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Next-generation sequencing technologies are making it possible to study the role of rare variants in human disease. Many
studies balance statistical power with cost-effectiveness by (a) sampling from phenotypic extremes and (b) utilizing a two-stage
design. Two-stage designs include a broad-based discovery phase and selection of a subset of potential causal genes/variants to
be further examined in independent samples. We evaluate three parameters: first, the gain in statistical power due to extreme
sampling to discover causal variants; second, the informativeness of initial (Phase I) association statistics to select genes/variants
for follow-up; third, the impact of extreme and random sampling in (Phase 2) replication. We present a quantitative method to
select individuals from the phenotypic extremes of a binary trait, and simulate disease association studies under a variety of
sample sizes and sampling schemes. First, we find that while studies sampling from extremes have excellent power to discover
rare variants, they have limited power to associate them to phenotype—suggesting high false-negative rates for upcoming
studies. Second, consistent with previous studies, we find that the effect sizes estimated in these studies are expected to be
systematically larger compared with the overall population effect size; in a well-cited lipids study, we estimate the reported
effect to be twofold larger. Third, replication studies require large samples from the general population to have sufficient power;
extreme sampling could reduce the required sample size as much as fourfold. Our observations offer practical guidance for the
design and interpretation of studies that utilize extreme sampling. Genet. Epidemiol. 35:236–246, 2011.
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INTRODUCTION
Whole-genome association studies have identified hundreds of common genetic variants associated with complex
human traits and diseases [Hindorff et al., 2009]. While
successful in identifying novel genetic loci contributing to
each disease, these findings have prompted three key
questions: (i) what is the full contribution of genetic
r 2011 Wiley-Liss, Inc.

variation (common and rare) at each locus? (ii) what gene
or genes are responsible for the association signal in each
region? (iii) what risk genes have yet to be found, because
they carry neither rare Mendelian mutations detectable by
linkage, nor common variants detectable by genome-wide
association studies (GWAS) [Bodmer and Bonilla, 2008]?
Next-generation sequencing makes it increasingly practical to comprehensively assess low-frequency polymorphisms and rare mutations, both in candidate genes such
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as those found by GWAS (to answer the first two
questions) [Ahituv et al., 2007; Cohen et al., 2004, 2006; Ji
et al., 2008; Kathiresan et al., 2009; Nejentsev et al., 2009;
Romeo et al., 2007] and genome-wide (to answer all three)
[Ng et al., 2009, 2010]. The search for rare variants is
motivated both by the long history of Mendelian genetics
in families, and by population-based sequencing that has
implicated rare variants (in genes previous discovered via
Mendelian genetics) influencing blood pressure [Ji et al.,
2008] and high-density lipoprotein (HDL) cholesterol
levels [Cohen et al., 2004].
This paper addresses three features related to the design
of studies using DNA sequencing to study rare variants:
the samples used for variant discovery, selection of specific
genes and variants for follow-up, and replication of
putative genotype-phenotype relationships in independent samples. We focus on one widely discussed design
feature: the ascertainment of samples from the extremes of
a population distribution [Ahituv et al., 2007; Bell et al.,
2007; Cohen et al., 2004; DeAngelis et al., 2004; Kryukov
et al., 2009; Mohammadi et al., 2009; Nebert 2000; PerezGracia et al., 2002; Risch and Zhang, 1995, 1996; Romeo
et al., 2007] (previously referred to as ‘‘selective genotyping’’) [Lander and Botstein, 1989; Van Gestel et al., 2000].
Intuitively, ascertainment of samples from the extremes of
phenotype should enrich for the burden of alleles
influencing a trait, thus improving power to discover risk
variants and to detect their association to phenotype. One
such example is the extreme discordant sib-pair design,
which results in a substantial increase in statistical power
when compared to other sib-pair designs [Risch and
Zhang, 1995, 1996]. Similarly, ascertainment of extremes
of quantitative traits from large population cohorts has
also been shown to increase the power to identify
associated variants [Kryukov et al., 2009; Lander and
Botstein, 1989; Van Gestel et al., 2000].
Many quantitative and methodological issues remain
regarding extreme sampling. These include (a) selection of
extremes for dichotomous traits influenced by multiple
risk factors (such as type 2 diabetes (T2D) or myocardial
infarction), (b) impact on power to discover variants of
different sampling strategies, (c) how to select, from the
numerous variants discovered via sequencing, a set of
variants to be followed-up in independent cohorts (i.e.
replication), and (d) design of studies for replication in
extended samples.
In this report, we first propose a model in which
samples from the phenotypic extremes of a dichotomous
trait in the presence of multiple clinically relevant risk
factors. We apply this model to quantify the impact of
different sampling procedures on the power to discover
casual variants. We evaluate strategies for the selection of
variants for follow-up, and of design for replication
studies. The results provide practical guidance for design
of next-generation sequencing studies and their follow-up
to confirm valid and reproducible discoveries.

METHODS
SIMULATED POPULATION
Our primary simulated population consisted of 27,500
individuals whose simulated characteristics were based on
empirical summary statistics obtained from the combination of three prospective cohorts: the Malmö Preventive
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Project, the Scania Diabetes Registry, and the Botnia Study
(details of these populations are described elsewhere)
[Bakhtadze et al., 2008; Cervin et al., 2008; Lyssenko et al.,
2008]. We additionally simulated smaller (n 5 5,000) and
larger (n 5 100,000) cohort sizes. The populations were
simulated with a logistic regression model in which T2D
status (37% affected and 63% unaffected) was predicted
from three known risk factors—age, body mass index
(BMI), and gender—and a di-allelic low-frequency variant.
This genetic effect could represent a single polymorphic
DNA variant, or a collection of rare variants that sum to a
given frequency and pooled effect size. Age and BMI were
assumed to follow normal distributions with mean and
standard deviations estimated from empirical data; gender
was dichotomized in simulations. Age, BMI, and gender
were transformed to be correlated using the Cholesky
decomposition of the covariance matrix. Effect sizes and
inter-correlations used in the simulations are presented in
Supplementary Table 1. We varied the frequency and
effect size of the genetic effect across a grid of parameter
values. Specifically, the allele frequency and effect size
(odds ratio (OR)) of the genetic variant were allowed to
vary from 0.001–0.01 and 1.0–6.0, respectively. Protective
variants were also simulated (OR range: 0.16–0.67); results
for protective variants are symmetrical (data not shown).
This ‘‘spiked-in’’ genetic perturbation contributes little to
the population variability of the trait overall and is not
included in the liability model. In an attempt to map a
portion of parameter space that is expected to be revealed
by next-generation sequencing studies, we focused on
low-frequency variation and moderate effect sizes. We
avoided scenarios of higher allele frequencies (1%) and
larger odds ratios (6) as they would have been likely to
be uncovered by previous linkage studies or existing
genome-wide approaches in appropriately sized samples
(2,000 affected sib pairs for linkage or 2,000 cases/2,000
controls for association studies), even assuming imperfect
single-nucleotide polymorphism (SNP) tagging in the case
of association [Purcell et al., 2003; Risch and Merikangas,
1996]. We performed 5,000 replications for each MAF/OR
combination.

DEFINITION OF LIABILITY SCORES
We simulated a two-stage design, in which the first stage
consists of sequencing a subset of individuals to discover
and prioritize variants and the second stage attempts to
follow-up a subset of variants in an independent sample.
The discovery sequencing cohorts and follow-up replication
cohorts were selected according to two different ascertainment strategies: (i) a liability ascertainment method
described below, which selects individuals with the most
extreme liability scores (Fig. 1) and (ii) a random ascertainment of affected and unaffected individuals. We varied the
size of the discovery sequencing cohort and follow-up
cohort. Liability scores can be defined using clinical risk
scores [Lindstrom and Tuomilehto, 2003; Lloyd-Jones et al.,
2004] or more quantitatively with generalized linear
models. We fit the following logistic regression model to
the simulated data to obtain liability scores:


PðY ¼ 1Þ
log
¼ a1b0 age1b1 BMI1b2 sex:
PðY ¼ 0Þ
From this model, each individual was assigned a
predicted risk, which when contrasted with their observed
Genet. Epidemiol.
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Fig. 1. Graphical representation of the ascertainment of individuals with extreme liability scores. Individuals are ranked according to
their liability scores in a multivariable risk model. Squares and circles represent males and females, respectively. The size of each shape
is proportional to the individual’s predicted disease risk. The red circles represent a low-frequency genetic mutation present in the
general population. Individuals at the extremes of the liability distribution are then selected for the sequencing study.

disease status, resulted in model residuals. Thus, model
residuals can be used to identify those individuals that the
model cannot ‘‘explain.’’ This is unlike the traditional
use of model residuals, which typically evaluate model
assumptions and the adequacy of fitted regression
models. We define liability scores as Pearson residuals
[Agresti and Wiley InterScience (Online service), 2002],
which are estimated as follows:
yi  p^ i
ﬃ;
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p^ i ð1  p^ i Þ
where yi is the observed disease status (affected 5 1,
unaffected 5 0) and p^ i is the predicted model probability
for individual i. For large sample, Pearson residuals can
approximate a standard normal distribution [Agresti and
Wiley InterScience (Online service), 2002]. Positive residuals indicate model deviations exclusively for affected
individuals while negative residuals indicate deviations
exclusively for unaffected individuals. Simulated phenotypic extremes were selected at the tails of the liability
score, where the highest liability scores correspond to the
largest model deviations for affected individuals and the
lowest liability scores correspond to the largest model
deviations for unaffected individuals. We note that,
although we have defined liability scores from a logistic
regression model in our study, our framework could be
easily generalized to time-to-event data by using the Cox
proportional hazards model by selecting the tails of model
residuals.
Recently, an approach was described that estimates
the proportion of genetic and environmental variance
Genet. Epidemiol.

contributing to an outcome variable, per individual, using
Monte Carlo simulation with Gibbs or Rejection Sampling
within pedigree data [Campbell et al., 2010]. The information of focus in our work (identifying phenotypic extremes
given a set of risk factors) and the information estimated
broadly in that work are similar in spirit. While not
explicitly described, their model could be used to identify
individuals with large residual genetic contributions
that have unexpected outcomes given estimates of
environmental effects. However, there are still differences
between both approaches in their implementation. First,
the model is conceptualized for pedigrees and uses
information from families to estimate parameters for their
model, and a description for application to unrelated
population-based collections was not described. Second,
our approach does not require a specific assumption about
the model for environmental or genetic contributions to
the outcome; rather, we empirically measure departures
from the predicted effect of risk factors included in the
model. Third, in our model, we treat age of onset as a
predictor for disease rather than a latent variable which
‘‘reveals’’ disease status over time. Finally, Campbell et al.
requires a specific assumption about the heritability for the
outcome variable; our assumption is that the heritability
for the outcome variable is nonzero.
Variants were prioritized and examined for association
to disease status using a two-tailed Fisher’s exact test.
A stringent significance level of 0.001 was used, as it is
often the case that researchers will sequence thousands of
variants simultaneously. The power to detect a genetic
association presented throughout the text was estimated
using two-tailed Fisher’s exact test; specifically, it was
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risk factors (such as BMI and age). The details of the model
are presented in the Methods. The liability score is defined
as a continuous distribution, from which phenotypic
extremes can be selected at the tails of the distribution,
similar to the selection of extremes from a quantitative trait
[Kryukov et al., 2009; Lander and Botstein, 1989; Risch and
Zhang, 1995, 1996; Van Gestel et al., 2000]. Specifically, the
liability score is a quantitative measure of the discordance
between an individual’s observed disease status (e.g.
affected 5 1/unaffected 5 0) and predicted risk score (values ranging from 0 to 1). Thus, the highest liability scores
correspond to individuals who are affected, despite low
predicted risk; conversely the lowest liability scores correspond to unaffected individuals with the largest predicted
risk (Fig. 1). Indeed such liability scores estimated from
disease status, risk factors, and residual heritability have
already been proposed for pedigrees [Campbell et al., 2010;
Falconer, 1965].
To evaluate empirically whether this approach resulted
in the expected increase in power, we implemented the
model in a large cohort (n 5 27,500, see Methods)
[Bakhtadze et al., 2008; Cervin et al., 2008; Lyssenko
et al., 2008], in which T2D status was known, along with
multiple quantitative measures. Liability scores were
calculated for T2D according to disease status and three
conventional T2D risk factors: age, BMI, and gender. We
evaluated the allele frequency of an intronic SNP near
the transcription factor 7-like 2 gene (TCF7L2: Entrez
GeneID 5 6934, rs7903146), which has been previously
shown to contribute susceptibility to T2D [Florez et al.,
2006; Frayling, 2007].
The frequency of the TCF7L2 SNP minor allele is higher
in cases (32%) than in controls (24%) as previously
reported (Table I) [Florez et al., 2006; Frayling, 2007]. The
risk allele frequency rose with increasing liability score,
from 32% in all cases to 44% in cases drawn from the
highest 90th percentile of liability scores. This translated
into inflation of the allelic OR from 1.44 in the total
population to 2.47. Conversely, the MAF of the TCF7L2
SNP decreased in controls selected based on the liability
score (Table I). Furthermore, our simulated data yielded
similar effect sizes, albeit slightly attenuated, in phenotypic extremes as the observed data.
With a model in place, we investigated the power of
extreme phenotypic sampling for rare variant discovery.

computed as the proportion of simulations the null hypothesis was rejected given a specified significance level.

DETAILS OF THE LIABILITY MODEL FOR
EXAMINED COHORTS
A liability score was generated which measured risk to
T2D in the context of three known risk factors (age, BMI, and
gender) in 27,500 individuals drawn from three prospective
cohorts: the Malmö Preventive Project (MPP), the Scania
Diabetes Registry, and the Botnia Study [Bakhtadze et al.,
2008; Cervin et al., 2008; Lyssenko et al., 2008]. Risk model
estimates are shown in Supplementary Table 1, distribution
of liability scores are shown in Supplementary Figure 1.

GENOTYPING OF THE TCF7L2 VARIANT
(RS7903146)
Genotyping of rs7903146 in TCF7L2 has been described
previously [Bakhtadze et al., 2008; Cervin et al., 2008; Lyssenko
et al., 2008]. Briefly, in the MPP, genotyping was performed
with the use of matrix-assisted laser desorption-ionization
time-of-flight (MALDI-tof) mass spectrometry on the MassARRAY platform (Sequenom, San Diego, CA). The genotype
call rate was 495% and the genotyping accuracy was 499%,
which was estimated by re-genotyping 11% of the samples
using the Sequenom platform. In Botnia and Scania Diabetes
Registry, the variant was genotyped with an allelic discrimination assay-by-design method on the ABI 7900 platform
(Applied Biosystems, Carlsbad, CA).

RESULTS
A MODEL TO DEFINE EXTREMES FOR
A DICHOTOMOUS OUTCOME USING
MULTIPLE RISK FACTORS
A simple approach to ascertain phenotypic extremes of a
dichotomous trait is to apply a threshold to a given risk
factor, and to select individuals exceeding that threshold.
Such an approach by design does not weight individuals by
the extremity of phenotype, nor does it model the contributions to risk of multiple factors. We propose a liability score
for each individual, derived from the Pearson residuals
estimated in a risk model for a set of known epidemiological

TABLE I. Application of liability model for a known common risk variant (rs7903146) at TCF7L2

Ascertainment
All controls [No ascertainment]
All cases [No ascertainment]
Highest 50-percentile cases
Highest 75-percentile cases
Highest 90-percentile cases
Lowest 50-percentile controls

CC

CT

TT

N

Risk
allele
frequency

5,081
483
378
177
29
275

3,104
417
358
189
48
147

576
112
96
62
18
16

8,761
1,012
832
428
95
438

0.243
0.317
0.331
0.366
0.442
0.204

Nonrisk
allele
frequency
0.757
0.683
0.669
0.634
0.558
0.796

Comparison
group
All
All
All
All
All
All

cases
controls
controls
controls
controls
cases

OR (95% CI)
1.44
1.54
1.80
2.47
1.80

–
(1.31–1.60)
(1.38–1.71)
(1.56–2.07)
(1.85–3.30)
(1.49–2.18)

Simulated
OR (95% CI)
1.44
1.50
1.75
1.98
1.52

–
(1.33–1.58)
(1.35–1.64)
(1.53–2.00)
(1.62–2.39)
(1.28–1.78)

The allelic ORs are calculated from the subset of the n 5 27,500 prospective cohort data (obtained from the Malmö Preventive Project, the
Scania Diabetes Registry, and the Botnia Study) where genetic data for rs7903146 were available. We applied the proposed liability model to
the data for increasing extremes in cases (50-percentile, 75-percentile, and 90-percentile) and controls (the top 50-percentile). As expected,
we note that the frequency of the risk allele increases as a function of ascertainment of cases from extreme liabilities, which results in an
increasingly higher OR when compared to control frequencies. Furthermore, our simulated data yield similar effect sizes to the observed
data. OR, odds ratio.
Genet. Epidemiol.
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POWER TO DISCOVER VARIANTS USING
PHENOTYPIC EXTREME SAMPLING
Simulations show that higher liability thresholds systematically increased the frequency of the genetic effect
in affected individuals and decreased the frequency in
unaffected individuals (Table II). Alleles with larger effects
are more likely to be enriched in the tails of the liability
distribution, similar to behavior observed in quantitative
traits [Van Gestel et al., 2000]. For example, a variant with a
1% MAF with a twofold effect in the general population
(similar to the cumulative frequency and effect size for
hypertension of rare variants in Mendelian blood pressure
genes) [Ji et al., 2008] has only a 2.7-fold enrichment in the
5% tails of the liability distribution. In comparison, a
variant with a 1% MAF with a fivefold effect in the general
population is enriched 68% to 8.4-fold in the 5% most
extreme individuals for liability score. This enrichment
was not observed for a simulated set of null alleles, and is
independent of the size of the cohort (data not shown).
Relative to a random sample, the enrichment of variant
alleles in extreme samples translates into higher power
to discover genetic variation contributing to the trait
(Table III). For example, consider the case in which 900
individuals (450 cases/450 controls) are ascertained from a
total of 27,500 individuals. Consider furthermore a true
causal mutation with frequency 0.1% in the general
population. If the individuals were sampled at random,
the OR of that risk mutation would have to be sixfold or
greater before the power to discover the mutation by
sequencing is 95%. In contrast, if the 900 samples were
selected from the extremes of the liability score, one has
the same power (95%) to discover a risk variant with an
effect less than half as large (OR 5 2.9).
The size of the cohort from which a sample is drawn
influences the degree of ‘‘extremeness’’ of a fixed number
of individuals (Table IV). The degree of ‘‘extremeness,’’
consequently, directly influences the power to discover a
variant as well as the power to detect a genetic association.
Intuitively, a given number of samples selected from the
extreme of a small cohorts have less power to discover
variants than one sampled from a larger cohort.

IMPLICATIONS OF EXTREME PHENOTYPIC
SAMPLING ON VARIANT PRIORITIZATION
FOR FOLLOW-UP EFFORTS
To determine which variants robustly associate to the
phenotype of interest, a two-stage design (discovery of
associated genes/variants followed by replication sequencing/genotyping in independent samples) will often be
necessary [Nejentsev et al., 2009]. Often the number of
discovered variants will, in general, be large (and will
continue to increase with the number of sequenced
individuals); therefore, it will be important to prioritize
genes and variants for follow-up. Three questions include:
(a) how to estimate power not only to discover a risk
variant via sequencing but also to observe a distortion in
frequency between cases and controls, (b) how to interpret
associations in an initial sequencing experiment based on
TABLE III. Minimum genetic model parameters to
discover lower frequency alleles of modest effect
Random
sampling

Fixed MAF

Lowest OR where power 5 95%
0.010
0.005
0.001

to discover
o1.5
o1.5
46

Random
sampling

Fixed OR

Lowest MAF where power 5 95% to discover
6
0.0013
4
0.0014
2
0.0015

Phenotypic
extremes
o1.5
o1.5
2.9
Phenotypic
extremes

0.00075
0.00100
0.00135

The lowest MAFs and ORs for fixed genetic model parameters in
which the power to discover a low-frequency variation is at least
95% are presented for a sequencing cohort of 450 cases and 450
controls ascertained from a larger population of 27,500. Results are
shown for both a phenotypically extreme sample and a randomly
selected sample. OR, odds ratio.

TABLE II. Ascertainment in extremes of liability enriches risk allele
Phenotypic extremeness (based on Liability)a

MAF

OR

Population
average

Top/bottom
10%

Top/bottom
5%

Top/bottom
2.5%

Top/bottom
1%

Top/bottom
0.1%

Top/bottom
0.01%

0.001

1
2
5
1
2
5
1
2
5
1
2
5

1.001
1.997
4.979
1.000
1.999
4.974
1.000
1.991
4.947
1.000
1.984
4.989

0.969
2.217
6.178
0.966
2.298
6.556
1.039
2.308
7.335
0.993
2.376
6.801

1.063
2.516
10.457
0.970
2.675
9.378
1.058
2.568
9.118
1.012
2.740
8.396

1.018
3.071
10.176
0.978
2.849
12.155
0.928
3.065
11.384
0.990
2.918
10.928

0.975
2.860
13.258
0.976
2.869
13.280
0.992
3.140
13.242
0.968
3.117
13.391

0.972
2.951
17.134
0.973
3.399
15.859
1.039
3.313
15.572
0.973
3.357
15.840

0.994
3.468
22.493
0.951
3.562
19.848
1.013
3.339
18.286
1.014
3.484
18.650

0.002

0.005

0.010

The ratio of allele frequency in affected and unaffected individuals is shown for individuals across a range of liability scores and in the
entire population. These ratios approximate ORs due to the low allele frequencies considered. OR, odds ratio.
a
Data are presented as ratio of affected allele frequency to unaffected allele frequency.
Genet. Epidemiol.
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TABLE IV. Power to discover and associate a low-frequency variant in a phenotypically extreme sequencing cohort
across variable cohort sizes
n 5 5,000
Ascertainment
sample size

MAF

OR

50
50
50
50
50
50
100
100
100
100
100
100
450
450
450
450
450
450
1,000
1,000
1,000
1,000
1,000
1,000

0.001
0.005
0.010
0.001
0.005
0.010
0.001
0.005
0.010
0.001
0.005
0.010
0.001
0.005
0.010
0.001
0.005
0.010
0.001
0.005
0.010
0.001
0.005
0.010

2
2
2
5
5
5
2
2
2
5
5
5
2
2
2
5
5
5
2
2
2
5
5
5

n 5 27,500

n 5 100,000

Minimum
liability

Power to
discover

Power to
associate

Minimum
liability

Power to
discover

Power to
associate

Minimum
liability

Power to
discover

Power to
associate

3.06 (0.016)

0.215
0.697
0.917
0.352
0.888
0.986
0.371
0.911
0.992
0.551
0.978
0.999
0.883
1.000
1.000
0.928
1.000
1.000
0.986
1.000
1.000
0.993
1.000
1.000

0.000
0.000
0.000
0.000
0.000
0.002
0.000
0.000
0.001
0.000
0.001
0.053
0.000
0.010
0.063
0.000
0.314
0.877
0.000
0.039
0.120
0.002
0.641
0.978

5.03 (0.23)

0.219
0.715
0.913
0.389
0.906
0.988
0.392
0.908
0.995
0.607
0.991
1.000
0.852
1.000
1.000
0.968
1.000
1.000
0.996
1.000
1.000
1.000
1.000
1.000

0.000
0.000
0.000
0.000
0.000
0.003
0.000
0.000
0.000
0.000
0.004
0.157
0.000
0.029
0.173
0.001
0.747
1.000
0.000
0.179
0.524
0.047
0.994
1.000

6.99 (0.33)

0.209
0.711
0.912
0.415
0.918
0.995
0.401
0.929
0.992
0.625
0.997
0.999
0.894
1.000
1.000
0.975
1.000
1.000
0.987
1.000
1.000
0.999
1.000
1.000

0.000
0.000
0.000
0.000
0.000
0.004
0.000
0.000
0.000
0.000
0.004
0.198
0.000
0.033
0.220
0.001
0.871
0.999
0.000
0.250
0.721
0.143
1.000
1.000

2.41 (0.086)

1.26 (0.032)

0.73 (0.026)

4.15 (0.143)

2.59 (0.046)

1.92 (0.021)

5.88 (0.206)

3.90 (0.067)

3.05 (0.037)

The minimum liability scores are presented as median (median absolute deviation). For a fixed sequencing cohort size, the minimum
liability score increases as a function of the total population size, indicating that the sequencing cohort is more ‘‘extreme’’ when ascertained
from a larger population as expected. The ‘‘power to discover’’ columns show the probability of observing at least a singleton in a given
sequencing cohort size ascertained from a given total population size. The ‘‘power to associate’’ columns show the power to detect a genetic
association given a significance level of 0.001 across variable cohort sizes. OR, odds ratio.

extreme sampling, and (c) how to design replication
samples that follow-up extreme sampling.
First, we observe that the power to discover a variant is
much greater than the power to observe a significant
association in cases vs. controls (Table IV). This is true
even for alleles of strong effect. For example, consider the
case of 100 affected and 100 unaffected samples drawn
from the extremes of a cohort of 5,000 individuals (this is
similar to the studies for lipid traits in the Dallas Heart
Study) [Cohen et al., 2004; Kotowski et al., 2006]. For
variants with 1% frequency and a fivefold effect, the
power is 499% to discover the variant, but only 5% to
detect a significant difference in frequency between cases
and controls. Thus, false negatives of association will be a
major problem in small discovery samples, even if the
effects are large. Similar results hold across various genetic
model parameters (Table IV).
Conversely, effect sizes will be systematically overestimated in samples drawn from phenotypic extremes
relative to the true effect size in the general population
[Lander and Botstein, 1989; Van Gestel et al., 2000],
even when the association is real (Table V). For example,
rare variants in multiple genes were collectively shown to
be more frequent (16 vs. 2%) in individuals with low
HDL (o5th percentile) compared to individuals with high
HDL cholesterol (495th percentile) [Cohen et al., 2004].

Although the estimated effect size in this phenotypically
extreme sample is eightfold, this is over-estimated
due to the extreme sampling design. Numerically, we
estimate the true effect size in the total population to be
closer to 4.5. Similar results hold for other rare variant
distributions (Table V). The inflation of estimated effect
size will be even greater in genome-wide exome sequencing, where studies with smaller sample sizes, underpowered to detect even strong effect will be subjected to
winner’s curse and will also contribute to over-estimation
of effect sizes relative to the true effect in the general
population.
As expected, the systematic inflation in effect size due to
extreme sampling results in increased power to detect
genetic associations (Fig. 2) [Kryukov et al., 2009; Lander
and Botstein, 1989; Risch and Zhang, 1995, 1996; Van
Gestel et al., 2000]. Power increases dramatically for
low-frequency polymorphisms with population frequency
0.1–1% and effect sizes two- to sixfold, given a significance
level of 0.05 (Fig. 2, Supplementary Figure 2), for a sample
of 450 cases and 450 controls drawn from the liability
extremes of 27,500 individuals compared to a random
sampling of the same size. The distribution of variant
effect sizes and frequencies is exactly those that might
have been missed by Mendelian genetics (because the
effect sizes were too modest) and by GWAS (because
Genet. Epidemiol.
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TABLE V. Expected odds ratio for observed variant
counts under liability and ascertainment model
Distribution of
variant counts
[case to control]a
2 to 2
3 to 1
4 to 0

Sample
ascertainment

Estimated OR
in discovery
cohort

Expected
OR in general
population

Random
Liability
Random
Liability
Random
Liability

1.0
—
3.0
—
Z4.0
—

0.954
1.059
3.273
1.462
5.627
1.973

ORs estimated directly from phenotypic extremes will be systemically over-estimated compared to the ORs expected in the general
population. Listed are the estimated ORs in the discovery cohort
and expected ORs in the general population given a total of four
observed variants counts assuming a population MAF of 0.5% for a
liability and random sample ascertainment of 450 cases/450
controls from a cohort of 27,500 individuals. The expected ORs in
the general population were estimated over a grid of effect sizes
(OR ranging from 0.1 to 10) simulated in the total population as the
weighted mean OR of a particular variant count distribution
observed in the discovery cohort. For example, for a variant
observed twice in cases and twice in controls, the mean OR is
weighted by the probabilities of each OR for those simulations
where a 2:2 case:control variant count was observed. The estimated
OR in the discovery cohort is based solely on the observed counts,
and note that in the case of 4 to 0, the OR is not calculable. In that
case, the closest approximation is that the estimated OR is at least 4,
but could be much larger. OR, odds ratio.
a
For n 5 4 variant observations (MAF 5 0.005), assuming 450 cases
and 450 controls.

they were too rare for the first generation of GWAS arrays)
[Purcell et al., 2003; Risch and Merikangas, 1996].
Similarly, the power to detect a genetic association is
substantially enriched for other risk models with varying
degrees of variance explained (Table VI). The amount of
variance explained is presented here by Nagelkerke’s R2
[Nagelkerke, 1991], a generalized form of the coefficient of
determination which scales its range to be from 0 to 1.
Power is enriched substantially even for risk models with
5% of the variability explained, suggesting that our
method would be useful for most significant covariates
that explain a fraction of the variability. The enrichment in
power becomes greater as the amount of variance
explained increases. Thus, the addition of meaningful and
clinically relevant covariates into the risk model could
provide additional increases in power. However, we
caution against over-saturation of risk models with
irrelevant covariates.
Finally, even where a modest enrichment is seem
between cases and controls, it is much more likely to be
due to chance than a true association. Figure 3 shows a
representative example of the distribution of variant
counts for a null variant and a risk variant that has been
observed a total of four times in a sequencing cohort
sampled from the extremes of liability. Specifically, under
the alternative hypothesis (OR 5 2), the variant is, on
average, more likely to be observed disproportionally in
affected individuals compared to unaffected individuals.
However, some fraction of variants under the null
hypothesis (OR 5 1) will also be similarly distorted, and
Genet. Epidemiol.

Fig. 2. Difference in power of Fisher’s exact test between
liability and random ascertainment. The difference between
power of Fisher’s exact test for a liability and random
ascertainment given a significance level of 0.05 is shown. The
MAF and OR refer to parameters in the larger population
(n 5 27,500) from which the subsample of 450 affected and 450
unaffected individuals was selected. The mean liability scores
(standard deviation in parentheses) in affected and unaffected
individuals were 3.68 (1.37) and 2.54 (0.83), respectively, under
a liability ascertainment and 0.99 (0.83) and 0.60 (0.50),
respectively, under a random ascertainment. OR, odds ratio.

TABLE VI. Proportion of variance explained and power
to associate a low-frequency variant in a phenotypically
extreme sequencing cohort
Power of Fisher’s exact test
OR 5 2

OR 5 5

Nagelkerke
R2
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45

MAF 5 0.005 MAF 5 0.01 MAF 5 0.005 MAF 5 0.01
0.004
0.013
0.015
0.018
0.021
0.028
0.027
0.026
0.030
0.027

0.019
0.067
0.105
0.110
0.126
0.133
0.152
0.153
0.169
0.169

0.074
0.348
0.504
0.582
0.616
0.654
0.709
0.715
0.738
0.757

0.382
0.881
0.959
0.975
0.981
0.989
0.992
0.993
0.997
0.996

Power estimates are shown for a sequencing cohort of 450 cases
and 450 controls ascertained from a larger population of 2,75,000
individuals in risk models with varying degrees of variance
explained (Nagelkerke R2 [Nagelkerke, 1991]), given a signficance
level of 0.001. OR, odds ratio.
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since there will be many more null variants than causal
variants, it is likely that a large fraction of alleles will be
phenotypically neutral, rather than risk-inducing.
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In summary, it is relatively straightforward to design
sequencing samples with excellent power to discover
causal variants (if they exist); much larger sample sizes are
required before power is obtained to observe enrichment
of risk (or protective) variants in cases as compared to
controls. Moreover, where enrichment is observed, it will
likely represent an over-estimate of the true effect size in
the total population, which can lead to false-negative
replication studies.

IMPLICATIONS OF EXTREME PHENOTYPIC
SAMPLING ON REPLICATION OF ASSOCIATION

Fig. 3. Distribution of variant counts in affected and unaffected
individuals. The distribution of variant counts in affected and
unaffected individuals is shown under the null hypothesis
(OR 5 1) and alternative hypothesis (OR 5 2) for a variant
observed a total of four times in a liability ascertained
sequencing cohort of 900 individuals (450 cases; 450 controls)
given a MAF of 0.001. OR, odds ratio.

As discussed above, ascertainment from the phenotypic
extremes is intended to increase the frequency of risk
alleles in cases, and by inflating the frequency distortion
between cases and controls increase statistical power
[Kryukov et al., 2009; Lander and Botstein, 1989; Risch
and Zhang, 1995, 1996; Van Gestel et al., 2000]. The most
powerful approach for replication would be to select an
independent cohort in which similar phenotypic extremes
could be obtained (Table VII). However, to obtain an
unbiased estimate of the genetic effect size, a random (or
complete) sample of the population is needed, even
though the statistical power to prove a statistical association would be lessened. Alternatively, follow-up could be
performed in the same population as the discovery
sequencing cohort, either by continuing deeper sampling
based on liability score rankings or by sampling random
individuals—but power to detect the effect would be
reduced.

TABLE VII. Power and effect size estimates in follow-up replication study designs
Simulation
parameters

MAF

Number case/control pairs

OR

Phenotypic
extreme

Random

OR
Phenotypic
extreme

Random

Expected
[Extreme]

Expected
[Random]

Follow-up in same population as discovery cohort
a
436,630
0.001
2
0.005
2
7,200
7,200
0.010
2
2,000
3,550

a

a

a

a

2.09 (0.24)
2.63 (0.46)

2.06 (0.29)
2.08 (0.25)

2.04 (0.31)
2.51 (0.51)

1.97 (0.35)
2.01 (0.30)

0.001
0.005
0.010

8,050
2,000
950

6.13 (2.16)
17.2 (11.6)
18.4 (12.9)

5.67 (1.74)
5.31 (2.19)
5.23 (1.91)

5.47 (2.38)
10.6 (8.38)
12.9 (10.6)

5.24 (2.09)
5.16 (2.03)
4.85 (2.11)

Follow-up in independent population from discovery cohort
a
0.001
2
36,630
0.005
2
7,100
7,160
0.010
2
1,750
3,510

a

a

a

a

2.09 (0.29)
3.03 (0.75)

2.19 (0.35)
2.06 (0.26)

2.05 (0.35)
2.88 (0.81)

2.05 (0.42)
1.98 (0.31)

0.001
0.005
0.010

5.90 (2.25)
22.4 (18.9)
23.6 (20.4)

5.67 (1.74)
5.63 (1.82)
5.38 (1.95)

5.18 (2.34)
19.3 (16.3)
20.8 (17.9)

5.00 (2.10)
5.23 (1.95)
4.88 (1.96)

5
5
5

5
5
5

8,050
675
350

8,000
500
225

8,030
1,630
830

Number of case/control pairs required to achieve 80% power to detect a genetic association assuming a significance level of 0.001 in a
phenotypically extreme sample and a randomly ascertained sample. The replication sample sizes were determined for studies, which
sampled from the same population as the discovery cohort (total n 5 27,500) and a completely independent population of the same size.
ORs are presented as median (median absolute deviation). The expected ORs were estimated across all simulations while the observed ORs
were estimated only for significant simulations (Po0.001). OR, odds ratio.
a
Required sample size exceeds the size of the total population and thus, parameters were not estimated for these scenarios.
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To estimate the power of each of these replication
approaches, we determined the number of case/control
pairs required to demonstrate statistical association
(Po0.001) by simulation over a collection of genetic
models. As expected, the smallest sample size required
was in an extreme phenotypic sampling from an independent cohort (Table VII). For example, given a 0.5% variant
with a fivefold effect in the general population, a sample
size of 500 cases and 500 controls would be required to
achieve 80% power in an independent, phenotypically
extreme sample. If random samples were used, four times
as many samples (2,000 cases and controls) would be
needed to achieve comparable power. If the replication
samples were chosen from the initial cohort (i.e. the nextmost extreme samples), power is only slightly reduced
compared to those obtained from a completely independent cohort (675 cases and 675 controls for 80% power).
Of course, if extreme samples are used in replication,
systematic over-estimation of effect sizes compared to the
true effect size in the general population will ensue.
Additionally, winner’s curse will heighten the effect size
estimates, and this augments the expected effect size for
both random and phenotypic extreme sampling replication efforts.

DISCUSSION
We present a quantitative framework to ascertain
phenotypic extremes of a dichotomous trait, and using
simulations, evaluate statistical power, prioritization of
variants for follow-up, and design of replication samples.
Our approach simultaneously ascertains ‘‘hypernormal’’
controls, samples which may be the most likely to carry
alleles conferring protection, as well as extreme cases,
which may be the most likely to carry a high-risk allele
burden. As expected, selection of individuals for a
dichotomous trait based on extremes of nongenetic risk
factors increases the difference in risk variant allele
frequencies in cases as compared to controls, which results
in an increase in power. We also observe that for a given
design, power to discover genetic variation is much
greater than the power to detect association between cases
and controls—with the implication that true variants may
be missed if only those with association in the discovery
samples are carried forward into replication. We observe
that the effect sizes estimated in phenotypic extremes
effect sizes are systematically larger than those estimated
in random samples; thus, replication studies will either
need to be performed in independent samples from the
extremes, or in much larger samples from the general
population to have sufficient power. Finally, while followup in phenotypic extremes will have improved power, it
will also return inflated estimates of the effect size. Our
quantification of this intuitively powerful sampling
strategy reported here offers some practical guidance for
future phenotypically driven genetic studies, including
but not limited to resequencing efforts.
Our model to characterize liability given risk factors,
though similar in spirit, differs in implementation.
In contrast to Campbell et al., whose aim is to directly
model and estimate the proportion of genetic and
environmental variance contributions to an outcome
variable using Monte Carlo simulations, our strategy
focuses simply on each individual’s unexplained disease
Genet. Epidemiol.

liability conditional on a set of risk factors, which does not
make a specific assumption about genetic or environmental variance explained. However, the specific information, which is the focus of this work, could potentially be
extracted from Campbell et al.
Inflated effect sizes due to extreme sampling could be
corrected for with likelihoods that condition on the
ascertainment process [Clayton, 2003]. Such conditional
likelihoods have been used to adjust effect sizes estimated
in highly ascertained pedigrees (enriched for having
multiple affected relatives) with retrospective likelihoods
that condition the joint distribution of genotypes of
pedigree members on their disease status [Carayol and
Bonaiti-Pellie, 2004; Clayton, 2003; Kraft and Thomas,
2000; Schaid et al., 2010]. A similar conditional likelihood
can be envisioned for our ascertainment method, which
would consider the likelihood for inference conditioning
on liability scores. Such a correction would be valuable
for future studies that intend on sampling in phenotypic
extremes.
Our results generalize to other risk models with varying
degrees of variance explained (Table VI), with the amount
of enrichment dependent on the extent of variance
explained by covariates entered in the risk model.
Although the magnitude of enrichment increases as the
proportion of variance explained increases, we caution
against over-saturation of the risk model or the inclusion
of inappropriate covariates. The addition of covariates that
are statistically uninformative could dilute the efficacy of
the scoring method, leading to misclassification and error
or a reduction in power. Alternatively, caution should be
exercised including variables as covariates, which are part
of the phenotypic definition (e.g. covariates for glucose
impairment in the context of type-2 diabetes as the
outcome variable). These types of inclusions might cause
counter-intuitive extreme liability definitions. Genetic
factors could be easily incorporated into the liability score
[Plomin et al., 2009], although it is unclear how much
power would be gained with this approach. Family history
could improve estimates of disease risk and liability scores
[Campbell et al., 2010; Falconer, 1965; Feng et al., 2009];
however, researchers should a priori decide how family
history should be incorporated in the liability model. If the
ascertainment strategy is to select cases that have little to
no risk but have a family history of disease (and
conversely controls who are at high risk of being affected
but have no family history of disease), then the directionality of family history should be reversed in the risk
model. Additionally, disease severity was not considered
explicitly here but in principal could be included in the
liability model in a straightforward way. Further research
is warranted regarding the incorporation of family history,
genetic factors, and severity into the liability model with
respect to rare variants.
Similar to all simulations, our work is limited by
assumptions about the underlying population model.
First, the simulations assumed that there was a genetic
variant that conferred an additional risk (or protection)
independent of other factors entered into the risk model.
The proposed strategy would decrease power to discover
genetic variants that indirectly influence the disease
through the risk factors included in the liability model.
However, this may be attractive as the strategy could
potentially reveal new biological mechanisms that act
independently of well-established risk factors. Second, we
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did not consider interactions between risk factors; if the
trait were influenced by one or more nonadditive interaction terms (and these are known a priori), including
them in the risk model would improve the sensitivity and
specificity of the liability scores. Third, our power/sample
size estimates regarding replication samples do not
consider the impact of founder populations, wherein the
value of conducting the follow-up study in the same
population could be substantially greater.
Fourth, we assumed no misclassification of cases and
controls and no sequencing errors. Selecting unaffected
individuals with the highest liability may result in
misclassification which would decrease power. This
problem can be alleviated if one imposes additional
criterion that ensures ‘‘disease-free’’ status for the unaffected individuals. For example, if nondiabetics are
selected that carry many or all risk factors for T2D, one
could constrain the sampling to euglycemic individuals
with the highest liability. Sequencing errors (i.e. false
positives and false negatives) will undoubtedly have
deleterious effects for the prioritization of variants for
follow-up.
Fifth, we did not explicitly examine the impact of
liability sampling on mis-matching of ancestry or other
nonmeasured confounders. It is clear that appropriate
case/control matching will remain essential to minimize
false-positive associations due to population stratification.
This may be especially important for ascertainment of
extreme phenotypes, which are known to vary across
ancestry and geography (for example, stature, which
shows a North–South gradient in Europe). Sampling from
extremes of phenotypes might amplify population stratification.
Sixth, we did not explicitly discuss the use of external
information (such as biological plausibility and allele
frequency in public datasets) in prioritizing candidate
variation for follow-up. Strategies which encompass
biological or functional information on sequence characteristics (e.g. coding mutations) could also be employed
separately [Ng and Henikoff, 2003; Ramensky et al., 2002;
Sunyaev et al., 2001] or in conjunction with statistical
information to prioritize candidate variants for follow-up.
Finally, we employed a very simple model of association
(in which the collective frequency of a variant class is
compared between cases and controls with Fisher’s exact
test) and considered a stringent significance level of 0.001.
Fisher’s test in combination with a stringent significance
level will be substantially underpowered for rare variant
analysis and thus, alternative tests and methods will need
to be developed. More sophisticated association statistics
that analyze rare variants in aggregate [Li and Leal, 2008;
Madsen and Browning, 2009; Morgenthaler and Thilly,
2007] need to be evaluated in simulations such as these.
Although the absolute value of the power calculations will
no-doubt be influenced by the choice of statistical test, we
imagine that the conceptual results will likely be consistent: i.e. that extreme sampling increases power, that
power will be much greater to discover variation than it is
to detect an association, and that replication studies will
face a choice of using extremes (thereby over-estimating
true effect sizes in the general population), or of requiring
much larger samples. These principles may prove of value
in the next couple of years as advances in next-generation
sequencing technology make possible dramatic increases
in sequencing studies of rare variants.
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Foundation (Botnia Study).

REFERENCES
Agresti A, Wiley Interscience (Online Service). 2002. Categorical Data
Analysis. New York: Wiley-Interscience.
Ahituv N, Kavaslar N, Schackwitz W, Ustaszewska A, Martin J,
Hebert S, Doelle H, Ersoy B, Kryukov G, Schmidt S, Yosef N,
Ruppin E, Sharan R, Vaisse C, Sunyaev S, Dent R, Cohen J,
McPherson R, Pennacchio LA. 2007. Medical sequencing at the
extremes of human body mass. Am J Hum Genet 80:779–791.
Bakhtadze E, Cervin C, Lindholm E, Borg H, Nilsson P, Arnqvist HJ,
Bolinder J, Eriksson JW, Gudbjornsdottir S, Nystrom L,
Agardh CD, Landin-Olsson M, Sundkvist G, Groop LC. 2008.
Common variants in the TCF7L2 gene help to differentiate
autoimmune from non-autoimmune diabetes in young (15–34
years) but not in middle-aged (40–59 years) diabetic patients.
Diabetologia 51:2224–2232.
Bell CG, Meyre D, Petretto E, Levy-Marchal C, Hercberg S, Charles MA,
Boyle C, Weill J, Tauber M, Mein CA, Aitman TJ, Froguel P,
Walley AJ. 2007. No contribution of angiotensin-converting enzyme
(ACE) gene variants to severe obesity: a model for comprehensive
case/control and quantitative cladistic analysis of ACE in human
diseases. Eur J Hum Genet 15:320–327.
Bodmer W, Bonilla C. 2008. Common and rare variants in multifactorial
susceptibility to common diseases. Nat Genet 40:695–701.
Campbell DD, Sham PC, Knight J, Wickham H, Landau S. 2010.
Software for generating liability distributions for pedigrees
conditional on their observed disease states and covariates. Genet
Epidemiol 34:159–170.
Carayol J, Bonaiti-Pellie C. 2004. Estimating penetrance from family
data using a retrospective likelihood when ascertainment depends
on genotype and age of onset. Genet Epidemiol 27:109–117.
Cervin C, Lyssenko V, Bakhtadze E, Lindholm E, Nilsson P, Tuomi T,
Cilio CM, Groop L. 2008. Genetic similarities between latent autoimmune diabetes in adults, type 1 diabetes, and type 2 diabetes.
Diabetes 57:1433–1437.
Clayton D. 2003. Conditional likelihood inference under complex
ascertainment using data augmentation. Biometrika 90:976–981.
Cohen JC, Kiss RS, Pertsemlidis A, Marcel YL, McPherson R, Hobbs HH.
2004. Multiple rare alleles contribute to low plasma levels of HDL
cholesterol. Science 305:869–872.
Cohen JC, Boerwinkle E, Mosley Jr TH, Hobbs HH. 2006. Sequence
variations in PCSK9, low LDL, and protection against coronary
heart disease. N Engl J Med 354:1264–1272.
DeAngelis MM, Lane AM, Shah CP, Ott J, Dryja TP, Miller JW. 2004.
Extremely discordant sib-pair study design to determine risk
factors for neovascular age-related macular degeneration. Arch
Ophthalmol 122:575–580.
Falconer DS. 1965. The inheritance of liability to certain diseases,
estimated from the incidence among relatives. Ann Hum Genet
29:51–76.
Feng R, McClure LA, Tiwari HK, Howard G. 2009. A new estimate of
family disease history providing improved prediction of disease
risks. Stat Med 28:1269–1283.
Florez JC, Jablonski KA, Bayley N, Pollin TI, de Bakker PI,
Shuldiner AR, Knowler WC, Nathan DM, Altshuler D. 2006.
TCF7L2 polymorphisms and progression to diabetes in the
Diabetes Prevention Program. N Engl J Med 355:241–250.

Genet. Epidemiol.

246

Guey et al.

Frayling TM. 2007. Genome-wide association studies provide new
insights into type 2 diabetes aetiology. Nat Rev Genet 8:657–662.
Hindorff LA, Sethupathy P, Junkins HA, Ramos EM, Mehta JP,
Collins FS, Manolio TA. 2009. Potential etiologic and functional
implications of genome-wide association loci for human diseases
and traits. Proc Natl Acad Sci USA 106:9362–9367.
Ji W, Foo JN, O’Roak BJ, Zhao H, Larson MG, Simon DB, NewtonCheh C, State MW, Levy D, Lifton RP. 2008. Rare independent
mutations in renal salt handling genes contribute to blood pressure
variation. Nat Genet 40:592–599.
Kathiresan S, Willer CJ, Peloso GM, Demissie S, Musunuru K, Schadt EE,
Kaplan L, Bennett D, Li Y, Tanaka T, Voight BF, Bonnycastle LL,
Jackson AU, Crawford G, Surti A, Guiducci C, Burtt NP, Parish S,
Clarke R, Zelenika D, Kubalanza KA, Morken MA, Scott LJ,
Stringham HM, Galan P, Swift AJ, Kuusisto J, Bergman RN,
Sundvall J, Laakso M, Ferrucci L, Scheet P, Sanna S, Uda M,
Yang Q, Lunetta KL, Dupuis J, de Bakker PI, O’Donnell CJ,
Chambers JC, Kooner JS, Hercberg S, Meneton P, Lakatta EG,
Scuteri A, Schlessinger D, Tuomilehto J, Collins FS, Groops L,
Altshuler D, Collins R, Lathrop GM, Melander O, Salomaa V,
Peltonen L, Orho-Melander M, Ordovas JM, Boehnke M,
Abecasis GR, Mohlke KL, Cupples LA. 2009. Common variants at
30 loci contribute to polygenic dyslipidemia. Nat Genet 41:56–65.
Kotowski IK, Pertsemlidis A, Luke A, Cooper RS, Vega GL, Cohen JC,
Hobbs HH. 2006. A spectrum of PCSK9 alleles contributes to
plasma levels of low-density lipoprotein cholesterol. Am J Hum
Genet 78:410–422.
Kraft P, Thomas DC. 2000. Bias and efficiency in family-based genecharacterization studies: conditional, prospective, retrospective,
and joint likelihoods. Am J Hum Genet 66:1119–1131.
Kryukov GV, Shpunt A, Stamatoyannopoulos JA, Sunyaev SR. 2009.
Power of deep, all-exon resequencing for discovery of human trait
genes. Proc Natl Acad Sci USA 106:3871–3876.
Lander ES, Botstein D. 1989. Mapping mendelian factors underlying
quantitative traits using RFLP linkage maps. Genetics 121:185–199.
Li B, Leal SM. 2008. Methods for detecting associations with rare
variants for common diseases: application to analysis of sequence
data. Am J Hum Genet 83:311–321.
Lindstrom J, Tuomilehto J. 2003. The diabetes risk score: a practical
tool to predict type 2 diabetes risk. Diabetes Care 26:725–731.
Lloyd-Jones DM, Wilson PW, Larson MG, Beiser A, Leip EP,
D’Agostino RB, Levy D. 2004. Framingham risk score and prediction
of lifetime risk for coronary heart disease. Am J Cardiol 94:20–24.
Lyssenko V, Jonsson A, Almgren P, Pulizzi N, Isomaa B, Tuomi T,
Berglund G, Altshuler D, Nilsson P, Groop L. 2008. Clinical risk
factors, DNA variants, and the development of type 2 diabetes.
N Engl J Med 359:2220–2232.
Madsen BE, Browning SR. 2009. A groupwise association test for
rare mutations using a weighted sum statistic. PLoS Genet
5:e1000384.
Mohammadi L, Vreeswijk MP, Oldenburg R, van den Ouweland A,
Oosterwijk JC, van der Hout AH, Hoogerbrugge N, Ligtenberg M,
Ausems MG, van der Luijt RB, Dommering CJ, Gille JJ, Verhoef S,
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