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Topics to be Covered

• Case-control and cohort studies

• Gene-environment interactions

• Genome-wide association studies



Manolio T, N Engl J Med 2003; 349:1587-1589.

Risk Assessment in Case-Control and 
Cohort Studies



Cohort Study
• Definition: investigation of representative sample 

of population followed forward in time for  
development of specified endpoints

• Purpose: identify risk factors predisposing to, or 
biomarkers predicting, development of disease 
in the population at large (not only among 
persons coming to medical attention)

• Value: detecting risk factors and risk markers 
that may be affected by disease, treatment, or 
lifestyle changes; subject to imperfect or biased 
recall; and/or having hypothesized early 
pathogenic effect



Pros and Cons of Cohort Studies

Disadvantages
• They are expensive.
• They take a long time.
• They are very broad-based.
Advantages
• They provide risk information obtainable 

through no other means.
• They are understandable to the public and 

media.
• They identify modifiable risk factors for potential 

preventive interventions.



Case-Control Study
• Definition: investigation of representative sample 

of disease cases compared with representative 
sample of disease-free controls, typically 
investigated backward in time for evidence of 
exposures existing prior to disease onset  

• Purpose: identify associations between disease 
of interest and potential risk factors, particularly 
those that can be reported by participants or 
assessed from pre-existing records or 
specimens in an unbiased way

• Value: detecting risk factors for rare disease



Pros and Cons of Case-Control Studies
Advantages
• May be the only way to study rare diseases 

or those of long latency
• Existing records can be used if risk factor 

data collected independent of disease 
status

• Can study multiple etiologic factors 
simultaneously

• May be less time-consuming and expensive
• If assumptions met, inferences are reliable



Pros and Cons of Case-Control Studies
Disadvantages
• Relies on recall or records for information on 

past exposures; validation can be difficult or 
impossible

• Selection of appropriate comparison group may 
be difficult

• Multiple biases may give spurious evidence of 
association between risk factor and disease

• Usually cannot study rare exposures
• Temporal relationship between exposure and 

disease can be difficult to determine



“But,” They Say, “This is Genetics!”
(You Dumb Epidemiologist)

“This is Different!”
• Genes are measured the same way in cases and 

controls
• Information on key exposure is easy to validate
• No recall or reporting involved
• Temporal relationship between genes and disease is 

piece of cake
“But,” I Say,
• Bias-free ascertainment of cases and controls is still 

major concern; cases in most clinical series unlikely 
to be representative

• Assessment of risk modifiers or gene-environment 
interactions is likely to be incomplete or flawed



Case-Control Studies and Rare Diseases
• For a disease with incidence of 8 cases per 

1,000 among unexposed, cohort study would 
require 3,889 exposed and 3,889 unexposed 
persons to detect two-fold increase in risk

• Case-control study would require 188 cases and 
188 controls, assuming 30% exposure

• For disease with incidence of 2 cases per 1,000 
among unexposed, would need 15,700 exposed 
and 15,700 unexposed to detect two-fold risk

• Case-control study would still require only 188 
cases and 188 controls

Schlessman JJ.  Case-Control Studies, 1982.



So What’s a Mother to Do?
• “Nesting” a case-control study within a prospective 

cohort may provide the best of both worlds
• Large proportion of cohort members who do not 

develop disease provide little incremental information
• If exposure information can be collected and stored 

for later measurement, can wait for cases to accrue 
and then measure exposures in limited sample of 
non-cases

• stored biologic samples
• stored images

• Can be expanded to “case-cohort” concept with 
representative sample of cohort, regardless of 
disease status, used for multiple comparisons



Comparison of Case-Control and 
Cohort Studies 

Exposure is rare, 
disease is frequent 
among exposed

Disease is rare, 
exposure is frequent 
among diseased

Situation in which 
design is preferred

Assessment of 
outcome

Assessment of 
exposure Potential biases 

Large Small Population size 
High Low Cost of study 
Typically long Relatively short Duration of study 

Multiple diseases, 
multiple exposures 

Single disease, 
multiple exposures 

Types of associations 
studied 

Generally easy to 
establish 

May be hard to 
establish 

Temporal relationship 
of exposure to disease 

Cohort StudiesCase-Control StudiesCharacteristic



Larson, G.  The Complete Far Side. 2003.



• Environmental and behavioral changes 
interacting with genetic predisposition have 
likely produced most of the recent epidemics of  
chronic diseases

• GxE may be key in reversing their course, by 
suggesting approaches for modifying effects of 
deleterious genes 

• Future public health measures may focus on 
avoiding deleterious environmental exposure, 
especially in genetically susceptible persons

Why are Gene-Environment Interactions 
so Important to Public Health?



Why are Gene-Environment Interactions 
so Important to Research?

• Can mask detection of genetic (or 
environmental) effect if they are not identified 
and controlled for 

• Can lead to inconsistencies in disease 
associations in different populations with:
– Different environmental exposures that 

modify the effect of a genetic variant
– Different prevalences of genetic variants 

that modify the effect of an environmental 
exposure  
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Blood Pressure Response to Thiazide by 
G Protein Genotype

Turner S et al, Hypertension 2001; 37:739-743.
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Klein et al, Science 2005; 308:385-389.

P Values of GWA Scan for Age-Related 
Macular Degeneration



Klein et al, Science 2005; 308:385-389.

Odds Ratios and Population 
Attributable Risks for AMD

0.82 0.70 Frequency in HapMap CEU 

61% [43-73%] 46% [31-57%] Population Attributable Risk
0.41 0.23 Frequency in HapMap CEU 

6.2 [2.9-13] 7.4 [2.9-19] Odds ratio (recessive)
80% [0-96%] 70% [42-84%] Population Attributable Risk

4.7 [1.0-22]4.6 [2.0-11] Odds ratio (dominant)
1.4 x 10–64.1 x 10–8Allelic association χ2 P value 

C C Risk allele 

rs1329428 
(C/T) 

rs380390 
(C/G) Attribute (SNP) 



Genetic Studies in Unrelated Individuals 
(pre-2005): Candidate Gene Studies

• Goal: characterize candidate genes and variants 
related to disease

• Not typically intended to “find genes,” generally  
begun after disease-related variants identified

• Assess generalizability of family-based 
observations (genetic heterogeneity)

• Assess importance of allelic variation at 
population level (PAR, penetrance)

• Identify modification of genetic association by  
environmental factors (GxE interaction)



Age-Adjusted Odds on Hypertension 
by ACE ID/DD Genotype and Sex

0.0041.001.191.67Men: OR 

44.441.843.3Women: % HTN

1.01

53.1

DD

0.151.000.80Women: OR

44.445.8Men: % HTN

P-valueIIID

O’Donnell C et al, Circulation 1998; 97:1766-1772.



Number of New, Significant Gene-Disease 
Associations by Year, 1984 - 2000 

Hirschhorn J et al, Genet Med 2002; 4:45-61.



Of 600 Gene-Disease Associations, Only 6 
Significant in > 75% of Identified Studies

0.37Met129ValPRNPCreutzfeldt-
Jakob Disease

0.16-0.24Epsilon 2/3/4APOEAlzheimer’s

0.05-0.0732 bp Ins/DelCCR5HIV/AIDS

0.675’ VNTRINSType 1 DM

0.62Thr17AlaCTLA4Graves’ Disease

0.015Arg506GlnF5DVT

FrequencyPolymorphismGeneDisease/Trait

Hirschhorn J et al, Genet Med 2002; 4:45-61.



Application of Genomic Technologies to 
Well-Characterized Individuals: Genome-

Wide Association and Sequencing

• Leverage large number of existing cohort and 
case-control studies of complex diseases

• Complex diseases: caused by multiple genes of 
small effect, not amenable to family studies

• Genome-wide: interrogate all variation 
throughout genome, 300-500K SNPs in 
thousands of unrelated individuals



Progress in Genotyping Technology
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International HapMap Consortium, Nature 2005; 437:1299-1320.

www.hapmap.org



Genetic Studies in Unrelated Individuals 
post-2005: Genome-Wide Association

• Find genes related to complex diseases
• Complex diseases: caused by multiple genes of 

small effect, not amenable to family studies
• Whole genome: interrogate all variation 

throughout genome, two main approaches
– Family linkage study with 400 microsatellite

markers, assumes ~10mb regions of LD
– Unrelated case-control study with 300-500K 

SNPs, assumes ~10kb regions of LD



Value of GWA Studies in Unrelated 
Individuals

• Easier to study 
• Many existing collections

– Extremely well-characterized
– Followed for long periods
– Diverse in origin, exposures 

• Large families remain very valuable
– Not so common anymore
– Confounding by shared environment



Current NIH-Affiliated GWA Studies
• Genetic Association Information Network 

(GAIN): public-private partnership for GWA 
studies of ~ 7 common diseases 

• Genes and Environment Initiative (GEI)
– RFA HG-06-014: Genotyping Facilities
– RFA HG-06-032: Coordinating Center
– RFA HG-06-033: Study Investigators

• NCI Cancer Genetic Markers of Susceptibility
• NHLBI Framingham SHARe Project
• NHLBI STAMPEED Program
• NIDDK Diabetes and Diabetes Complications



Flow of Investigation: From Genome-Wide 
Association to Clinical Translation

Sequencing/Genotyping

Functional Studies

Translational Studies

COMPONENT PERCENT

12-15

10-12

5-10
5-10

5-10

Initial Genome-Wide
Association (GWA) Studies

30-40

Replication/Fine Mapping 12-15
Data Analysis

Database



Need for Consensus on What 
Constitutes Replication

• Avalanche of GWA and candidate gene studies 
now and in near future

• Replication held as sine qua non
• Likelihood of single study establishing an 

association is low until sample sizes increase 
sufficiently and analytical methods improve 
substantially

• Common problem of how to interpret confusing 
and spurious findings



Proposed Criteria for Positive Replication
• Sufficient sample size to distinguish proposed 

effect from no effect convincingly
• Same or very similar trait (extension to related 

trait may increase confidence in finding, such as 
consistent finding for both dichotomized obesity 
and continuous BMI)

• Same or very similar population (extension to 
other populations may also increase confidence in 
finding, such as consistent association in 
populations of European, Asian, or even recent 
African ancestry



Proposed Criteria for Positive Replication
• Same inheritance model (dominant, co-

dominant, recessive), though not necessarily 
same analytic method) 

• Same gene, same SNP (or SNP in complete LD 
with prior SNP, r2 = 1), same direction as 
original finding

• Highly significant association
• N.B.: Initial study must adequately describe 

these parameters



Proposed Criteria for True Non-
Replication or “Meaningful Negativity”

• Same as for positive replication (same trait, 
same gene, same SNP, same direction, same 
genetic model)

• Must be identical trait and population to claim 
non-replication

• Powered to appropriate effect size (account for 
“winner’s curse”)



Importance of Genotyping Quality
• Report results of known study sample duplicates, 

HapMap or other standard duplicates
• Replicate small number of “significant” SNPs with 

second technology at some late stage
• May not be needed if nearby SNPs in strong LD 

show same results
• Strong caveats are needed regarding fallibility of 

genotyping
- Results can change based on genotype 

calling algorithm
- QC filters and consistency of results after 

applying them must be described



Collins FS, Nature 2004; 429:475-477.



Desirable Characteristics of Large US 
Cohort Study

• Large sample size
• Full representation of minority groups
• Broad range of ages
• Broad range of genetic backgrounds and 

environmental exposures
• Family-based recruitment for at least part of 

the cohort to control for population 
stratification

• Broad array of clinical and laboratory data, 
regular follow up for events, additional 
exposure assessment

After Collins FS, Nature 2004; 429:475-477.



Desirable Characteristics of Large US 
Cohort Study (Continued)

• Technologically advanced dietary, lifestyle, and 
environmental exposure data

• Collection and storage of biological specimens
• Sophisticated data management system
• Access to materials and data by all researchers
• Goals should not be “hypothesis-limited”
• Comprehensive community engagement from 

the outset
• State of the art (?dynamic) consent to allow 

multiple uses of data and regular feedback to 
participants

After Collins FS, Nature 2004; 429:475-477.



Larson, G.  The Complete Far Side. 2003.



Manolio TA et al. Nature 2006; 7:812-820.



Willett WC et al. Nature 2007; 445:257-258.



Collins FS et al. Nature 2007; 445:259.
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Studies Selected for GAIN Genotyping 

Joslin Diabetes 
Center

UNC Chapel 
Hill

UC San Diego

Northwestern

SUNY 
Syracuse

U Michigan

Institution

453/445

1,860/1,860

1,158/ 0 EA;
380/ 0 AA

1,540/1,540 EA; 
1,100/1,100 AA

956 (1,912)

1,449/1,450

N (cases/controls)

Type I DNJames 
Warram

Major 
Depression

Patrick 
Sullivan

Bipolar IJohn 
Kelsoe

SchizophreniaPablo 
Gejman

ADHDSteven 
Faraone

PsoriasisGonçalo
Abecasis

ConditionPI



Estimated Age Distribution of Representative 
US Cohort (2000 Census)
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Estimated Age Distribution of Existing 
NIH-Funded Cohorts
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PROJECTED SEX AND REGIONAL DISTRIBUTION OF 
EXISTING COHORTS AND US CENSUS
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PROJECTED EDUCATION DISTRIBUTION OF 
EXISTING COHORTS AND US CENSUS (Age > 25)
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