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INTRODUCTION
Therapeutic and prevention clinical research is 
typically performed to address questions of:

Efficacy: can the intervention work in the ideal study 
setting?

Effectiveness: can the intervention work generalized 
to real-world settings and applied to individual 
patient?

Cost-effectiveness: is it worth and should it be paid 
for?
Efficacy - Randomized Control Trials

Effectiveness transfer of RCT results to “real world” 3
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INTRODUCTION

Research has demonstrated that the application of 
results from RCTs to individual patients, using 
efficacy data produced by RCTs as effectiveness 
data, is permissible under the following conditions:

a) There is a rationale for exchangeability of the past 
and future events, and

b) The characteristics and circumstances of the 
patients in current medical practice are sufficiently 
similar to those in the trial.
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INTRODUCTION

THEME 1: Is it possible to quantify this notion 
of “sufficiently similar” patients? How is this 
done and with what confidence?

Cao, Melton, Markatou, Hripcsak (2008). Use abstracted patient-specific 
features to assist an information-theoretic measurement to assess similarity 
between medical cases. Journal of Biomed. Informatics, 41, 882-888.

Wang, Sun, Li and Arenousis (2009). Two heads better than one: Metric 
+ Active learning and its applications for IT service classification. 
Proceedings in 8th IEEE Int. Conf Data Mining, 10221027.
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INTRODUCTION

Pervasive problems in the quality of delivered care, 
uncertainty about best practices involving treatments 
and technologies and concerns about healthcare 
spending led to a major initiative named 
Comparative Effectiveness Research (CER).

Specifically, in 2003 senior officials from the Agency 
for Healthcare Research and Quality (AHRQ) and the 
Center for Medicare Services (CMS) described 
serious gaps in the generation of information needed 
by decision-makers in healthcare in USA.
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INTRODUCTION

Some of these gaps are described in:

Tunis, S. R., Stryer, D. B. and Clancy, C. M. (2003). 
Practical Clinical Trials: Increasing the value of 
clinical research for decision making in clinical and 
health policy. Journal of the American Medical 
Association, 290, 1624-1632.
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INTRODUCTION

Four years later, the head of the Congressional 
Budget Office (CBO) testified before the House Ways 
& Means Subcommittee on Health on the potential 
impact of CER on health outcomes expenditure:
Better information about the costs and benefits of different 

treatment options, combined with new incentive structures 
reflecting the information, could eventually yield lower 
healthcare spending without having adverse effects on 
health….even if it did not bring about significant reductions in 
spending, more information about comparative effectiveness 
could yield better health outcomes from the resources devoted 
to healthcare (Congressional Budget Office Testimony, 2007).

8
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INTRODUCTION

The literature contains several lists of methods for 
assessing effects, ordered by their ability to render 
reliable conclusions. All these lists start with “Large 
Randomized Controlled Trials” placed at the very top 
of the hierarchy, indicating that the most reliable 
method for producing evidence for assessing effects 
of any given intervention is the RCT.

9
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LEVELS OF EVIDENCE (Source: Rawlins, M. (2008), Lancet, 372, 
2152-2161)

LEVELS  OF  EVIDENCE
1++    High quality meta-analyses, systematic reviews of RCTs or RCTs with a very

low risk of bias
1+      Well conducted meta-analyses, systematic reviews of RCTs or RCTs with a 

low risk of bias
1- Meta-analyses, systematic reviews of RCTs or RCTs with a high risk of bias
2++    High quality systematic reviews of case-control studies or cohort studies; or

high quality case-control or cohort studies with a very low risk of confounding,
bias or chance

2+ Well conducted case-control or cohort studies with a low risk of confounding,
bias or chance.

2- Case-control or cohort studies with a high risk of confounding, bias or chance
3 Non-analytic studies (e.g. case reports and case studies)
4 Expert opinion

10



© 2009 IBM Corporation

INTRODUCTION

Rawlins, M. (2008). De testimonio: On the evidence 
for decisions about the use of therapeutic 
interventions. Lancet, 372, 2152-2161.

“Evidence, in the context of supporting the use of 
therapeutic interventions, has only one purpose: it 
forms the basis for informing decision makers about 
the appropriate use of therapeutic interventions in 
routine clinical practice.”

Then he goes on to state 
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INTRODUCTION

“The notion that evidence can be reliably placed in 
hierarchies is illusory. Hierarchies placed RCTs on 
an uncomfortable pedestal….although the technique 
has advantages it also has 
disadvantages…….Observational studies have 
defects but they also have merit. Decision makers 
need to assess and appraise all the available 
evidence irrespective of whether it has been derived 
from RCTs or observational studies; and the 
strengths and weaknesses of each need to be 
understood if reasonable and reliable conclusions are 
to be drawn.” (Rawlins, M. (2008), Lancet)
12
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INTRODUCTION

THEME 2

What would be considered “acceptable” 
evidence and on what basis this decision will 
be made?

13



© 2009 IBM Corporation

INTRODUCTION: PCORI

Mission Statement of Patient-Centered Outcomes 
Research Institute (PCORI)

PCORI, an independent organization, helps people 
make informed health decisions and improves health 
care delivery and outcomes by producing and 
promoting high integrity, evidence-based information 
that comes from research guided by patients, 
caregivers and the broader healthcare community.

http://www.pcori.org/mission/ 

14
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PCORI

The institute was created under the patient protection 
and affordable care act of 2010 to fund and promote 
CER.

On July 23, 2012 PCORI published a report

Public Comment draft report of the Patient-
Centered Outcomes Research Institute 
(PCORI)Methodology Committee presented on July 
23, 2012, and revised thereafter

suggesting standards for quality CER studies. 

15
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PCORI

The report states that 

“…..ensuring that the information used to make 
difficult treatment decisions is truly trustworthy can be 
extremely challenging.”

Selby, Beal & Frank (2012, JAMA) indicate that

“….for the PCORI agenda to stay focused on 
practical questions, relevant outcomes and study 
populations, and to indicate the possibility that 
treatment effects may differ across patient 
populations.”  
16
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PCORI

The report of the PCORI Methodology Committee 
includes a section entitled “Problems that PCORI 
Hopes to Address” and, among other problems, the 
following problem is included 

A “patients like me” problem Identification of  

“similar to me” patients problem subgroups

17
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DEFINITIONS OF CER

Several definitions of CER have emerged:

Congressional Budget Office (2007)

“…a rigorous evaluation of the impact of different 
options that are available for treating a given medical 
condition for a particular set of patients.”

IOM Report (2009) defines CER as follows:
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IOM (2009) DEFINITION OF CER

Comparative Effectiveness Research (CER) is the 
generation and synthesis of evidence that 
compares the benefits and harms of alternative 
methods to prevent, diagnose, treat and monitor 
health conditions or improve delivery of care.

The purpose of CER is to assist consumers, 
clinicians, purchasers and policy makers to make 
informed decisions that will improve healthcare at 
both the individual and population levels.

20
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DEFINITIONS: CER

CER IS NOT

1. Solely about effectiveness

2. Solely about cost-effectiveness

3. Restricted to Randomized Clinical Trials and their 
variations

4. Exclusionary of clinical judgment or the 
circumstances of the individual patient.

21
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DEFINITIONS: CER

CER IS

1. Focused on real-world circumstances and 
decisions

2. Intended to help make decisions more consistent, 
transparent and rational

3. Useful in identifying gaps and uncertainties

4. By nature multi-disciplinary

5. Fruitful for statistical involvement at all levels 
(Morton & Ellenberg (2012)).
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ENVIRONMENT OF CER

The environment within which CER studies are 
performed is drastically different than the environment 
where RCTs are performed. There is:

1. Wide variety of practice settings

2. Many different subpopulations

3. Patient-reported outcomes

4. Potentially heterogeneous treatment effects

The result of this is the increase of the variance of 
observed treatment responses. 
23
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EFFICACY versus EFFECTIVENESS
STUDY ELEMENTS EFFICACY   STUDIES EFFECTIVENESS 

STUDIES
Study Design Protocol driven, regular

interval visits and 
treatment is masked

Clinician visits driven by 
patient needs & physician 
practice; treatment usually 
unmasked, modification of 
treatment is allowed

Patient population Homogeneous & highly 
selected for patient 
characteristics, adherence 
& no comorbidities

Heterogeneous & more 
representative of patients 
in the real world

Study Sites Research specialists and 
academic medical centers

General practice 
physicians & usual 
caregivers, facilities and 
settings

Sample Size Sufficient only to detect 
trial outcome & often not 
adequate for subgroup 
analyses

Adequate for assessing 
differences from patient 
perspective, sometimes 
subgroups as well24
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EFFICACY  versus  EFFECTIVENESS
STUDY  ELEMENTS EFFICACY STUDIES EFFECTIVENESS 

STUDIES
Duration Often short-several weeks 

to months
Often longer, to parallel
use in practice, and to 
allow for non-adherence

Study end points Often intermediate and 
primary end point is a 
physiologic end point

May include patient 
reported outcomes & 
clinically relevant 
outcomes.

Comparator Usually placebo (for 
pivotal efficacy trials for 
FDA approval)

Relevant clinical 
comparator or usual care

Data collection Stops with event or study 
discontinuation & data 
collected as part of 
treatment visits

Captures data even after 
event or study 
discontinuation & data 
collected as part of routine 
care

Analysis Typically intention-to-treat Various, depending on the 
study design25
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EFFICACY versus EFFECTIVENESS

Study Elements Efficacy Studies Effectiveness Studies
External Validity Limited applicability Broader applicability

26

Source: Morton, S. C. and Ellenberg, J. H. 
(2012). Infusion of statistical science in 
comparative effectiveness research. Clinical 
Trials, 9, 6-12.
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HISTORY  OF  CER
CER is a relatively new term; other terms that are 
used to describe essentially the same activity are 
health technology or evidence-informed 
policymaking.

But the idea of evaluating “real-world” treatment 
options dates back to antiquity.

A century old example: James Lind compared in the 
mid-1700s various treatments of scurvy (a skin 
condition that develops when the levels of vitamin C 
are low). This was a controlled trial of 6 separate 
treatments of scurvy & showed that providing citrus
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HISTORY  OF  CER
fruit led to the resolution of the symptoms, whereas 
other remedies or cider did not. 

REFERENCES

1. Jellinek, E. M. (1946). Clinical tests on 
comparative effectiveness of analgesic drugs. 
Biometrics, 2(5), 87-91.

2. Colwill, J. M., Dutton, A.M., Morrissey, Y. & Yu, P. 
N. (1964). Alpha-methyldopa & hydroclorothiazide: 
a controlled study of their comparative 
effectiveness as antihypertensive agents. New 
England J. of Medicine, 271, 696-703.
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HISTORY  OF  CER
By any reasonable definition of CER numerous 
studies have been done in recent decades, usually 
without being identified as such.

Therefore what is new now? 

It is the appreciation that there is potential for 
providing patients and their clinicians with 
information on what it works, tailored to the 
individual’s clinical situation and his/her priorities. 

That is, the shifting of emphasis from the average 
patient, common in clinical trials, to the individual 
patient.
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HISTORY  OF  CER

Interestingly, the formal term CER has been 
popularized only recently, related more to policy and 
economic considerations than to scientific issues 
themselves.

However, there are fundamental methodological and 
data quality challenges that manifest themselves 
and need to be addressed if CER is to fulfill its 
potential.
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DATA SOURCES FOR CER

CER has several practical goals, one of which is to 
capitalize on existing data sources.

There are two main sources of data for CER 
purposes: 

1) healthcare utilization databases (e.g. Medicare 
claims database or other private insurance 
databases)

2) Electronic Medical or Health Record databases.
31
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UTILIZATION  DATABASES

Healthcare utilization data have the advantage of 
being:

1. Available electronically;

2. Contain data on large, heterogeneous and 
geographically dispersed populations;

3. The coding system is fairly uniform across the 
different databases.

However, there are limitations and these include:

32
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LIMITATIONS OF UTILIZATION DATABASES

Very little clinical Information is available in these 
databases

Accuracy and timeliness of data may be, in fact in 
many cases is, questionable

Questionable completeness of data—missing 
values, outliers, mis-representation of data fields etc.

33
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ELECTRONIC MEDICAL RECORD DATA

EMR data allow access to longitudinal clinical 
information, that is not present in the utilization 
databases.

Primary Advantage: comprehensive and relatively 
timely clinical information, with the possibility of 
incorporating other sources of data such as 
physician’s notes, patients’ symptoms and history, 
nursing notes, diagnostic information, imaging 
results and planned and actual treatment 
information.

34
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EMR DATA
However, even EMR data are not problem-free and 
may contain outliers (e.g. EMRs do not have range 
checks so it is possible to see a reading for blood 
pressure in the thousands) and missing values.

Greatest Limitation of both data sources: data 
are collected for a different purpose, the primary 
purpose is not to carry out CER investigations. As 
such, key variables may be incompletely measured 
or not measured at all.

D. B. Rubin (2010). On the limitations of 
comparative effectiveness research. Stat in Med,
29(19), 1991-1995.
35
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METHODOLOGY FOR CER

Methodology for CER is broad; it includes:

1. Experimental studies: randomized control and 
other trials

2. Observational Studies: cross sectional, case-
control, cohort studies, case series

3. Research Synthesis: meta analysis, systematic 
reviews, modeling, technology assessment

36
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METHODOLOGY FOR CER

The previous broad methodological categories feed 
the following research lines

1. Evidence Synthesis: refers to synthesizing and 
comparing existing evidence.

2. Evidence Generation: refers to the development 
of new scientific knowledge to address knowledge 
gaps. A fundamental question is what constitutes 
acceptable CER evidence?

3. Evidence Communication/Translation: 
communicate scientific information clearly

37
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METHODOLOGICAL CHALLENGES FOR 
CER
A fundamental question for useful and effective CER 
is

Question: What constitutes acceptable evidence and 
how will it be generated?

Rawlins, M. (2008, Lancet) “The notion that evidence 
can be reliably placed in hierarchies is illusory.”

This indicates that a shift in the paradigm of evidence 
generation & evaluation may be required. 
Furthermore, the emphasis on patient-centeredness 
requires the expansion of the evidentiary framework 
to one that is flexible, yet principled.38
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EVIDENCE CHALLENGE
What is evidence?

A: According to the Merriam Webster dictionary 

evidence is proof of testimony; matter submitted in 
court to determine the truth of alleged facts

A statistical definition of evidence according to 
Goodman, S.N. and Royall, R. (1988). Evidence and 
Scientific Research. American Journal of Public 
Health, 78, 1568-1574.

Evidence is a property of data that makes us alter 
our beliefs about how the world around us is working.
39
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EVIDENCE CHALLENGE
The debate over what methods might be used to generate 
scientific evidence is an old one and both frequentist and 
Bayesian branches of statistics have contributed to this 
debate. 

Newer and older references include 

1. Royall, R. (1997). Statistical Evidence: A Likelihood 
Paradigm, 1st Edition. Chapman & Hall, CRC.

2. Berger, J. O. & Sellke, T. (1987). The irreconcilability of p 
values & evidence (with discussion). JASA, 82, 112-139.

3. Goodman, S.N. (1999). Towards evidence-based medical 
statistics. 1. The p-value fallacy. Annals of Internal 
Medicine, 130, 995-1004.
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EVIDENCE CHALLENGE

Goodman, S. N. (1999). Evidence-based medical statistics. 2. 
The Bayes factor. Annals of Internal Medicine,130, 1005-1013.

Ioannidis, J. P. A. (2005). Why most published research 
findings are false. PLoS Med., 2(8): e124.

Normand, S-L, T. & McNeil, B. J. (2010). What is evidence? 
Statistics in Medicine, 29, 1985-1988.

Efron, B. & Gous, A. (2001). Scales of evidence for model 
selection: Fisher versus Jeffreys (with discussion). IMS 
Lecture Notes—Monograph Series, 38, 208-246
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EVIDENCE CHALLENGE

We therefore need answers to the following 
questions:

1. What are the methods we need to generate new 
evidence? 

2. What types of evidence will be considered 
definitive?

3. What statistical precision will be required?

4. What level of bias will be tolerated? How will it be 
measured?
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GENERATING NEW EVIDENCE

CER calls for the generation of new scientific 
knowledge and statistical methodology is a tool that 
can be used to develop the needed scientific 
knowledge. 

Modeling is one of the vehicles to achieve 
knowledge generation; if one holds the view that 
models are essential in new knowledge generation, 
growth in scientific knowledge can be seen as a 
continual replacement of current models with ones 
that approximate reality more closely.
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GENERATING NEW EVIDENCE

Therefore the question what methods to use when 
assessing and/or selecting among models is 
perhaps the most critical one in generating statistical 
evidence.

The introduction of the concept of likelihood (Fisher 
1912, 1921, 1922) was a major advance in this 
direction.

The main uses of the likelihood function have been 
to obtain point estimates of the parameters of a 
statistical model and to test statistical hypotheses 
(Neyman & Pearson, 1933).
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GENERATING EVIDENCE
In fact, use of significance tests and associated p-
values are very popular means of evidence 
generation in applied sciences (not without 
controversy). 

Confidence in evidence = f(quality, strength)

A measure of evidence that is able to allow for 
comparisons among models beyond the binary 
framework that is provided by hypothesis testing is 
actually needed. This measure also must be able to 
compare the strength of evidence the data provides 
in relationship to alternative models—in addition to 
Bayes?



© 2009 IBM Corporation

Modeling issues

The traditional approach separates the model 
building (inferential) aspects from the predictive 
aspects. Lindley(1965), Cox(1958), Nelder(1994) 
have all argued that it is not necessary to consider 
the use to which the model will be put when carrying 
out the model-building inference

But is this appropriate?

This may be a good strategy if the model used has 
the same form with the underlying data generation 
mechanism. However, this is not generally the case; 
the model is hardly ever correct.
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Modeling issues

Furthermore, for many predictive problems all parts 
of the distribution are not necessarily of equal 
importance, and perhaps only some parts of the 
space of predictor variables are of interest (safety 
sciences). 

Misspecification induces bias and this is important in 
the context of modeling medical data (in light of 
uncertainty about potential confounders).

What classes of loss functions can be used? Should 
we construct models that perform well with respect 
to a broader class of loss functions?
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PATIENT-CENTEREDNESS IN CER
One of the important aspects of CER is the focus on 
the identification of the most effective strategy for 
treating the individual patient.

Current practice extrapolates results from clinical 
trials to the individual patient under the assumption 
that the individual’s characteristics and situation are 
similar to those in the trial.

In practice, determination of similarity is based on 
the PICO framework (P=patient, I-intervention, 
C=comparator, O=outcomes) and it is a matter of 
judgment confounded by uncertainty about predicted 
effects.48
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Assessing Covariate Imbalance in CER 

How do we know that matching for observed 
covariates has balanced these covariates?

It is known that in matching examination of covariate 
balance is diagnostic. Can we approach this 
problem differently?

Statistical distance measures (Lindsay, Markatou, 
Ray, Yang and Chen (2008), Annals of Statistics 
and Lindsay, Markatou, Ray (2012), JASA). 
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Assessing Covariate Imbalance

Rubin, D. B. (2006, reprinted 2008). Matched 
Sampling for Causal Effects. Cambridge University 
Press, New York.

Works by Rubin, Rosenbaum and their school, too 
many to enumerate here, yet very important!

50
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Assessing Covariate Imbalance: Statistical Distances
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Assessment of Covariate Imbalance

There are a number of reasons why quadratic 
distances are used, including the fact that every 
smooth distance measure can be approximated, in a 
local sense, by a quadratic distance.

Many examples of distances—those include 
goodness of fit tests such as Cramer-von Mises and 
Pearson’s chi-square. In fact these measures can be 
written in the above form with appropriately chosen 
kernels.
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Assessing Covariate Imbalance
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Examples of kernels

54
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Examples of kernels
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Assessing Covariate Imbalance
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Assessing Covariate Balance

Question: What does the published literature offer 
for this problem?

Answer: Bickel (1969), Friedman and Rafsky 
(1979), Bickel & Breiman (1983), Henze (1988), Hall 
& Tajvidi (2002), Szabo et al (2003), Szekely & 
Rizzo (2004), Rosenbaum (2005).

What can we say about the performance of these 
tests in the presence of large data sets?
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Testing Covariate Imbalance

The following table offers the computational costs 
associated with these procedures.

Test Computational Performance

Wald-Wolfowitz (Friedman-
Rafsky)
Kolmogorov-Smirnov (Bickel)

Rosenbaum (2005)

Hall & Tajvidi (2002; only for 
continuous case)

expensive
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Covariate Imbalance

What does the machine learning literature have to 
say?

Distance construction is flexible and computationally 
fast. It can be extended to testing k-samples, by 
relying on the concept of a matrix distance.
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A List of Statistical Challenges 

Combining both controlled and uncontrolled forms of 
evidence—how to identify/construct appropriate 
kernels for this task?

Additional work on indirect comparisons and mixed 
treatment designs is needed—network meta 
analysis. This includes treatment of multi-arm trials 
and multi-outcomes 

Fundamental paper: Lumley(2002), Statistics in 
Medicine, 21, 2313-2324.
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Statistical Challenges

Causality and treatment heterogeneity: how to 
identify margins where treatments differ? 

Exchangeability

What is meaningful heterogeneity? When data from 
different sources must not be combined?

Model assessment and selection issues for causal 
and predictive models.
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SIMULATION MODELS IN CER
One approach, based on mathematical models, that 
successfully addresses problems in the health care 
system is simulation modeling. 

A simulation is a sampling experiment carried out on 
a computer.

Various types of simulation models, such as 
discrete-event (DES), continuous, combined 
discrete-continuous and Monte-Carlo.

A specific type of DES is a micro-simulation in which 
the individual outcomes of a system, for example, 
realistic simulations of patient histories, are 
generated62



© 2009 IBM Corporation

SIMULATION MODELS

Simulation models are used in:

1. Epidemiology, health promotion, health policy

2. Health and care systems operation

3. Health and care systems design

4. Medical decision making

5. Extreme event planning
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EXAMPLES OF SIMULATION MODELS
Examples where modeling and simulation have 
been successfully used are:

1. The USFDA used simulation to identify and 
approve a SAFE pediatric dose of the 
experimental drug Peramivir, which had never 
been studied in children 
http://biomedicalcomputationreview.org/7/2/10.pdf

2. When the American Diabetes Association needed 
to compare the effectiveness of current diabetes 
management approaches, Archimedes Inc. 
simulated a 30-year CLINICAL TRIAL to predict 
outcomes in a modeled patient population64
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SIMULATION

The web page is

www.archimedesmodel.com

Question: It seems that simulation ought to have a 
role in producing high quality CER evidence. What 
are then its potential uses in CER?
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Summary

CER is emerging as an important area of scientific 
investigation with impactful policy implications

New methodology is required in order to address the 
challenges posed by CER

It, therefore, constitutes a fertile ground for research 
and requires the involvement of physicians, 
statisticians, applied mathematicians, operation 
research and other scientists from related disciplines 
to produce high quality evidence for the betterment 
of human health
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