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Background—The primary aim of genome-wide association studies is to identify novel genetic loci associated with
interindividual variation in the levels of risk factors, the degree of subclinical disease, or the risk of clinical disease. The
requirement for large sample sizes and the importance of replication have served as powerful incentives for scientific
collaboration.
Methods—The Cohorts for Heart and Aging Research in Genomic Epidemiology Consortium was formed to facilitate
genome-wide association studies meta-analyses and replication opportunities among multiple large population-based
cohort studies, which collect data in a standardized fashion and represent the preferred method for estimating disease
incidence. The design of the Cohorts for Heart and Aging Research in Genomic Epidemiology Consortium includes 5
prospective cohort studies from the United States and Europe: the Age, Gene/Environment Susceptibility—Reykjavik
Study, the Atherosclerosis Risk in Communities Study, the Cardiovascular Health Study, the Framingham Heart Study,
and the Rotterdam Study. With genome-wide data on a total of about 38 000 individuals, these cohort studies have a
large number of health-related phenotypes measured in similar ways. For each harmonized trait, within-cohort
genome-wide association study analyses are combined by meta-analysis. A prospective meta-analysis of data from all
5 cohorts, with a properly selected level of genome-wide statistical significance, is a powerful approach to finding
genuine phenotypic associations with novel genetic loci.
Conclusions—The Cohorts for Heart and Aging Research in Genomic Epidemiology Consortium and collaborating
non-member studies or consortia provide an excellent framework for the identification of the genetic determinants of
risk factors, subclinical-disease measures, and clinical events. (Circ Cardiovasc Genet. 2009;2:73-80.)
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primary aim is to identify novel genetic loci associated with
interindividual variation in the levels of risk factors, the
measures of subclinical disease, or the risk of clinical events.
The method does not require assumptions about a priori
biological involvement, is precise in its ability to localize
genetic effects to relatively small regions of the genome, and
can be extended to evaluate potential gene-environment
interactions.

arly efforts to localize and identify genes that contribute
to the risk of common chronic diseases often used either
candidate gene studies or family-based linkage studies, which
suffered from low statistical power, lack of replication, and
low precision.1 Although there were successes, progress was
generally slow. Recently, genome-wide association studies
(GWAS) have proven to be productive when they have
adequate sample sizes and replication opportunities. Their
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GWAS have successfully identified genetic loci associated with a variety of conditions such as type 2 diabetes2
and coronary disease.3–5 The large number of statistical
tests required in GWAS poses a special challenge because
few studies that have DNA and high-quality phenotype
data are sufficiently large to provide adequate statistical
power for detecting small to modest effect sizes.6 Metaanalyses combining previously published findings have improved the ability to detect new loci.2 Even before the era of
GWAS,7 the requirement for large sample sizes and the importance of replication have served as powerful incentives for
collaboration.
Our understanding of the risk factors for common chronic
diseases has benefited from large population-based cohort studies. Although these studies are costly and time consuming, they
are generally free of the survival and recall biases typically
encountered in case-control studies. The cohort design, with its
prospective standardized data collection, is often the preferred
method for estimating disease incidence and evaluating risk
factors. The Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) Consortium was formed to facilitate
GWAS meta-analyses and replication opportunities among multiple large and well-phenotyped cohort studies. The design of the
CHARGE Consortium includes 5 prospective cohort studies
from the United States and Europe: the Age, Gene/Environment
Susceptibility (AGES)—Reykjavik Study, the Atherosclerosis
Risk in Communities (ARIC) Study, the Cardiovascular Health
Study (CHS), the Framingham Heart Study (FHS), and the Rotterdam Study (RS).
With genome-wide data on about 38 000 individuals, these
cohort studies have a large number of phenotypes measured
in a similar way, and a prospective meta-analysis of withinstudy association data from the 5 studies, with a properly
selected level of genome-wide significance, is a powerful
approach to finding genuine phenotypic associations with
novel genetic loci. The CHARGE Consortium provides a
unique opportunity for collaborative investigation of the
genetic determinants of risk factors, measures of subclinical
disease, and clinical events.

Design
Cohorts
Participating studies8 –14 were prospective cohort studies that
had multiple cardiovascular and aging phenotypes in common and that had genome-wide scans completed or in
progress in 2007–2008 (Table 1). Briefly, the AGESReykjavik Study represents a sample drawn from the established population-based cohort, the Reykjavik Study.8 The
original Reykjavik Study comprised a random sample of
30 795 men and women living in Reykjavik in 1967 and born
between 1907 and 1935. Over the years 1967 to 1996, 6
examinations were conducted in 6 subcohorts. Between 2002
and 2006, the AGES—Reykjavik study reexamined 5764
survivors of the original cohort. The ARIC study is a
population-based prospective cohort study of cardiovascular
disease and its risk factors sponsored by National Heart,
Lung, and Blood Institute. ARIC included 15 792 individuals
aged 45 to 64 years at baseline (1987–1989), chosen by

probability sampling from 4 US communities.9 Cohort members completed 4 clinic examinations, conducted 3 years apart
between 1987 and 1998. Follow-up for clinical events is
annual. The CHS is a population-based National Heart, Lung,
and Blood Institute-funded cohort study of risk factors for
cardiovascular disease in adults 65 years of age or older
conducted at 4 field centers.10 The original predominantly
white cohort of 5201 persons was recruited in 1989 –1990
from random samples of the Medicare lists. An additional 687
African-Americans were enrolled in 1992–1993. CHS participants completed standardized clinical examinations and
questionnaires at study baseline and at 9 annual follow-up
visits. Follow-up for clinical events occurs every 6 months.
The FHS began in 1948 with the recruitment of an original
cohort of 5209 men and women who were 28 to 62 years of
age at entry.11 Clinic examinations were performed approximately every 2 years. In 1971, a second generation of study
participants, 5124 children and spouses of children of the
original cohort were enrolled.12 With 2 exceptions, clinic
examinations took place approximately every 4 years. Enrollment of the third generation cohort of 4095 children of
offspring cohort participants began in 2002.13 The RS is a
prospective population-based cohort study comprising 7983
subjects aged 55 years or older. A trained interviewer visited
the individuals at home for a computerized questionnaire, and
individuals were subsequently examined at a research center.
Baseline data were collected between 1990 and 1993.14 The
original cohort underwent 3 additional examinations. In
2000 –2001, an additional 3011 individuals aged 55 or older
(mainly 55 to 64) were recruited and examined. Since 2006,
an additional cohort of individuals aged 45 years or older
(mainly 45 to 59 years) is being recruited, comprising 3236
subjects as of May 1, 2008. All of the CHARGE cohort
studies were approved by their respective institutional review
committee, and the subjects from all the cohorts provided
written informed consent.

Relationships Among the Studies
Each cohort study has its own administrative structure and set
of investigators. Although investigators from several cohorts
had occasionally collaborated on analyses, there was little
precedent for consortia of cardiovascular epidemiology cohorts. In late 2007, it became clear that because all cohorts
shared both a common prospective population-based design
and a large number of phenotypes assessed by similar
data-collection methods (Table 2), a cohort-level collaboration would facilitate a series of prospectively planned joint
meta-analyses. The resulting CHARGE consortium represents a voluntary federation of 5 large complex studies.
Between October 2007 and February 2008, the principles and
procedures for the CHARGE consortium were developed and
approved by the parent studies (public website: http://web.
chargeconsortium.com).

CHARGE Goals and Organization
The primary aim is the conduct of high-quality analyses
that produce, in an efficient and timely manner, reliable
and valid findings across multiple cardiovascular and
aging-related phenotypes. The organizational structure is
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Descriptions of Participating CHARGE Cohorts

Baseline exam

AGES

ARIC

CHS

1967–1991

1987–1989

1989 –1990

1948

1990 –1993

1992–1993

1971

2000–2001

1991–1996

FHS

RS

2002

2006–2008

19 381

15 792

5888

14 428

14 626*

Mean age, y

53

54

72

40

66

Women, %

52

55

57

53

59

N

Race/ethnicity, %
Caucasian

100

73

84

100

91

African American

0

27

16

0

0

Other

0

0

0

0

9

Sites, N

1

4

4

1

1

2002–2006

1987–1994

1989–1993

1971–2002

1990–2006

None

None

CVD at baseline

None

None

GWAS plans
Date of DNA
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Other exclusion criteria
Eligible, N

3664

15 637

3980

9274

11 689

GWAS data available
Subjects, N

3219

11 433

3865

8482

10 958

Mean age, y

77

54

72

55

65

Women, %

58

55

61

53

58

Race/ethnicity, %
Caucasian

100

77

85

100

94

African American

0

23

15

0

0

Other

0

0

0

0

6

Event follow-up
Through
Successfully genotyped SNPs, N (autosomes)
Total SNPs, N

6/2008

12/2005

6/2006

12/2007

1/2007

325,094

869,224

306,655

502,197

530,683

2 533 153

2 837 224

2 543 877

2 540 223

2 543 877

*No. recruited through May 1, 2008.
AGES indicates Age, Gene/Environment Susceptibility—Reykjavik Study; ARIC, Atherosclerosis Risk in Communities Study; CHS, The Cardiovascular
Health Study; FHS, The Framingham Heart Study; RS, the Rotterdam Study.
Total SNPs⫽Sum of successfully genotyped⫹Successfully imputed using the criteria in Table 3.

simple and comprises a Research Steering Committee, an
Analysis Committee, a Genotyping Committee, and approximately 20 phenotype-specific working groups. The
Research Steering Committee, which has 2 representatives
from each cohort, is responsible for establishing the other
committees, for nominating working group members, and
for developing general guidelines for collaboration, authorship, sharing of results, publication, and timely participation. The Analysis Committee develops guidelines that
the working groups are encouraged to adopt or adapt, and
the Genotyping Committee coordinates requests for
follow-up genotyping.
The main scientific work takes place in the phenotypespecific working groups, which have responsibility for developing and executing the scientific plans. Working groups
standardize phenotypes across the cohorts, decide whether
and how to include other nonmember studies with similar
phenotypes, and agree on analysis plans, often with input
from the Analysis Committee. The phenotype working
groups also develop plans for authorship and manuscripts,
evaluate results, write manuscripts, and decide on the need
for follow-up genotyping.

For each manuscript, the working-group investigators establish prespecified plans for analysis and timelines for
participation. Before results are shared, each cohort must
formally opt-in or opt-out of participation. For any phenotype, each cohort may work with other studies or consortia
rather than CHARGE, and individual cohorts remain free to
publish cohort-specific findings for any phenotype. The
decision to opt-in represents a commitment to collaborate
only with the CHARGE working group for that particular
analysis until the manuscript is accepted for publication. Only
investigators from cohorts that have opted-in have access to
shared results. After the results have been shared, investigators cannot opt out to publish their findings on their own.
Working group members agree not to share the GWAS
findings with outside groups without the permission of the
members who generated the data. Transparency, disclosure,
and communications about all collaborations, additional
follow-up experiments, or efforts to obtain additional funding
have been essential to developing, ensuring, and maintaining
trust within the consortium.
In practice, many of the CHARGE phenotype working
groups have already engaged investigators from nonmember
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Table 2. Selected Phenotypes Available Across the
Participating CHARGE Cohorts
Selected Phenotype

AGES

ARIC

CHS

FHS

RS
A

Incident events
MI

A

A

A

A

Stroke

A

A

A

A

A

TIA

A

A

A

A

A

Heart failure

A

A

A

A

A

PVD

ND

A

A

A

A

Mortality/longevity

A

A

A

A

A

Dementia

A

A

A

A

A

Electrocardiography

MV

MV

MV

MV

MV

Holter monitor

ND

ND

MV

MV

ND

Echocardiography

P

P

MV

MV

SV

Cardiac MRI

P

ND

ND

SV

ND

Carotid IMT

SV

MV

MV

SV

MV

Cerebral MRI

SV

P

MV

SV

SV

Coronary calcium

SV

P

P

SV

SV

Ankle-brachial index

ND

MV

MV

MV

MV

Abd aortic ultrasound

ND

ND

SV

ND

SV

Bone density/geometry

SV

ND

P

MV

MV

Spine or hip CT

SV

ND

ND

SV

ND

Subclinical measures
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Endothelial function

ND

ND

SV

SV

ND

Vessel wall stiffness

SV

SV

ND

SV

SV

Pulmonary function

P

MV

MV

MV

SV

Sleep studies

SV

P

P

P

SV

Retinal photography

SV

MV

SV

SV

MV

Diabetes

MV

MV

MV

MV

MV

Hypertension

MV

MV

MV

MV

MV

Atrial fibrillation

MV

MV

MV

MV

MV

Blood pressure

MV

MV

MV

MV

MV

Fasting lipids

MV

MV

MV

MV

MV

Fasting glucose

MV

MV

MV

MV

MV

Glucose tolerance test

MV

SV

SV

MV

ND

Behaviors (smoking)

MV

MV

MV

MV

MV

Medication use

MV

MV

MV

MV

MV

Height, weight

MV

MV

MV

MV

MV

Cognitive function

SV

MV

MV

MV

MV

Depression

SV

MV

MV

MV

MV

Quality of life

SV

ND

MV

MV

SV

Physical activity

MV

MV

MV

MV

SV

Renal function

MV

MV

MV

MV

MV

Biomarkers

MV

MV

MV

MV

MV

Traditional risk factors

AGES indicates Age, Gene/Environment Susceptibility—Reykjavik Study;
ARIC, The Atherosclerosis Risk in Communities Study; CHS, The Cardiovascular
Health Study; FHS, The Framingham Heart Study; RS, the Rotterdam Study; MI,
myocardial infarction; TIA, transient ischemic attack; PVD, peripheral vascular
disease; IMT, intimal-medial thickness; MRI, magnetic resonance imaging; CT,
computed tomography; A, assessed; MV, measures at multiple visits; SV,
measures at single visit; P, measured once on part of the cohort; ND, not done.

studies as collaborators, including at least a dozen other
studies from the United States and Europe. Collaborating
nonmember studies either agree to the overall CHARGE
principles, or the CHARGE working group develops and
negotiates a new CHARGE-compatible agreement with the
nonmember studies or consortia.
Using traditional authorship criteria,15 the CHARGE Research Steering Committee encourages the designation of
multiple coequal first and last authors so that the authorship
matches the scientific contributions of conducting and coordinating analyses from 5 complex studies. Special efforts are
made to provide opportunities for young investigators. The
original CHARGE consortium agreement calls for posting
shared results on a public website once a manuscript is
published in a journal. Recent changes in the NIH GWAS
policy may affect this plan.16 The consortium remains committed to the NIH GWAS policy on intellectual property.17

Genotyping Methods
The CHARGE consortium was developed after each cohort
study had contracted for their genotyping platforms and
decided on the selection of the individuals to be included in
the GWAS. Indeed, the 5 cohorts used 4 different platforms
(Table 3), which have fewer than about 60 000 single-nucleotide polymorphisms (SNPs) in common. To maximize the
availability of comparable genetic data and coverage of the
genome, each cohort used recently developed methods18,19 to
impute for Europeans and European Americans their genotypes at each of the 2.5 million autosomal CEPH HapMap
SNPs. Before imputation, individuals were excluded for low
call rates or sex mismatches (Table 3). Next, criteria such as
high levels of missingness, highly significant departures from
Hardy-Weinberg equilibrium, or low minor allele frequencies
were used to determine which SNPs to include in the
imputation step. All the remaining individuals and SNPs
entered the imputation process, which provided estimates for
all the HapMap SNPs, including any that may have failed the
data-cleaning criteria.
The ratio of the observed dosage variance to the expected
binomial variance, the dosage-variance ratio, has proved to be
useful metric of imputation quality. To assess accuracy of
imputed genotypes, cohorts compared the imputation output
with SNPs that had been previously genotyped on other
platforms and that had not been used in the imputation
process. In an internal analysis that compared the imputed
SNPs to the actually genotyped SNPs in the RS, the mean
concordance (number of concordant individuals/total number
of individuals) between the imputed, and the genotyped SNPs
was 0.989 for imputed SNPs with a dosage-variance ratio
ⱖ0.9. For ratios between 0.5 and 0.9, the concordance was
0.937; and for ratios ⱕ0.5, it was 0.889. Validation efforts
produced similar results in other cohorts.

Analysis Methods
The CHARGE Analysis Committee developed a set of
general plans as guidelines for all working groups. The issues
include quality control of genotype data, decisions about what
results to share across cohorts, formats for sharing data,
strand alignments, coding of alleles, choice of covariates for

Call rate, ⬍95%, sex
mismatch, sample failure

Call rate ⬍95%, sex mismatch, 1st
degree relatives, genotype mismatch
with reference panel, outliers based
on IBS clustering or Eigenstrat

Sex mismatch, Sample failure,
Genotype mismatch with
reference panel

MACH (version 1.00.16

Hapmap release 22 CEU
(build 36)

PLINK and R

Exclusion on a per sample
basis

Imputation

Imputation Backbone
(NCBI build)

Data handling and
statistical tests

BIMBAM10 v0.99

R

HapMap CEU using release
21A, build 36

MACH (version 1.00.15)

R packages kinship, gee, coxph

HapMap (release 22, build 36, CEU)

Plink, Probable, Mach2QTL,

HapMap release 22 CEU
(build 36)

Mach 1.0

Call rate ⬍97.5% sex mismatch,
excess autosomal
heterozygosity ⬎0.336,
outliers identified by the IBS
clustering analysis

Call rate ⬍90%, No MAF/HWE
filter

Call rate ⬍97%, HWE P⬍1e-6,
Mishap P⬍1e-9, Mendelian errors
⬎100

Call rate ⬍97%, subject
heterozygosity ⬎5 SD away from
the mean, large Mendelian error
rate

Beadstudio v0.3.10.14

Erasmus Medical Center

Version 3 Illumina Infinium II
HumanHap550 SNP chip array

RS

BRLMM

Affymetrix Core Laboratory

Affymetrix 500K and MIPS 50K
combined

FHS

AGES, Age, Gene/Environment Susceptibility—Reykjavik Study; ARIC, The Atherosclerosis Risk in Communities Study; CHS, The Cardiovascular Health Study; FHS, The Framingham Heart Study; RS, the Rotterdam Study; MAF,
minor allele frequency; HWE, Hardy-Weinberg equilibrium.

PLINK, Mach2QTL

July 2006, phased haplotypes, HapMap
release 21 (build 35)

Mach1 v1.00.16

Call rate 聿97%, HWE
P⬍10⫺5, ⬎2 replicate
errors or Mendelian
inconsistencies (for
reference CEPH trios)
heterozygote frequency⫽0,
not in HapMap

Call rate ⬍90% MAF ⬍1%
pHWE ⬍10⫺6

Call rate ⬍97%, HWE P⬍1e-6,
MAF ⬍1%, Mishap P⬍1e-9,
A/T and G/C SNPs,
Mismatches between
Illumina, dbSNP and/or
HapMap position

Cedars-Sinai Medical Center
Illumina BeadStudio

Exclusion on SNPs used
for imputation

Broad Institute
Birdseed

NIA Genetic Laboratory

Illumina BeadStudio

Illumina 370CNV

CHS

Genotyping center

Affymetrix 6.0

ARIC

Genotype calling

Illumina 370CNV

AGES

Array type

Study

Genotyping Methods Used by the CHARGE Cohorts
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adjustments, detection of and correction for population structure, within-study phenotype analysis plans, between-study
meta-analysis methods, and the importance of written analysis plans prior to sharing the results. The goal was to provide
a flexible plan that could be adapted or adopted by working
groups. For each stage in the analysis, there are several valid
options available, and some are summarized briefly.
Special features of the CHARGE consortium are the large
overall sample size, the population-based recruitment of
cohort members, the standardized methods of data collection,
and the prospective follow-up for clinical events. In casecontrol studies, it is not usually possible to obtain DNA from
fatal cases. With the cohort design, DNA is generally available for all events, including the fatal ones; and failure-time
models are recommended for associations with incident
disease.
For most traits, the additive or the 1 degree-of-freedom
regression model is used to assess the association between the
phenotype and the number of copies of a specified allele. For
many patterns of “true” associations, tests derived from this
model have good power compared with other approaches.20
The single regression coefficient is readily interpreted and
easily used in meta-analysis. When imputed genotypes are
used, the observed allele count is simply replaced by the
imputation’s “estimated dosage.” Standard errors for the
regression estimates are usually calculated with model-robust
(‘sandwich’) methods. Routine adjustment is anticipated for
age and sex though specific studies may also adjust for site
(CHS, ARIC), for family relationships (FHS), or for cohort
(FHS, RS). When necessary, principal components analysis is
used to correct for within-study population structure.21 Additionally, the method of genomic control is used to correct
both within-study and meta-analyzed GWAS results for
possible stratification.22
For the additive model, the regression coefficients estimate
the difference in phenotype associated with each extra copy
of the minor allele. Due to low power and potentially
misleading results, meta-analyses are not reported for those
SNPs for which the minor allele frequencies or the effective
sample size, across CHARGE, is too small.23 The acceptable
lower threshold of minor allele frequencies depends on the
total sample size for continuous traits or on the total number
of events across all cohorts for dichotomous traits.
The analysis of 2.5 million SNPs across the genome poses
an obvious multiple-testing problem. Before sharing results,
working groups select a probability value threshold to identify a set of genotype-phenotype associations, almost all of
which can be expected to replicate in similar populations.
With 2.5 million tests, the use of a Bonferroni correction to
control the Family-Wise Error rate at 0.05 yields a threshold
probability value of 2E⫺8. Another way to interpret this
threshold is to estimate the expected number of false-positive
(EFP) tests: if there are no true associations, each test
contributes on average 2E⫺8 false-positives and, across the
genome, yields an expected total of 0.05 false-positive
results. Similarly, a threshold of 1/2.5 million, which equals
4E⫺7, gives an expectation of one false-positive result for all
tests. Unlike the Family-Wise Error rate interpretation, the
control of EFP is not “conservative” for correlated tests.24

The CHARGE Analysis Committee recommends prespecifying a fixed probability value threshold as well as a number of
tests, but the decision about the exact threshold to use is
left up the working groups. The Analysis Committee has
also provided power calculations for both continuous
(Supplemental Figure 1) and binary phenotypes (Supplemental Figure 2).
When promising results from GWAS meta-analyses arise
from SNPs that were imputed in some or all of the cohorts,
genotyping the imputed markers in a sample of the existing
cohort members serves to validate the imputation process. For
the purpose of replication, genotyping high-signal SNPs in
independent samples provides additional evidence about the
presence or absence of an association. The number of SNPs
and the number of independent individuals to be genotyped
depend on the available resources and populations. Key
follow-up efforts—resequencing high signal areas, fine mapping and functional studies—are likely to require new
resources.

Example of Coronary Heart Disease
The cohort-study methods papers provide detail about many
of the phenotypes listed in Table 2. For coronary heart
disease, investigators knowledgeable about the phenotype in
each study decided to focus on fatal and nonfatal myocardial
infarction (MI) as the primary outcome because the MI
criteria differed in only trivial ways among the studies. There
were some minor differences in the definition of the composite outcome of MI, fatal coronary heart disease, and sudden
death, which became the secondary outcome. Only subjects at
risk for an incident event were included in the analysis. MI
survivors whose DNA was drawn after the event were not
eligible. The primary analysis was restricted to Europeans or
European Americans. Patients entered the analysis at the time
of the DNA blood draw, and were followed until an event,
death, loss to follow up, or the last visit. The main recommendations of the Analysis Committee were adopted, and a
threshold of 5⫻10⫺8 was selected for genome-wide statistical
significance. Analyses in progress include about 1700 MIs
and 2300 coronary heart disease events among about 29 000
eligible patients. Each cohort conducted its own analysis, and
results were uploaded to a secure share site for the fixedeffects meta-analysis. Even with this number of events
(Supplemental Figure 2), power is good for only for relatively
high minor allele frequencies (⬎0.25) and large relative risks
(⬎1.3).
The authors had full access to and take full responsibility
for the integrity of the data. All authors have read and agree
to the manuscript as written.

Discussion
In thousands of published papers, the 5 CHARGE cohort
studies and many of the collaborating studies have already
characterized the risk factors for and the incidence and
prognosis of a variety of aging-related and cardiovascular
conditions. The analysis of the incident MI, for instance, is
free from the survival bias typically associated with crosssectional or case-control studies. The methodologic advantages of the prospective population-based cohort design, the
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similarity of phenotypes across 5 studies, the availability of
genome-wide genotyping data in each cohort, and the need
for large sample sizes to provide reliable estimates of genotype-phenotype associations have served as the primary
incentives for the formation of the CHARGE consortium,
which includes GWAS data on about 38 000 individuals. The
consortium effort relies on collaborative methods that are
similar to those used by the individual contributing cohorts.
Phenotype experts who know the studies and the data well
are responsible for phenotype-standardization across cohorts.
The coordinated prospectively planned meta-analyses of
CHARGE provide results that are virtually identical to a
cohort-adjusted pooled analysis of individual level data. This
approach–the within-study analysis followed by a betweenstudy meta-analysis–avoids the human subjects issues associated with individual-level data sharing.
Editors, reviewers, and readers expect replication as the
standard in science.6 The finding of a genetic association in
one population with evidence for replication in multiple
independent populations provides moderate assurance against
false-positive reports and helps to establish the validity of the
original finding. In a single experiment, the discoveryreplication structure is traditionally embodied in a 2-stage
design. The CHARGE consortium includes up to 5 independent replicate samples as well as additional collaborating
studies for some phenotype working groups, so that it would
have been possible to set up analysis plans within CHARGE
to mimic the traditional 2-stage design for replication. For
instance, the 2 largest cohorts could have served as the
discovery set and the others as the replication set. However,
attaining the extremely small probability values expected in
GWAS requires large sample sizes. For any phenotype, a
prospective meta-analysis of all participating cohorts, with a
properly selected level of genome-wide statistical significance to minimize the chance of false-positives, is the most
powerful approach to finding new genuine associations for
genetic loci.25 When findings narrowly miss the prespecified
significance threshold, genotyping individuals in other independent populations provides additional evidence about the
association. For findings that substantially exceed preestablished significance thresholds, the results of a CHARGE
meta-analysis effectively provide evidence of a multistudy
replication.
The effort to assemble and manage the CHARGE consortium has provided some interesting and unanticipated challenges. Participating cohorts often had relationships with
outside study groups that predated the formation of
CHARGE. Timelines for genotyping and imputation have
shifted. Purchases of new computer systems for the volume of
work were sometimes necessary. Each cohort came to the
consortium with their own traditions for methods of analysis,
organization, and authorship policies that, while appropriate
for their own work, were not always optimal for collaboration
with multiple external groups. Within each cohort, the investigators had often formed working groups that divided up the
large number of available phenotypes in ways that made
sense locally but did not necessarily match the configuration
that had been adopted by other cohorts. The Research
Steering Committee has attempted to create a set of
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CHARGE working groups that accommodate the needs and
the conventions of the various cohorts. Transparency, disclosure, and professional collaborative behavior by all participating investigators have been essential to the process.
Resource limitations are another challenge. Grant applications that funded the original single-study genome-wide
genotyping effort typically imagined a much simpler design.
The CHS whole-genome study had as its primary aim, for
instance, the analysis of data on 3 endpoints, coronary
disease, stroke and heart failure. With a score of active
phenotype working groups, the CHARGE collaboration
broadened the scope of the short-term work well beyond
initial expectations for all the participating cohorts.
One of the premier challenges has been communications
among scores of investigators at a dozen sites. CHS and
ARIC are themselves multi-site studies. To be successful, the
CHARGE collaboration has required effective communications: (1) within each cohort; (2) between cohorts; (3) within
the CHARGE working groups; and (4) among the major
CHARGE committees. In addition to the traditional methods
of conference calls and email, the CHARGE “wiki,” set up by
Dr J. Bis (Seattle, Wash), has provided a crucial and highly
functional user-driven website for calendars, minutes, guidelines, working group analysis plans, manuscript proposals,
and other documents. In the end, there is no substitute for
face-to-face meetings, especially at the beginning of the
collaboration, and this complex meta-organization has benefited from several CHARGE-wide meetings.
The major emerging opportunity is the collaboration with
other studies and consortia. Many working groups have
already incorporated nonmember studies into their efforts.
Several working groups have coordinated submissions of
initial manuscripts with the parallel submission of manuscripts from other studies or consortia. Several working
groups have embarked on plans for joint meta-analyses
between CHARGE and other consortia. CHARGE has tried
to acknowledge and reward the efforts of champions, who
assume leadership responsibility for moving these large
complex projects forward and who are often hard-working
young investigators, the key to the future success of population science.
The CHARGE Consortium represents an innovative model
of collaborative research conducted by research teams that
know well the strengths, the limitations, and the data from 5
prospective population-based cohort studies. By leveraging
the dense genotyping, deep phenotyping and the diverse
expertise, prospective meta-analyses are underway to identify
and replicate the major common genetic determinants of risk
factors, measures of subclinical disease, and clinical events
for cardiovascular disease and aging.
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Supplemental figure legends

Supplemental Figure 1. Statistical power for detecting associations with a continuous
phenotype. Abbreviations: n, number of subjects in all cohorts combined; Effect Size in units of
standard deviation; MAF = minor allele frequency. Two-sides alpha levels of 1E-6 (black), 5E-7
(red), and 5E-8 (green).

Supplemental Figure 2. Statistical power for detecting associations with a binary phenotype.
Abbreviations: n, number of clinical events from all cohorts; RelRisk = relative risk; MAF =
minor allele frequency.

Two-sides alpha levels of 1E-6 (black), 5E-7 (red), and 5E-8 (green).
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