Response to New Rx 

Predicted Non-
responsive to New Rx

Predicted 
Responsive
To New Rx

Control
New RX Control

New RX



Developmental Strategy (II)

• Do not use the diagnostic to restrict eligibility, 
but to structure a prospective analysis plan.

• Compare the new drug to the control overall for 
all patients ignoring the classifier.
– If poverall≤ 0.04  claim effectiveness for the eligible 

population as a whole
• Otherwise perform a single subset analysis 

evaluating the new drug in the classifier + 
patients
– If psubset≤ 0.01 claim effectiveness for the classifier + 

patients.



Key Features of Design (II)

• The purpose of the RCT is to evaluate 
treatment T vs C overall and for the pre-
defined subset;  not to re-evaluate the 
components of the classifier, or to modify 
or refine the classifier 



Developmental Strategy (IIb)

• Do not use the diagnostic to restrict eligibility, 
but to structure a prospective analysis plan.

• Compare the new drug to the control for 
classifier positive patients 
– If p+>0.05 make no claim of effectiveness
– If p+≤ 0.05  claim effectiveness for the classifier 

positive patients and
• Continue accrual of classifier negative patients and 

eventually test treatment effect at 0.05 level



The Roadmap

1. Develop a completely specified genomic 
classifier of the patients likely to benefit from a 
new drug

2. Establish reproducibility of measurement of the 
classifier

3. Use the completely specified classifier to 
design and analyze a new clinical trial to 
evaluate effectiveness of the new treatment 
with a pre-defined analysis plan.



Guiding Principle

• The data used to develop the classifier 
must be distinct from the data used to test 
hypotheses about treatment effect in 
subsets determined by the classifier
– Developmental studies are exploratory
– Studies on which treatment effectiveness 

claims are to be based should be definitive 
studies that test a treatment hypothesis in a 
patient population completely pre-specified by 
the classifier



Development of Genomic 
Classifiers

• Single gene or protein based on 
knowledge of therapeutic target

• Single gene or protein culled from set of 
candidate genes identified based on 
imperfect knowledge of therapeutic target

• Empirically determined based on 
correlating gene expression to patient 
outcome after treatment



Development of Genomic 
Classifiers

• During phase II development or

• After failed phase III trial using archived 
specimens.

• Adaptively during early portion of phase III 
trial.



Development of Empirical Gene 
Expression Based Classifier

• 20-30 phase II responders are needed to 
compare to non-responders in order to 
develop signature for predicting response
– Dobbin KK, Simon RM. Sample size planning 

for developing classifiers using high 
dimensional DNA microarray data, 
Biostatistics (In Press)



Adaptive Signature Design
An adaptive design for generating and 

prospectively testing a gene expression 
signature for sensitive patients

Boris Freidlin and  Richard Simon
Clinical Cancer Research 11:7872-8, 2005



Adaptive Signature Design
End of Trial Analysis

• Compare E to C for all patients at 
significance level 0.04
– If overall H0 is rejected, then claim 

effectiveness of E for eligible patients
– Otherwise



• Otherwise:
– Using only the first half of patients accrued during the 

trial, develop a binary classifier that predicts the 
subset of patients most likely to benefit from the new 
treatment E compared to control C

– Compare E to C for patients accrued in second stage 
who are predicted responsive to E based on classifier 

• Perform test at significance level 0.01
• If H0 is rejected, claim effectiveness of E for subset defined 

by classifier



Treatment effect restricted to subset.
10% of patients sensitive, 10 sensitivity genes, 10,000 genes, 400 

patients.

Test Power

Overall .05 level test 46.7

Overall .04 level test 43.1

Sensitive subset .01 level test
(performed only when overall .04 level test is negative)

42.2

Overall adaptive signature design  85.3



Overall treatment effect, no subset effect.
10,000 genes, 400 patients.

Test Power

Overall .05 level test 74.2

Overall .04 level test 70.9

Sensitive subset .01 level test 1.0

Overall adaptive signature design  70.9



Validation of Predictive Classifiers 
for Use with Available Treatments

• Should establish that the classifier is 
robust, reproducibly measurable and has 
clinical utility

• Studies of predictive classifiers should be 
viewed as either developmental or 
validation studies



• Developmental studies should develop 
classifiers for homogeneously treated 
patients and provide split-sample or cross-
validated estimates of prediction accuracy

• Validation studies should establish 
whether patient outcome is improved 
using the pre-specified new classifier for 
treatment selection compared to using 
current practice standards











• Much of the conventional wisdom of statistical analysis is 
focused on inference, not on prediction

• Demonstrating statistical significance of prognostic 
factors is not the same as demonstrating predictive 
accuracy

• Predictive models should predict accurately for 
independent data; the model itself need not be 
reproducibly derivable on independent data

• Most statistical methods were not developed for 
prediction problems and particularly not for prediction 
problems with >10,000 variables and <100 cases



Myth

• Development of good predictive classifiers 
is not possible with >1000 genes and <100 
cases or requires huge sample sizes



Sample Size Planning 
References

• K Dobbin, R Simon. Sample size 
determination in microarray experiments 
for class comparison and prognostic 
classification. Biostatistics 6:27-38, 2005

• K Dobbin, R Simon. Sample size planning 
for developing classifiers using high 
dimensional DNA microarray data. 
Biostatistics (In Press)



Conclusions
• New technology and biological knowledge make 

it increasingly feasible to identify which patients 
are most likely to benefit from a specified 
treatment

• “Predictive medicine” is feasible but does not 
mean a different treatment for each patient

• Targeting treatment can greatly improve the 
therapeutic ratio of benefit to adverse effects
– Smaller clinical trials needed
– Treated patients benefit
– Economic benefit for society



Conclusions

• Achieving the potential of new technology 
requires paradigm changes in focus and 
methods of “correlative science.”

• Achieving the potential of new technology 
requires paradigm changes in partnerships 
among industry, academia, and government. 

• Effective interdisciplinary research requires 
increased emphasis on cross education of 
laboratory, clinical and statistical scientists 
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