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Abstract

Recently, the “Common Disease-Multiple Rare Variants” hypothesis has received much attention,
especially with current availability of next generation sequencing. Family-based designs are well
suited for discovery of rare variants, with large and carefully selected pedigrees enriching for
multiple copies of such variants. However, sequencing a large number of samples is still
prohibitive. Here, we evaluate a cost-effective strategy (pseudo-sequencing) to detect association
with rare variants in large pedigrees. This strategy consists of sequencing a small subset of
subjects, genotyping the remaining sampled subjects on a set of sparse markers, and imputing the
untyped markers in the remaining subjects conditional on the sequenced subjects and pedigree
information. We used a recent pedigree imputation method (GIGI), which is able to efficiently
handle large pedigrees and to accurately impute rare variants. We used burden and kernel
association tests, famWs and famSKAT, which both account for family relationships, and
heterogeneity of allelic effect for famSKAT only. We simulated pedigree sequence data and
compared the power of association tests for: pseudo-sequence data, a subset of sequence data used
for imputation, and all subjects sequenced. We also compared, within the pseudo-sequence data,
the power of association test using best-guess genotypes and allelic dosages. Our results show that
the pseudo-sequencing strategy considerably improves the power to detect association with rare
variants. They also show that the use of allelic dosages results in much higher power than use of
best-guess genotypes in these family-based data. Moreover, famSKAT shows greater power than
famWS in most of scenarios we considered.
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Introduction

Genome Wide Association Studies (GWAS) have shown their success in identifying
thousands of markers associated with hundreds of complex traits (http://www.genome.gov/
gwastudies/). The discovered variants are rather common in the population, have small
effect sizes and are mainly identified in data of unrelated individuals using classical single
marker tests. Despite their high number, the discovered markers do not explain a substantial
fraction of the heritability of any trait so far investigated [Manolio, et al. 2009]. Several
hypotheses may explain the missing heritability including the association of multiple rare
variants [Bodmer and Bonilla 2008; Cohen, et al. 2004; Cohen, et al. 2006; lyengar and
Elston 2007; Nejentsev, et al. 2009]. Under this hypothesis, GWASs lose power because of
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two main reasons: (1) rare variants are not captured by genotyping chips, designed to
optimally tag common variants only, and (2) single marker tests are underpowered for the
detection of variants with low minor allele frequency (MAF) in feasible sample sizes.

To circumvent the lack of power of single marker tests, several methods, known as
collapsing methods, have been proposed that take into account multiple rare variants at a
time [Li and Leal 2008; Madsen and Browning 2009; Morgenthaler and Thilly 2007; Morris
and Zeggini 2010; Price, et al. 2010; Zawistowski, et al. 2010]. The principle of these
methods is to test the cumulative effect of multiple rare variants in a genomic unit, such as a
gene. This reduces the number of tests performed and potentially increases the effect size
associated with each test by accumulating the effects across variants. Collapsing methods
use a classical regression framework, and weight (e.g. Weighted Sum Approach “WS”
[Madsen and Browning 2009]) or not (e.g. Cumulative Minor Allele Test “CMAT”
[Zawistowski, et al. 2010]) the variants’ effect sizes by a function which decreases with
increasing MAF. These approaches are sensitive to the collapsing of variants with opposite
direction of effects. In this case, new statistical kernel methods (e.g. the Sequence Kernel
Association Test “SKAT?”), based on a variance component test, have been proposed and
show better power [Wu, et al. 2011].

These association tests were proposed mainly for population-based designs. However,
family-based designs are also well suited for discovery of rare variants with relatively large
effect. Indeed, large and carefully selected pedigrees enrich for multiple copies of such
variants [Wijsman 2012]. This enrichment makes the family-based design highly efficient
for correctly identifying underlying genes relative to the much larger sample sizes needed
for population-based approaches [Hinrichs and Suarez 2011]. In addition, the type 1 error of
family-based designs might be better controlled due to the lower effects of population
structure [Choi, et al. 2009; Evangelou, et al. 2006]. Collapsing approaches, such as WS and
CMAT, have been extended to family-based designs simply by using a linear mixed model
framework (famWS and famCMAT [Chen, et al. 2013; Saad, et al. 2011]). For SKAT, a
new extension (famSKAT) was proposed recently to account for family relationships
between individuals, but is limited to quantitative traits [Chen, et al. 2013; Schifano, et al.
2012]. However, the properties and the performance of these tests are not yet well
established in family-based designs, especially in datasets containing large pedigrees.

The most pertinent data to use for detecting association with rare variants is sequence data,
such as Whole Genome and Exome Sequence (WGS/WES). However, sequencing large
datasets of subjects (thousands of samples) is still prohibitive despite decreasing sequencing
costs. On the other hand, in pedigrees, which can yield significant results with much smaller
sample sizes, it is not always possible to sequence all samples because of the quality and
quantity of available DNA. For example, in multigenerational pedigrees, the DNA of
individuals in the top generations is often not available. A cost-effective alternative is to
sequence a subset of subjects, who are typed on a set of sparse markers, and use imputation
to infer untyped markers in the remaining unsequenced subjects. Several family-based
imputation methods exist [Burdick, et al. 2006; Daetwyler, et al. 2011; Kong, et al. 2008].
For example, Burdick and colleagues [Burdick, et al. 2006] developed a method that works
for small pedigrees but cannot handle large pedigrees with many markers because of
computational constraints. Recently, a computationally efficient approach for imputing
dense genotypes in large pedigrees was proposed [Cheung, et al. 2013]. This approach is
able to efficiently handle large pedigrees, accurately impute rare variants and also impute
genotypes on individuals who do not have any available genetic data. The pseudo-
sequencing alternative was originally proposed for population-based designs and has shown
a considerable gain of power compared to the use of small sequencing datasets
[Zawistowski, et al. 2010]. However, this has not been well established for family-based
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designs because of the difficulty of carrying out imputation in large pedigrees. In addition,
to run imputation in population-based designs, one can use public sequence/dense markers
data, such as, the 1000 Genomes Project [Abecasis, et al. 2010] and HapMap [Frazer, et al.
2007] data, rather than sequencing a subset of GWAS subjects. In family-based designs, the
sequence/dense marker datasets have to be formed from the same pedigrees in which
imputation is carried out.

A natural question when implementing these procedures is how best to take into account
uncertainty in imputed genotypes [Zheng, et al. 2011]. In general, imputation methods
estimate the posterior probabilities of the three possible genotypes at untyped diallelic
markers. Using these probabilities, these methods determine the best-guess genotypes and
calculate the expected number of copies of the minor allele, called allelic dosages. Allelic
dosages account for imputation uncertainty, in contrast to best-guess genotypes. When
imputation is highly accurate, allelic dosages and best-guess genotypes are expected to be
very similar. Several studies in population-based designs have showed that the power
achieved from using allelic dosages is higher than the power achieved from using best-guess
genotypes [Louis, et al. 2010; Zheng, et al. 2011]. On the other hand, a study based on the
trio design, which implemented a test to incorporate the probability distribution of possible
imputed genotypes in a TDT framework, showed no significant power increase by using the
probability distribution (allelic dosages) [Taub, et al. 2012]. Therefore, the comparison of
best-guess genotypes and allelic dosages needs more evaluation in family-based designs,
especially in large pedigrees where the issue has yet to be investigated.

Here, we propose the pseudo-sequencing strategy in large pedigrees and evaluate its
performance to detect association with rare variants, using famWs and famSKAT. In the
obtained pseudo-sequence data, we compare the power of association tests using best-guess
genotypes and allelic dosages. Finally, we compare famWS and famSKAT for use on
sequence data and we evaluate the influence of various factors on the performance of these
tests (i.e. the number of causal variants, the mix of negative and positive causal variants’
effects, and the linkage disequilibrium (LD) pattern). To the best of our knowledge, the
influence of LD on collapsing and kernel tests has not been evaluated yet for large
pedigrees. In addition, LD, which is a major key for imputation in population-based designs
and is expected to be minimal between rare variants but not necessarily inexistent, might
affect, indirectly, imputation in family-based designs (which capitalizes only on inheritance
information in pedigrees), and hence the performance of our pseudo-sequencing strategy.

To perform imputation in large pedigrees, we used the recent method implemented in the
program GIGI [Cheung, et al. 2013]. GIGI (https://faculty.washington.edu/wijsman/
progdists/gigi/GIGI.html) is a computationally efficient approach for imputing dense
genotypes in large pedigrees. This approach uses a sparse set of “framework markers” typed
on most subjects plus a set of “dense markers” typed on a few subjects. The imputation
relies on correlation resulting from inheritance in pedigrees through the inheritance of
shared segments of a chromosome as represented by inheritance vectors (IV) [Thompson
2011]. In brief, this imputation approach consists of four steps: (1) sample 1Vs at the
positions of framework markers conditional on the observed genotypes at these markers
using MCMC sampling in large pedigrees or the exact conditional distribution in small
pedigrees, (2) sample Vs at the positions of dense markers conditional on the pedigree
structure and 1Vs sampled at the positions of the framework markers and the meiotic map,
(3) estimate the probability distribution for each unobserved genotype at the dense marker
positions conditional on all observed dense marker genotypes, their allele frequencies and
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position-specific 1Vs corresponding to the dense markers, and (4) call genotypes using the
estimated probabilities and user-specified thresholds. Using the probability distribution of
unobserved genotypes, one can calculate the allelic dosages for each marker, which is the
estimated number of copies of minor alleles (i.e. Allelic Dosage = Pr(genotype = 1) + 2 x
Pr(genotype = 2) under the additive model).

analysis

We used two association tests, famWS and famSKAT [Chen, et al. 2013]. The first test aims
to collapse rare variants into a mega-variant and thus test the association with this mega-
variant. The second test does not collapse rare variants but treats them as separate variables
in a multivariate regression model. famWS suffers from loss of power when individual
variant effects are of opposite sign, while famSKAT does not have this limitation.

Weighted Sum approach accounting for family relationship: “famwWs”

famWS is based on a linear mixed model, which accounts for relatedness between family
members:

Where:
Y is the vector of quantitative trait values of all N individuals;

{3 is the fixed effect coefficient for the region of interest (e.g. gene);

Vw;~Beta(5,25) is the weight of marker j (j=1,...,p) used in Wu et al. [Wu, et al. 2011];

Gj = (Gyj,...,Gnj) Is the vector of genotypes of all individuals at the marker j (Genotypes are
coded as 0, 1 or 2 copies of minor allele, i.e., minor allele dosage);

u=(uy,...,uy)~N(0, 03@) is the vector of individual specific random effects, where:

o is the genetic variance;
Dnxn) Is @ matrix of twice of the coefficient of kinship between pairs of individuals, and,

I(nxn) s the identity matrix;

and finally, e=(ey,...,, )~N(0,021) is the vector of residual errors where o2 is the
residual variance.

To test the association between the trait and the region of interest, we used the Wald test: the
null hypothesis Hp(no association),p = 0, versus the alternative hypothesis H(association),
#z0.

Sequence Kernel Association Test accounting for family relationship: “famSKAT”

In famSKAT, markers are treated as random effects in the following linear mixed model: Y
=GBp+u+e
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Where:

Gnxp) = [G1 ... Gj ... Gp] is the genotype matrix of the (N x p) of the N individuals at the p
markers; B(px1)~N(0,TW) is the vector of random effects of markers where v is a variance
component and W is a pre-specified diagonal matrix (p x p) of \/w;. The terms Y, ,/wy, u
and ¢ are defined in the famWS model described above.

Here, the association test is a variance component test of whether © = 0. The test statistics is
written as:

Q=Y —pystawas Y - p)

where |t is the mean of Y and S=rGW G +020+071,

This statistic follows a sum of chi-square distributions with one degree of freedom each:

q
Q~> XX s
7

where }; are the eigenvalues of the matrix 133 »y,-1 p -1 G175 and Pg = ¥ — X(X
£71X)~1X"where Xnx1) = [1 ... 1] (for more details, please see [Chen, et al. 2013;
Schifano, et al. 2012; Wu, et al. 2011]). Note that, for both famWS and famSKAT, the
matrix G can contain: i) genotype data (coded as 0, 1 and 2) from direct genotyping or from
imputation (best-guess genotypes), or ii) allelic dosages.

We simulated sequence data on a large collection of extended pedigrees extracted from a set
of Alzheimer Disease cohorts under study at the University of Washington. We considered
three datasets: (1) all subjects are sequenced, (2) a small number of subjects are sequenced
and the remaining subjects are genotyped, and (3) the previous small number of sequenced
subjects are combined with the remaining genotyped subjects, who are imputed using GIGI
(pseudosequence data). The first dataset represents the ideal scenario where the DNA and
the sequence data are available for all subjects. Note that there may be real studies in which
not every individual is genotyped (for the sparse markers) because of the absence of DNA,
but the general conclusions do not depend on this. The second dataset represents the
scenario of using only the small subsets of sequence subjects. The third dataset represents
our pseudo-sequencing strategy, in which we try to maximize the information in pedigrees
by using both small subset of sequenced subjects and the remaining genotyped subjects. We
performed association analyses on a quantitative trait only.

Sequence data simulation

To obtain semi-realistic data, we simulated 100 sequence datasets, which mimic the 1000
Genomes Project sequence data. The procedure of this simulation follows:

A. Haplotype Simulation

1. From the Ensemble Gene 63 database (3p.37GRCh), we selected an
arbitrary gene (ZNF492) with a length similar to the average length of
genes in this database (~ 30 Kilo base pairs (kb)), and which contains a
large number of rare variants in the exons (22 SNPs with MAF <0.05,
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MAFs estimated in the 1000 Genomes Project data, Release August 2010,
566 CEU haplotypes). In the literature, different criteria are used to define
rare variants and depend on context. The most common criteria is
MAF<0.01. We chose the criteria MAF<0.05 to be able to vary the
number of causal SNPs in exons. Note that the difference of imputation
accuracy for MAF=0.05 and MAF=0.01 is not great [Cheung, et al. 2013]
so that the particular choice here of the definition will not change the basic
conclusions. This gene contains 168 common and 145 rare variants (313 in
total). The distribution of MAFs of rare variants is shown in Figure S1 in
supplementary material.

2. We extracted the sequence in the region of the gene from the 566 CEU
phased haplotypes. In addition, we extracted 5 Mega base pairs (Mb)
upstream and 5 Mb downstream of the gene, to select the required more
distant framework markers needed for the estimation of inheritance
vectors, used for imputation (one framework marker each 0.5 Mb ~ 0.5
centiMorgan (cM)) [Cheung, et al. 2013; Thompson 2011].

In our simulation settings, we varied the magnitude of LD in the gene region. By
creating different levels of hotspot recombination events (i.e. 42, 22 and 6 events),
randomly in the 1000 Genomes Project haplotypes, we obtained three sets of 566
haplotypes with different LD patterns: LowLD, MedLD and HighLD. The mean r?
of all possible pairs of SNPs is 0.09, 0.12 and 0.18, respectively for the three LD
level (Figure S2, S3 and S4 in supplementary material show the LD plots). Note
that the same SNPs in the original CEU haplotypes are even more highly correlated
than in our simulated data (mean r2 = 0.59, Figure S5 supplementary material
shows the LD plot). We choose this gene with unusual high LD relative to all genes
to be able to create different LD patterns while fixing the number of rare variants
and their MAFs in the gene. Finally, for each LD pattern, we used HapSim
[Montana 2005] to simulate 10,000 haplotypes similar to the 566 haplotypes
already created. This software used the 566 haplotypes as input to simulate
haplotypes with similar LD between SNPs and similar allele frequencies.

B. Haplotype dropping in pedigrees

From the set of 10,000 generated haplotypes, we started by randomly selecting
haplotypes, without replacement, for the unrelated founders. Then, we passed the
haplotypes down through the generations using a recombination rate of 1% per cM
per meiosis. We repeated this last step 100 times for each LD pattern to obtain 100
sequence datasets.

We considered 94 pedigrees, which consist of 21 trios, 11 quartet and 62 other
large multigenerational pedigrees in which the number of subjects ranges from 5 to
48 (16 pedigrees have more than 10 subjects and 11 pedigrees have more than 20
subjects). The 11 pedigrees with more than 20 individuals each (total of 338
individuals) cannot be imputed efficiently without using GIGI, which can handle
even larger (and possibly complex) pedigrees (>100 subjects per pedigree). The
pedigrees we considered contain a total of 882 individuals (336 founders) and come
from a real study of Alzheimer Disease. They therefore are representative of what
may be found in a real study, which will often not contain only large pedigrees.
Nonetheless, more than half of our sample size comes from pedigrees with more
than 15 individuals (18 pedigrees, total of 457 individuals). Note that we could use
a greater number of larger pedigrees but the general conclusions of our study do not
depend on this.
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Type 1 Error simulation

For each simulated sequence dataset, we simulated 1000 quantitative traits under the null
hypothesis of no association. We fitted the model Y = ¢ where ¢ follows a multivariate
normal distribution N(0,%), with & = h2® + (1 - h?)l as used by Chen et al. [Chen, et al.

2013]. We fixed the variance due to polygenic effects as agzl and the residual variance as
2
g

-9 _ . . o .
o2=1, so the heritability is h2_03+02 0'5. This model has genetic variation defined by the

pedigree structure but not by the gene. We estimated the type 1 error at a threshold a as the
proportion of replicates for which the p-value of the association test is lower than a.

Power simulation

Under the alternative hypothesis of association, we simulated 100 quantitative traits for each
simulated sequence dataset by fitting the model: Y = GEB¢ + & where ¢ is the vector of effect
sizes of the ¢ causal variants, G® is the (N x ¢) matrix of their genotypes and ¢ is defined in
the type 1 error simulation. The effect sizes of the causal variants were determined by the

Cc__ Ufotal/c
function gi= 2 x MAF; x (1 — MAF;), where MAF; is the minor allele frequency of
the causal variant j estimated in the generated sequence data, and vy, , is the total additive
variance. We added this information in our power simulation section. The genetic variation
of this model is defined by both pedigree structure and causal variants. In our simulation, we
set the total additive variance to 5%. We randomly selected causal variants from the set of
rare variants in the exons (i.e. 22 rare variants) and we varied the number of causal variants
as: six, 12 and 18. We also varied the proportion of causal variants with negative effects:
MO: (_l_)100%|(_)0%7 M30: (+)70%|(_)30% and M50: (+)50%|(_)50% where Mi (+)100— i %|(_)i %
indicates that i % of the variants had negative effects for the minor allele. We estimated the
power at threshold a as the proportion of replicates for which the p-value of the association
test is lower than a.

Imputation Analysis

Framework Markers—Prior to imputation for each genetic dataset, we used the program
gl_auto in MORGAN (http://www.stat.washington.edu/thompson/Genepi/MORGAN/
Morgan.shtml) [Thompson 2011] to obtain a set of 1000 IVs, at the positions of the
framework markers, realized from the joint distribution of marker genotypes given the
pedigree and observed data. The framework marker set consisted of 20 markers,
approximately equally distant (one marker each 0.5 Mb ~0.5 cM), in linkage equilibrium
(LE), highly informative (MAF>0.4) and typed on all individuals. Note that one of the 20
markers is located within the gene.

Dense Markers—We limited our association analysis to the gene. Thus, all the gene’s
markers will form the dense marker set (i.e. 313 markers). We refer to the “dense marker
individuals” (DMI) as the individuals selected from each pedigree to be typed only at the
dense markers and the “framework marker individuals” (FMI) as the remaining individuals.

The selection of DMI is of great importance. This may affect the performance of the
association test and hence suggests the need of efficient algorithms for “picking-
individuals”. In our study, we did not focus on this problem and simply selected d=20% of
subjects, at random, from each pedigree to be the DMI, rounding up the number of selected
individuals. The choice of 1-2 DMI in small pedigrees (less than 13 subjects) will not make
a big difference in imputation results. However, the choice of 3-10 DMI in larger pedigrees
(more than 12 members) is more important and could make a considerable difference. Our
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selection procedure led to a subset of 184 DMI over all pedigrees. For each sequence
dataset, we select different 184 DMI, holding the total in each pedigree constant across the
LD pattern scenarios. By selecting different sets of individuals in each replicate of our
simulation datasets, we cover the space of possible combinations of DMI. We considered
two scenarios of imputation: IMP-1 and IMP-2. In IMP-1, we carried out imputation on all
pedigrees (small and large), and in IMP-2, we carried out imputation on large pedigrees
while fixing the number of DMI in both scenarios (i.e. 184), which results in a value of d
slightly higher than 20% in IMP-2. The reason of considering IMP-2 is the fact that the
advantage of family-based designs is more important in large pedigrees, in which the
evidence of segregation of rare variants may be higher than in small pedigrees. In addition,
family-based designs in large pedigrees results in better imputation due to the large number
of possible combinations of DMI and also their family relationships. Thus, we performed
this scenario to answer to the following question: under a fixed-sequencing cost constraint,
does limiting imputation and association analyses to large pedigrees improve power?

To call best-guess genotypes, we used two imputation calling thresholds (ICT), t; and ty,
proposed by the authors of GIGI [Cheung, et al. 2013]. We can call both alleles (i.e. a and b)

if PL(Gunobs=a/b| G otmeworkr Gionse) >t1. Otherwise, we can call one allele (i.e. a) if

Pr(Gunobsza/.|G;’;‘Zmewwk, G;Zise)>t2 where a/. signifies that one allele can be called at
threshold t,. If we cannot call any alleles, the best-guess genotype is set to missing. We used
three combinations of these thresholds’ values: C1 (t;=0.6, t,=0.8), C2 (t;=0.8, t,=0.9) and
C3 (1;=0.9, t,=0.99). Increasing the values of t; and t, lead to an increase in the fraction of
best-guess genotypes used for analysis that are highly certain.

We performed association analysis using famSKAT and famWS in two type of data: 1) in
the sequence data and 2) in the imputation data (pseudo-sequence data) based on d=20% of
DML. In the sequence data, we ran association analysis on all subjects and also on the 20%
of the DMI used for imputation. In the imputation data, we ran association analysis using
best-guess genotypes (“BestG”) and also allelic dosages (“AllelicD”).

Type 1 Error results

Table 1 shows the type 1 error rates of the association tests in the sequence and imputation
data under the scenario IMP-1 estimated for different thresholds: 1073 and 1074, The
scenario IMP-2 gave similar type 1 error rates (results not shown). Over all, the type 1 error
is well controlled. We observed that famSKAT can be slightly conservative for small sample
sizes (Table 1, 20% of DMI). To confirm this trend, we carried out association analysis on
the imputation data using d=30%, 40% and 80% of the DMI. In the first two cases, the type
1 error rates were still slightly conservative for famSKAT. In the third case, the type 1 error
rates were well controlled (Table S1 in supplementary material). This result is in good
agreement with what has been shown in the literature [Lee, et al. 2012; Wu, et al. 2011].
Finally, our results show that the level of LD does not affect the type 1 error rates.

Power results

We present our power analysis results in three parts. In the first part, we focus on the
sequence data, in which we compare the performance of famWs and famSKAT and
evaluate the influence of three factors on these tests: the mix of protective and risk causal
variants, the number of causal variants, and the LD pattern. In the second part, we show the
advantage of the pseudo-sequencing strategy by comparing the power of the association
analysis conducted on the sequence and imputation data. In the third part, we compare, in
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the imputation data, the relative performance of association analysis based on BestG versus
AllelicD. All power results were estimated at a type 1 error of 1073,

Part 1: Within sequence data

Mix of protective and risk causal variants—Figure 1 shows the power results of
famSKAT and famWS, in the LowL D pattern and for the case of six (Figure 1.A) and 18
causal variants (Figure 1.B). In each part of this figure, we illustrate the results for the three
settings of a mix of protective and risk causal variants: M0, M30 and M50 (0%, 30% and
50% protective variants). Our results show that when all causal variants have the same effect
direction, the power of famSKAT and famWS is roughly similar (Figure 1.A or Figure 1.B).
Nevertheless, famSKAT can be more powerful than famWS when the ratio c/p (#causal
variants / #total rare variants) decreases (MO in Figure 1.A, with ¢/p= 6/145 versus MO in
Figure 1.B, with ¢/p= 18/145). When causal variants are a mix of protective and risk
variants, famSKAT is clearly more powerful than famWS. This is the advantage of
famSKAT, which was designed as a way to deal with the heterogeneity of effect signs of
causal variants. For the other LD patterns, the same trends were observed (e.g. MedLD and
HighLD, Figure S6 and Figure S7, respectively, in supplementary material).

Number of causal variants—Our results show that the power of both famSKAT and
famWS clearly increases with the number of causal variants (Figure 1.A versus 1.B), despite
the same total additive variance in both cases. This result can be explained by the increase of
the “c/p” ratio and is in good agreement with what has been shown in the literature [Chen, et
al. 2013; Oualkacha, et al. 2013; Schaid, et al. 2013].

In the following sections, we will show power results for famSKAT only, because we
observed the same trends in the results for famWs.

LD pattern—Figure 2 shows that the LD level did not affect power for famSKAT, for the
three settings of mix of effects, LD patterns and six causal variants. We observed similar
power for all LD patterns, even though we might expect higher power under the HighLD
pattern. This was not observed due to the fact that the linkage disequilibrium is expected to
be minimal between rare variants, and also between rare and common variants. If some of
the risk variants are not genotyped or are filtered out during the quality control steps, a
decrease of power might be observed as the LD is minimal and no variants will tag these
missing risk variants. We observed the same results for the 18 causal variant setting (Figure
S8 in supplementary material).

Part 2: Between sequence and imputation data

Here, we compare power results of association testing in the sequence data versus
imputation data. We of course expect that the use of the sequence data in all subjects would
give stronger power. However, we used these data as a reference for comparison with the
imputation data. In the imputation data, the association test is based on AllelicD. Figure 3
shows the power results of famSKAT in: (1) all individuals having dense marker data (i.e.
Dense100), (2) only a subset of 20% of individuals having dense marker data (i.e. Dense20),
and (3) imputation along with the previous 20% of individuals used for imputation (i.e.
Imputation). These power results were estimated in the scenario of the setting of HighLD
and 18 causal variants. Not surprisingly, the highest power (i.e. 97%) is achieved from using
the whole sequence data. More importantly, our results show a consistent gain of power
obtained from using imputation data rather than using only Dense20: the power of
famSKAT is 36% using only the Dense20 but 61% using the imputation data (almost
doubling in power). The increase of power using the imputed data is even more obvious
when six or 12 variants are causal: the power achieved from using the imputation data is
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more than twice that achieved from using only the Dense20 (Figure S9 and Figure S10 in
supplementary material).

Part 3: Within imputation data: Allelic dosages versus Best-guess genotypes

Figure 4 shows the power results for famSKAT in the imputation data, using AllelicD and
BestG. These results are shown for the HighLD pattern and 18 causal variants with the same
effect direction (MO0). We show the results under the two imputation scenarios: IMP-1 and
IMP-2. For BestG, we show the power results for the three ICT settings (C1, C2, and C3).
Our results show that, for both IMP-1 and IMP-2, the power achieved from using AllelicD is
higher than the power achieved from using BestG, for all ICTs we considered (power = 61%
for AllelicD versus 28% for BestG using C1 to 51% using C3). In addition, the power
achieved from using BestG increases with increasing ICTs. For example, the power using
C1is 28% and it increases to reach the 51% using C3. For IMP-2, the power achieved from
using BestG for the different ICT combinations does not vary very much. This is because
the BestG are almost certainly more accurate in bigger than smaller pedigrees (results not
shown) so that rare alleles are called accurately even with stringent ICTs. Our results show
that the power of IMP-1 is higher than that of IMP-2 in the case of AllelicD. The
explanation of this result is that the greater amount of data in IMP-1 coupled with the use of
AllelicD that captures the uncertainty of the imputation allows more effective use of the
imputation data. In addition, this result might depend on pedigree structure. For instance, in
a nuclear family with two parents and 10 offspring, sequencing three individuals (ideally
two parents and one offspring) would allow accurate imputation in every other individual.
Therefore, sequencing more than three individuals will not, almost certainly, add extra
information. In this context, choosing only three DMIs from this pedigree and the remaining
DMIs from other smaller pedigrees would give more information and hence be better.
However, it seems quite possible that a carefully chosen set of individuals from the large
pedigrees might yet be better. This shows the importance of the need for wise selection of
DMIs. In the case of BestG, IMP-2 has higher power than IMP-1 for small ICTs (C1 and
C2) and similar power for higher ICTs (C3). This suggests that for a specific sequencing
budget, and hence a specific number of DMI, carrying out sequencing in only large
pedigrees results in more power than carrying out sequencing in both small and large
pedigrees for association tests based on BestG. Over all, our results suggest that if the test
we aim to use can handle AllelicD or probability distributions, the best scenario is IMP-1,
which uses all the data (small and large pedigrees together). Otherwise, the use of only large
pedigrees appears to be more powerful with the use of stringent imputation calling
thresholds (t,=0.9 and t,=0.99 gave the highest power for BestG).

Discussion

In the last few years, the “Common Disease-Multiple Rare Variants” hypothesis has
received much attention, especially with the fast-moving next generation sequencing era.
The advances of this technology have made possible the direct typing of rare variants rather
than depending on LD in a panel of SNPs. The technology has been followed by a rapid
development of statistical approaches, especially association tests, to efficiently analyze rare
variants including burden/collapsing methods (e.g. WS) and kernel methods (e.g. SKAT).
Although these tests were proposed initially for unrelated data (population-based designs),
they have been modified to take into account relationships between individuals in family-
based designs [Chen, et al. 2013; Oualkacha, et al. 2013; Schaid, et al. 2013; Schifano, et al.
2012], and so are well suited for discovery of novel rare variants involved in complex traits.
However, the properties and the performance of these tests are not yet well established in
large pedigree data. This motivated us to evaluate, here, the performance of two association
tests, famWS and famSKAT, and to compare them in simulated sequence data on a
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collection of large pedigrees and for different scenarios (i.e. Number of causal variants,
heterogeneity of the direction of their effects, and LD pattern). We showed that famSKAT is
more powerful than famWS for most considered scenarios. Nevertheless, famWS has better
power than famSKAT when the ratio of causal variants and the total number of variants in
the region of interest is high. This result has been shown in other studies [Basu and Pan
2011; Wu, et al. 2011] and has motivated the development of SKAT-O in population-based
designs [Lee, et al. 2012], which uses a linear combination of the burden test and SKAT to
maximize the power.

In our study, we proposed the pseudo-sequencing strategy in family-based designs for large
extended pedigrees. That is: sequence a small subset of pedigree members, genotype many
of the remaining members on a set of sparse markers, and impute the untyped markers in the
remaining subjects conditional on the sequenced subjects, to obtain what we call pseudo-
sequence data. Our strategy was motivated by three facts: 1) sequencing costs are still
relatively high, and hence budgets cannot afford sequencing of a large number of samples in
order to achieve high power; 2) in large multigenerational pedigrees, one cannot sequence
all subjects because of the absence of DNA or its low quantity and quality (especially for
diseases with late onset age); and 3) the sequencing of all pedigrees’ members will result in
redundant sequence information due to their familial correlation.

We used a recent family-based imputation method called GIGI [Cheung, et al. 2013]. This
method is able to efficiently handle large pedigrees and accurately impute rare variants. We
showed a considerable increase in power of association testing in pseudo-sequence data
compared to the use of only the data of directly-sequenced subjects. The increase of power
is observed here despite a random selection of individuals with such dense marker data.
Although this selection of individuals to be sequenced within each pedigree is overly simple,
the issue of optimal subject selection is beyond the scope of our paper and will need
evaluation in further design studies. Also, a more ideal selection of individuals will not
change our main results about the general gain of power obtained using pseudo-sequence
data over use of only the data of directly-sequenced subjects. We expect that a careful
selection of such dense marker individuals will only increase the accuracy of imputation,
thus optimizing the information in each pedigree, and hence will further increase the power
of detecting association with rare variants. Many programs have been proposed to pick
individuals for sequencing, such as ExomePicks (http://genome.sph.umich.edu/wiki/
ExomePicks) and PRIMUS (http://sourceforge.net/projects/primus-beta/). However, the
effect of these different algorithms on the power of association tests has also not yet been
evaluated and needs to be quantified in future studies before committing to a particular
approach. Note also that as in other studies based on imputed marker data, any positive
results from an initial analysis of imputed data should be followed up with direct
sequencing/genotyping for verification.

Imputation methods estimate the probability distribution of possible genotypes at untyped
markers conditional on the observed data (i.e. dense and sparse markers data). Imputation
software for both unrelated subjects (e.g. MACH [Li, et al. 2006], IMPUTE [Marchini, et al.
2007], BEAGLE [Browning and Browning 2009]) and related subjects (e.g. GIGI [Cheung,
et al. 2013]) use the probability distribution to estimate allelic dosages, and also use pre-
specified thresholds to estimate best-guess genotypes. In our study, we compared the
performance of the association tests based on allelic dosages and best-guess genotypes. Our
results showed that the power of association achieved from using allelic dosages is higher
than the power achieved from using best-guess genotypes. In addition, using stringent
imputation calling thresholds resulted in higher power for best-guess genotypes. Moreover,
in our simulated data, we showed that the use of the most stringent calling thresholds
yielded the highest power, even though different values might be evaluated in further
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studies. We showed also that if we have a collection of small and large pedigrees, and we
can sequence a total of N subjects, focusing only on large pedigrees provides more power
only in the case of best-guess genotypes. This suggests that if the association test one aims
to use can handle allelic dosages, there is an advantage to use of allelic dosages from
imputation carried out on all available pedigrees (both small and large), to obtain higher
power. Nonetheless, considering large pedigrees only, or both large and small pedigrees,
depends on the pedigree structures and sizes. Focusing on large pedigrees only could be a
better design with a carefully selected DMI, but we also caution the that detailed study
design will also always need to be a function of what kind of pedigrees are actually
available.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Power of famSKAT and famWS in the LowLD pattern. c is the number of causal variants.
A) c= 6; B) c= 18. M0, M30 and M50 represent the proportion of protective variants (0%,
30% and 50% respectively).
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Figure 2.

Power of famSKAT in the scenario of six causal variants for LowLD, MedLD, and HighLD.
MO, M30 and M50 represent the proportion of protective variants (0%, 30% and 50%
respectively).
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M50

Power of famSKAT in the scenario of 18 causal variants and the HighLD pattern. MO, M30
and M50 represent the proportion of protective variants (0%, 30% and 50% respectively).
Densel100 is the analysis using all individuals sequenced. Dense20 is the analysis using 20%
of individuals sequenced, from each pedigree. Imputation20 is the analysis in imputation
data based on the previous sequenced individuals (20%). The association test is based on

allelic dosages.
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Figure4.

Power of famSKAT in the scenario of HighL D, 18 causal variants and MO (the proportion of
protective variants is 0%). AllelicD= Allelic dosages. BestG= Best-guess genotypes. IMP-1:
imputation scenario using all individuals in all pedigrees. IMP-2: imputation scenario using
all individuals in large pedigrees. C1: t1=0.6, t2=0.8; C2: t1=0.8, t2=0.9; C3: t11=0.9,
t2=0.99.
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