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How do you know if a data 
analysis is successful?

When has a data 
analysis failed?



Parable

Genomic signatures to guide the use of
chemotherapeutics
Anil Potti1,2, Holly K Dressman1,3, Andrea Bild1,3, Richard F Riedel1,2, Gina Chan4, Robyn Sayer4,
Janiel Cragun4, Hope Cottrill4, Michael J Kelley2, Rebecca Petersen5, David Harpole5, Jeffrey Marks5,
Andrew Berchuck1,6, Geoffrey S Ginsburg1,2, Phillip Febbo1–3, Johnathan Lancaster4 &
Joseph R Nevins1–3

Using in vitro drug sensitivity data coupled with Affymetrix microarray data, we developed gene expression signatures that predict
sensitivity to individual chemotherapeutic drugs. Each signature was validated with response data from an independent set of cell
line studies. We further show that many of these signatures can accurately predict clinical response in individuals treated with
these drugs. Notably, signatures developed to predict response to individual agents, when combined, could also predict response
to multidrug regimens. Finally, we integrated the chemotherapy response signatures with signatures of oncogenic pathway
deregulation to identify new therapeutic strategies that make use of all available drugs. The development of gene expression
profiles that can predict response to commonly used cytotoxic agents provides opportunities to better use these drugs, including
using them in combination with existing targeted therapies.

Numerous advances have been achieved in the development, selection
and application of chemotherapeutic agents, sometimes with remark-
able clinical successes—as in the case of treatment for lymphomas or
platinum-based therapy for testicular cancers1. In addition, in several
instances, combination chemotherapy in the postoperative (adjuvant)
setting has been curative. However, most people with advanced solid
tumors will relapse and die of their disease. Moreover, administration
of ineffective chemotherapy increases the probability of side effects,
particularly those from cytotoxic agents, and of a consequent decrease
in quality of life1,2.

Recent work has demonstrated the value in using biomarkers to
select individuals for various targeted therapeutics, including tamox-
ifen, trastuzumab and imatinib mesylate. In contrast, equivalent tools
to select those most likely to respond to the commonly used
chemotherapeutic drugs are lacking3.

With the goal of developing genomic predictors of chemotherapy
sensitivity that could direct the use of cytotoxic agents to those most
likely to respond, we combined in vitro drug response data, together
with microarray gene expression data, to develop models that could
potentially predict responses to various cytotoxic chemotherapeutic
drugs4. We now show that these signatures can predict clinical or
pathologic response to the corresponding drugs, including combina-
tions of drugs. We further use the ability to predict deregulated
oncogenic signaling pathways in tumors to develop a strategy that

identifies opportunities for combining chemotherapeutic drugs with
targeted therapeutic drugs in a way that best matches the character-
istics of the individual.

RESULTS
A gene expression–based predictor of sensitivity to docetaxel
To develop predictors of cytotoxic chemotherapeutic drug response,
we used an approach similar to previous work analyzing the NCI-60
panel4 from the US National Cancer Institute (NCI). We first
identified cell lines that were most resistant or sensitive to docetaxel
(Fig. 1a,b) and then genes whose expression correlated most highly
with drug sensitivity, and used Bayesian binary regression analysis to
develop a model that differentiates a pattern of docetaxel sensitivity
from that of resistance. A gene expression signature consisting of 50
genes was identified that classified cell lines on the basis of docetaxel
sensitivity (Fig. 1b, right).

In addition to leave-one-out cross-validation, we used an indepen-
dent dataset derived from docetaxel sensitivity assays in a series
of 30 lung and ovarian cancer cell lines for further validation.
The significant correlation (P o 0.01, log-rank test) between the
predicted probability of sensitivity to docetaxel (in both lung and
ovarian cell lines) (Fig. 1c, left) and the respective 50% inhibitory
concentration (IC50) for docetaxel confirmed the capacity of the
docetaxel predictor to predict sensitivity to the drug in cancer cell
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Deception at Duke



“Rock Star” Statisticians

New York Times



Brief Summary of Problems

• Off-by-one table row labels 

• Inadvertent switching of outcome labels 

• Duplicated observations 

• Genes identified not on microarray used 

• Completely arbitrary statistical formulas used



Lessons?

Clinical medicine 
(tightly controlled) Wild West=Genomics  

(wild west)+



Institute of Medicine 
Committee



The IOM Report
• Data/metadata used to develop test should be 

made publicly available 

• The computer code and fully specified 
computational procedures used or development of 
the omics-based test should be made available 

• Ideally, the computer code that is released will 
encompass all of the steps of computational 
analysis, including all data preprocessing steps



Replication and 
Reproducibility

• Replication

• Focuses on the validity of the 
scientific claim 

• “Is this claim true?” 

• Ultimate standard for scientific 
evidence 

• New investigators, data, 
analytic methods, labs, 
instruments, etc. 

• Important in studies that can 
impact policy or regulation

• Reproducibility

• Focuses on the quality of 
the data analysis 

• “Can we trust this analysis?” 

• A minimum standard 

• New investigators, same 
data, same methods 

• Important when replication 
is impossible



What’s Wrong with 
Replication?

• Nothing, but… 

• Some studies cannot be replicated 

• No time, opportunistic 

• No money 

• Unique 

• Reproducible Research: Make analytic data and 
code available so that others may reproduce findings



Upon Seeing Your Work…

Full ReplicationDo Nothing Reproducibility

Information Required

MaximumMinimum

Most 
common 
activity



Population

Question

Hypothesis

Experimental Design

Experimentor

Data

Analysis Plan

Analyst

Code

Estimate

Claim

≈

Reproducible Replicable

≈

Observed 
Missing 
Different Value 
Incorrectly reported

Original 
study

New 
study

Original 
study

New 
study



Why Do We Need 
Reproducible Research?

• New technologies increasing data collection 
throughput 

• Data are more complex and high dimensional 

• Existing databases can be merged into new and 
bigger databases 

• Computing power is greatly increased, allowing more 
sophisticated/complicated analyses 

• For every field “X” there is a field “Computational X”



Air Pollution and Health: 
A Perfect Storm?

• Estimating small health effects in the 
presence of much stronger signals 

• Results inform substantial policy 
decisions and affect many 
stakeholders 

• EPA regulations can cost billions of 
dollars 

• Complex statistical methods are 
needed and subjected to intense 
scrutiny



The End Result
• Basic analyses can be difficult to describe 

• Heavy computational requirements are thrust upon 
people without adequate training in statistics and 
computing 

• Errors are more easily introduced into long and 
complex analysis pipelines 

• Knowledge transfer is limited 

• Complicated analyses cannot be trusted



What is Reproducible 
Research?



What is Reproducible 
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What is Reproducible 
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What is Reproducible 
Research?

• Analytic data are available 

• Analytic (and preprocessing) code are available 

• Documentation of code and data 

• Standard means of distribution



What is Reproducible 
Research?

• Authors 

• Want to make their research reproducible 

• Want tools for RR to make their lives easier (or at least 
not much harder) 

• Readers 

• Want to reproduce (and perhaps expand upon) 
interesting findings 

• Want tools for RR to make their lives easier



Challenges
• Authors must undertake considerable effort to put data 

and results on the web (may not have resources like a 
web server) 

• Readers must download data/results individually and 
piece together which data go with which code 
sections, etc. 

• Readers may not have the same resources as authors 

• Few tools to help authors/readers (although toolbox is 
growing!)



Recent Developments

• Software: Jupyter Notebooks, knitr, markdown, 
LONI, Galaxy 

• Repositories: GitHub, NCBI, ICPSR, Dataverse, 
Open Science Framework, Google Dataset Search 

• Policy: Science, Nature, PLOS ONE, OSTP, NIH



Literate Statistical 
Programming

• An article/report is a stream of text and code 

• Analysis code is divided into text and code “chunks” 

• Each code chunk loads data and computes results 

• Presentation code formats results (tables, figures, 
etc.) 

• Article text explains what is going on 

• Literate programs can be weaved to produce human-
readable documents and tangled to produce 
machine-readable documents 

• See Literate Programming by Donald Knuth



Literate Statistical 
Programming

• Literate programming is a general concept that requires 

• A documentation language (human readable) 

• A programming language (machine readable) 

• Sweave uses LaTeX and R as the documentation and 
programming languages 

• Sweave was developed by Friedrich Leisch (member of 
the R Core) and is maintained by R core 

• Main web site: http://www.statistik.lmu.de/~leisch/Sweave

http://www.statistik.lmu.de/~leisch/Sweave


• knitr is package that brings together many features 
added on to Sweave to address limitations 

• knitr uses the R programming language (although 
others are allowed) and variety of documentation 
languages 

• LaTeX, Markdown, HTML 

• Built into RStudio pipeline 

• See http://yihui.name/knitr/ 

Literate Statistical 
Programming

http://yihui.name/knitr/


What Problem Does 
Reproducibility Solve?

• What we get 

• Transparency / Improved knowledge transfer 

• Data availability 

• Software / Methods 

• What we do NOT get 

• Validity / Correctness of the analysis



Where to Intervene?

Research 
Conducted

Human Clinical 
Trials

Publication

Publicly Available

????

IOM Report 
focused on 
preventing 
harm

Data and Code 
(reproducibility)



Lessons?

• Reproducibility


• Expertise and training


• Publication pressure; glamour journals


• Funding, conflicts of interest



New Details Emerge (Jan 2015)



The Perez Memo (cont’d)
“At this point, I believe that the situation is serious 
enough that all further analysis should be stopped to 
evaluate what is known about each predictor and it 
should be reconsidered which are appropriate to 
continue using and under what circumstances…. I would 
argue that at this point nothing…should be taken for 
granted. All claims of predictor validations should be 
independently and blindly performed.” [emphasis 
added]


-Memo from Bradford Perez, April 2008



Lessons Learned

• Not all problems have a technical solution


• Analyses were not “too complicated” in that there was 
insufficient expertise; problems were readily recognized


• Lab/institute cultural problems lead to unwillingness to 
communicate obvious problems


• From the analyst perspective, a breakdown in communication 
is an early warning sign of potential data analytic problems


• Making analyses more reproducible likely would not have 
made much difference



Communicating a 
Data Analysis?













Data Analysis = ???

The Central 
Problem



What’s Next?
• Reproducibility is critical for communicating a data 

analysis 

• One cannot sufficiently describe an analysis in 
words 

• General consensus about its importance 

• Infrastructure for making all research reproducible 
is not there yet, but things are ever improving



How Do You Know if a Data 
Analysis is Successful?

• Reproducible 

• Uses the best available statistical methods of 
analysis


