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ABSTRACT

Joint analysis of multiple phenotypes can increase statistical power in genetic association studies. Principal
component analysis, as a popular dimension reduction method, especially when the number of phenotypes
is high dimensional, has been proposed to analyze multiple correlated phenotypes. It has been empirically
observed that the first PC, which summarizes the largest amount of variance, can be less powerful than
higher-order PCs and other commonly used methods in detecting genetic association signals. In this article,
we investigate the properties of PCA-based multiple phenotype analysis from a geometric perspective
by introducing a novel concept called principal angle. A particular PC is powerful if its principal angle is
0° and is powerless if its principal angle is 90°. Without prior knowledge about the true principal angle,
each PC can be powerless. We propose linear, nonlinear, and data-adaptive omnibus tests by combining
PCs. We demonstrate that the Wald test is a special quadratic PC-based test. We show that the omnibus
PC test is robust and powerful in a wide range of scenarios. We study the properties of the proposed
methods using power analysis and eigen-analysis. The subtle differences and close connections between
these combined PC methods are illustrated graphically in terms of their rejection boundaries. Our proposed
tests have convex acceptance regions and hence are admissible. The p-values for the proposed tests can be
efficiently calculated analytically and the proposed tests have been implemented in a publicly available
R package MPAT. We conduct simulation studies in both low- and high-dimensional settings with various
signal vectors and correlation structures. We apply the proposed tests to the joint analysis of metabolic
syndrome-related phenotypes with datasets collected from four international consortia to demonstrate the
effectiveness of the proposed combined PC testing procedures. Supplementary materials for this article,
including a standardized description of the materials available for reproducing the work, are available as an
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1. Introduction

In the past decade, Genome-Wide Association Studies (GWASs)
have identified thousands of genetic variants associated with
hundreds of human complex traits and diseases (Welter
et al. 2014), as reported in the National Human Genome
Research Institute and European Bioinformatics Institute’s
(NHGRI-EBI) catalog. By using the open-access NHGRI-EBI
catalog, Sivakumaran et al. (2011) found abundant evidence of
pleiotropy: 233 (16.9%) genes and 77 (4.6%) single nucleotide
polymorphisms (SNPs) show pleiotropic effects, and the
numbers are still growing over time. As detailed phenotype data
from epidemiological studies, electronic health records (EHR),
genome-wide omics profiling, and real-time mobile health
devices are becoming rapidly available, there is an increasing
interest in identifying cross-phenotype associations (Solovieft
etal. 2013; Bush, Oetjens, and Crawford 2016), which hold great
potentials for novel drug target discovery, drug repurposing,
and informing precision medicine (Collins and Varmus 2015).
Our work is motivated by studying the genetic basis of
metabolic syndrome (MetS) (Brown and Walker 2016). A set of
clinical phenotypes are involved in the disease process of MetS.

Single-trait GWAS studies have been conducted to identify
susceptible SNPs associated with each of those MetS-related
phenotypes. The following four consortia studied the genetic
architecture of the MetS traits. The International Consortium
for Blood Pressure (ICBP) is an international effort to investigate
blood-pressure genetics. It conducted a GWAS of systolic blood
pressures (SBP) of 200,000 individuals of European descent
(ICBP et al. 2011). The Global Lipids Genetics Consortium
(GLGC) performed individual trait GWAS analysis of high-
density lipoprotein cholesterol (HDL), low-density lipoprotein
cholesterol (LDL), and triglycerides (TG; Teslovich et al. 2010).
It examined the SNP-lipid associations in 188,578 European-
ancestry individuals (Willer et al. 2013). The Meta-Analyses
of Glucose and Insulin-related traits Consortium (MAGIC)
represents a collaborative effort to combine data from multiple
GWASs to identify genetic loci that impact glycemic and
metabolic traits. The MAGIC study performed meta-analysis
of 29 GWAS:s of Fasting Glucose (FG) from 58,074 nondiabetic
participants, and 26 GWASs of Fasting Insulin (FI) from 51,750
nondiabetic participants (Manning et al. 2012), with both
analyses adjusting for Body Mass Index (BMI). The Genetic
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Investigation of ANthropometric Traits (GIANT) consortium
investigates the genetic underpinning that modulates human
body size and shape. It performed a GWAS analysis of Body
Mass Index (BMI) using 339,224 individuals (Locke et al. 2015),
and a BMI-adjusted GWAS analysis waist-hip-ratio (WHR)
using 224,459 individuals of European ancestry (Shungin et al.
2015). Although those aforementioned studies identified the
SNPs associated with each of the eight phenotypes, the single-
trait analysis paradigm is likely to suffer from potential power
loss for detecting the genetic variants associated with MetS by
ignoring the fact that these clinical phenotypes of MetS are
related and might share a common genetic basis.

It has been shown that joint analysis of multiple phenotypes
together can increase statistical power to detect genetic variants.
Numerous methods have been proposed for multiple phenotype
analysis, see Solovieff et al. (2013) for a review. Examples include
multivariate regression-based methods, which improve power
under specific parametric assumptions, such as homogeneous
effects across phenotypes, but are subject to power loss when
these assumptions are violated (Schifano et al. 2013; Zhou and
Stephens 2014); the p-value correction method TATES (van
der Sluis et al. 2013), which accounts for between-phenotype
correlation, has a good power in the presence of a very few
association signals and can lose power otherwise. Furthermore,
this method is subject to inflated Type I error rate by 12%
(He, Avery, and Lin 2013). Zhu et al. (2015) proposed two
tests, one for detecting homogeneous effects and another for
detecting heterogenous effects based on a truncated test statis-
tic. These tests were found to have good performance when
their corresponding assumptions hold. In practice, researchers
usually have little prior knowledge about which assumption
holds, and hence it might be challenging to decide which test
to use. Moreover, the p-value of the truncated test for detecting
heterogenous effects could not be calculated analytically and
requires Monte Carlo simulations, which are computationally
expensive for genome-wide analysis of multiple phenotypes.
Huangand Lin (2013) and Liu and Lin (2018) proposed variance
component tests for multiple phenotypes. We will show that this
variance component test is a special quadratic combination of
PC test in this article.

Principal component analysis (PCA), as a popular dimension
reduction technique, especially when the number of phenotypes
is not small, is an appealing approach that transforms correlated
phenotypes into orthogonal composite scores (Aschard et al.
2014). Although it has been empirically found that principal
components (PCs) that explain a small amount of the total
variance of the multiple phenotypes can be as powerful or even
more powerful than the PCs that explain a large amount of the
total variance of the multiple phenotypes (Aschard et al. 2014),
however there is no theoretical explanation for this counter-
intuitive phenomenon. It is also unclear which PCs should be
used to achieve the best power for genetic association testing.

It is well known that the uniformly most powerful (UMP)
test does not exist for composite hypothesis testing. The classical
Wald test can lose substantial power when the first PC captures
all the signals and also explains a large amount of the total vari-
ance. The canonical correlation analysis aims to find a best linear
combination of the multiple phenotypes (Ferreira and Pur-
cell 2009), and thus can perform poorly when the relationship

between a genetic variant and multiple phenotypes is not linear.
Therefore, there is a pressing need to develop effective powerful
testing methods for multiple phenotype association studies.

Since multiple PCs are likely to contain association evidence,
it could be advantageous to combine PCs together to achieve
better power. There are several challenges on how to effectively
combine association evidence across multiple PCs. First, the
underlying genetic effects are unknown and can be heteroge-
nous, that is, a genetic variant can have positive, negative, or
null effects on different phenotypes. Second, the correlation
structure among multiple phenotypes can be arbitrary, that
is, phenotypes can be positively or negatively correlated with
varying correlation strength. However, little is known in the
literature about the effect of the correlation structure on the
power of the PC-based tests. Furthermore, it is more challenging
to effectively combine PCs in high-dimensional settings, such
as in gene expression studies, because it is more complex to
understand the interplay between the high-dimensional sig-
nal vectors and the between-phenotype correlation structures.
Therefore, it is of significant interest to develop more powerful
testing procedures by effectively combining PCs and taking into
account the between-phenotype correlation structure, the effect
size, and the direction of the genetic effects, in both low- and
high-dimensional settings.

In this article, we aim to address these problems by devel-
oping robust and powerful PC-based methods for testing for
genetic association with multiple phenotypes, as well as studying
the effects of the between-phenotype correlation structures on
the power of the proposed PC-based tests. This article makes the
following contributions. First, we introduce a novel geometric
concept called principal angle and show that a particular PC can
be powerless if its principal angle is 90° and can be as powerful as
the Oracle test if its principal angle is zero. In practical settings,
any PC can be powerless if one has no prior knowledge about
the true principal angles.

Second, we propose several data-driven methods to combine
PCs to boost the power for testing for the association between a
genetic variant and multiple phenotypes. We first propose the
minimum PC p-value (PCMinP) and the Fisher’s method by
combining PC p-values (PCFisher) as testing statistics. We then
propose linear and quadratic combinations of PCs weighted
by the functions of eigenvalues. Specifically, we show that an
inverse-eigenvalue weighted linear combination of PCs (PCLC)
can be as powerful as the Oracle test when all the principal
angles are equal to each other, but can lose power otherwise.
Quadratic combinations of PCs are shown to be more robust
than PCLC. We show that the classical Wald test and the recently
proposed variance component score test (Huang and Lin 2013;
Liu and Lin 2018) are special cases of the quadratic combina-
tions of PCs. These two tests both favor the alternatives under
which the last principal angle is zero. As we usually have no
prior knowledge about the true signal direction in practice, we
propose an omnibus test (PCO) which uses the data-driven
method to best combine several linear and nonlinear PC tests
together to achieve robust power performance under various
alternatives.

Third, we perform eigen-analysis to investigate the effects
of the between-phenotype correlation structure on the power
performance of the PC-based tests. The subtle differences and



close connections between our proposed tests are compared
graphically in terms of their rejection boundaries. Our pro-
posed tests all have convex acceptance regions and hence are
admissible (Birnbaum 1954, 1955). Fourth, the p-values of our
proposed tests can be calculated analytically in a computation-
ally efficient manner.

The Type I error rates of our proposed tests are shown to
be well controlled by simulation studies. The powers of the
proposed tests relative to several commonly used methods,
such as the Wald test, the TATES method (van der Sluis et al.
2013), are compared using simulations in both low- and high-
dimensional settings. The robust power performance of the
proposed omnibus test PCO is demonstrated through simula-
tions using a range of signal patterns and correlation structures.
Finally, we applied our proposed tests to the aforementioned
metabolic syndrome trait GWAS datasets and identified addi-
tional new genetic variants that were missed by the original uni-
variate analyses. Those identified new SNPs might play impor-
tant biological roles in the pathogenesis of MetS and can serve
as potential candidates for future functional studies.

The remainder of this article is organized as follows. In
Section 2, we describe our PC-based testing procedures and
perform power analysis. In Section 3, the omnibus PC-based
tests are proposed to improve robustness and power of the PC-
based tests. In Section 4, we compare those tests in terms of their
rejection boundaries and demonstrate their differences graph-
ically. In Section 5, we perform eigen-analysis to investigate
how the between-phenotype correlation structure affects the
statistical powers of our proposed tests. In Section 6, we conduct
simulation studies to evaluate the performance of our methods
in both low- and high-dimensional settings. In Section 7, we
apply our tests to the metabolic syndrome trait GWAS datasets.
Finally, we conclude with discussions in Section 8.

2. The Principal Component Association Tests

Suppose that there are K correlated phenotypes denoted by Y =
(Y1,..., Yr)T. Traditional GWAS studies consist of hundreds
of thousands of SNPs across the genome. One analyzes an SNP
at a time for each phenotype separately. For a particular SNP,
we have K correlated test statistics for testing for the presence
of genetic effects, that is, Z-scores Z = (Z,,..., Zi)T that
asymptotically follow a multivariate normal distribution with
the covariance matrix X, which is equal to the correlation matrix
of Y conditional on other covariates included in the univariate
analysis under the null (Liu and Lin 2018). In other words,
the Z scores have already taken into account the effects of
confounders, such as population stratification, and X is not the
crude covariance of Y but the residual covariance after regress-
ing Y on covariates. Although across the whole genome, differ-
ent genetic variants could have different minor allele frequencies
(MAF), however their association test statistics Z follow the
same null distribution. This serves as the basis for consistently
estimating X using the sample covariance matrix of the Z-
statistics across the genome under the null hypothesis (Zhu et al.
2015; Liu and Lin 2018).

For simplicity, we assume X is known for the ease of discus-
sions hereafter. For a given dataset of sample size n, univariate
analysis for each phenotype can be performed. For a particular
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genetic variant, we can obtain a K-dimensional vector of sum-
mary testing statistics Z ~ N(B, X), where B o /n and n is
the sample size for calculating Z. We are interested in testing
Hy: B = 0 against H;: B # 0, where B is referred to as the
signal vector. We would like to develop robust and powerful tests
that are robust to the between-phenotype correlation structures
and signal vector patterns, especially when the dimension of
phenotypes is not small.

2.1. The Oracle Test for the Fixed Alternative Hypothesis

Under the fixed alternative hypothesis 8, the Uniformly Most
Powerful (UMP) test is

Oracle = gTx71z2, (1)
which directly follows from the Neyman-Pearson Lemma
(Bittman et al. 2009). One can easily see that the Oracle test
is a linear combination of Z with the coefficients depending
on the true B and X. It is natural to view this hypothesis
testing problem as a binary classification problem. We observe
a vector Z and need to decide whether Z is from the null Hy
or the alternative H,. This classification problem fits into the
framework of linear discriminant analysis (LDA). In fact, this
Oracle test can be viewed as the Fisher LDA (Fisher 1936), which
is the Bayes optimal classifier (Bickel and Levina 2004) and
provides the highest sensitivity uniformly at any given specificity
(Su and Liu 1993). In practice, we do not know the true § and
therefore we cannot perform this Oracle test. Nonetheless, we
can use it as an ideal benchmark for power comparisons with
those implementable tests.

Under the alternative hypothesis H,: 8 # 0, both 8 and cor-
relation matrix ¥ are unknown. Equation (1) implies that only a
“smart” linear combination of individual Z-testing statistics that
is as close as possible to the unknown true quantity £ ~!8, can
be as powerful as the Oracle test, but at the potential risk of being
powerless if the linear combination is not “smart.”

2.2. Single Principal Component Tests for the Composite
Hypothesis

Consider the composite hypothesis Hy: B = 0 versus H,: 8 # 0.
Using spectral decomposition, we have

K
T =UAU = Z,\kuku{,
k=1

where A is a diagonal matrix whose diagonal elements are the
eigenvalues A; > Ay > > Ak > 0of ¥,and U
is the normalized orthogonal matrix whose kth column uy is
the kth eigenvector associated with the kth largest eigenvalue
Ak of X. We also require that U is a proper rotation matrix,
that is, det(U) = 1 (Pettofrezzo 1978). The K eigenvectors
u; (k = 1,...,K) form an eigen-basis and hence constitute a
new orthogonal coordinate system in which the kth coordinate
direction corresponds to the kth principal component PCy. It is
straightforward to show that the distribution of PCy, is

PCy =u}Z ~ N(u} B, 1), 1 <k <K.
As [|ug||> = 1, the noncentrality parameter (ncp) of PCy
under the alternative is

W B |IBI*{cos(Bp)}?
Ak - Iy ’

nepyx =



978 e Z.LIU AND X. LIN

where 0y € [0, 180°] is the angle between the signal vector 8 and
the eigenvector uy and is defined as the kth principal angle (PA),

and ||B]| = +/ Zle ,B,f which is defined as the overall signal

magnitude. An underlying constraint for the principal angles is
that Zle cos?(0x) = 1, which will be used for power analysis
later. If the kth principal component PCy is used as a testing
statistic for Hyp: § = 0 versus H,: 8 # 0, then its theoretical
power at significance level « is

Power = ®(Zs + /ncpi) + ®(Ze — /ncpi),
where ® (-) is the cumulative standard normal distribution func-
tion, and Z% is its ao/2 percentile. If 6y = 0, then PCy is as
powerful as the Oracle test; however if 6 = 90°, then PCy
is powerless. This geometric perspective clearly explains why
using any particular PC could be powerless to detect association
signals in the situations where its principal angle is 90°.

The principal angle of a PC measures the degree of similarity
between the direction of the PC of multiple phenotypes and the
direction of the genetic effect vector of an SNP on multiple phe-
notypes. When the principal angle of a PC is zero, it means that
the direction of the PC completely aligns with the genetic effect
direction, and is thus perfect for being used for summarizing
multiple phenotypes into a scalar super-phenotype for detecting
genotype-phenotype associations. If the principal angle of a PC
is 90 degree, it means that the PC contains no information
about the genetic effects and is thus not useful for detecting the
genotype-multiple phenotype associations.

The power analysis for single PC test serves as the building
blocks of the power analysis of combined PC-based tests. We
observe that the power of single PC test depends not only on f
but also X through its eigenvalues and eigenvectors, which will
be investigated by eigen-analysis in Section 5. It should be noted
that the PC directions of the Z-scores are often not the same as
the PC directions of the original phenotypes Y, as the Z-scores
have taken the confounders into account.

2.3. The PCMinP Test

As the signal vector f is unknown in practice, one usually has
no prior information about the true principal angles and thus
cannot decide which PC to use for association testing. Hence,
we propose to use the minimum principal component p-value
as a testing statistic named PCMinP,

PCMinP = min py,
1<k<K Pk

where pjy is the p-value based on PCy. In fact, PCMinP is
equivalent to using sup; ;- x |PCl/~/Ak as a test statistic, and
hence can be viewed as a nonlinear combination of PCs. Because
the K PCs are mutually independent, so the p-value of PCMinP
can be easily computed as p = 1 — (1 — PCMinP)X.

Denote a* = 1 — (1 — a)"/K where « is a prespecified sig-
nificance level, then the power of PCMinP under the alternative
is

K
Power = 1 — ]_[ [1 — {@(za; + /ncpr)

k=1

Lo, - m>”

Suppose that ||B|| and Ak are fixed, then the power of PCMinP
is maximized when 6 = 0 and its maximal power is

K-l 1Bl
Powerpayx =1—(1—a) ¥ {1 —® | Zy + ——
2

~o(zy - L)L -
T Vi

This implies that PCMinP favors the alternatives under which
the last PC captures all the signals. Furthermore, the power
of PCMinP goes to 1 as Ax — 0. The power of PCMinP is
minimized when cos?(6y) = Ax/K (k = 1,...,K), and the
minimum power is

Powerpin =1 — {1 —-® <Za* + M)
2

JK
- (-]

The result follows directly from the inequality of arithmetic
and geometric means. This implies that the worst situation for
PCMinP is that all the PCs are equally powerful, for example,
when multiple phenotypes are independent, for example, ¥ = I.

2.4. The PCFisher Test

PCMinP aims to pick the most powerful PC direction and
discards the other less powerful PCs. Hence, PCMinP does not
fully use available information contained in all the PCs. We
hereby propose to combine all the K independent principal
component p-values using Fisher’s method (Fisher 1932) with
its null distribution given by

K

PCFisher = —2 Zlog(pk) ~ X22K~
k=1

PCFisher can also be viewed as a nonlinear combination of the
PCs,

K
PCFisher = —2 Z log(1 — Fxlz(Pci JAOb 2)
k=1

where F 42 () represents the chi-squared cumulative distribution
function with one degree of freedom. Equation (2) implies that
PCFisher allocates larger weights to PCs with smaller eigen-
values. Therefore, PCFisher achieves its maximal power when
Ok = 0 and achieves its minimal power when 6; = 0 for
fixed ||B]| and Ak. The Fisher’s p-value combination method is
asymptotically Bahadur optimal (ABO), in the sense that the p-
value of PCFisher converges to zero with the fastest rate under
the alternative when the sample size goes to infinity (Bahadur
1967; Littell and Folks 1971, 1973).

2.5, The Test Based on a Linear Combination of PCs

Motivated by the inverse variance weighting method commonly
used when combining independent tests (Mosteller, Bush, and



Green 1954; Liptak 1958), we obtain the following linear com-
bination of PCs with each PC weighted by its inverse variance,

K pc, K
— ko -1
PCLC = Z . N(0, Zxk ).
k=1 k=1
Under the alternative hypothesis, its noncentrality parameter is

(S 25 ulB)’ 8P [ ! cos@]’
Zf:l )\‘]:1 Zkzl )\'_1 .

We now study when the power of PCLC will be maximized and
minimized with respect to 6, for any fixed ||8|| and A. This
can be formulated as the following constrained optimization
problem:

nep =

max
cos(6x)

K
Z A,:l cos(6y)
k=1

K
Zcosz(ek) =1.
k=1

Using the Lagrange multiplier method, we obtain that the power
of PCLC is maximized when the principal angles satisfy the
following conditions:

-2
cos? (6y) = %,k =1,...,K (3)
Dk=1 Ay
In fact, we can rewrite PCLC as PCLC = (UA"'J)TZ, where
= (1,...,1)T. Hence, PCLC will achieve its own maximal

power when 8 o« UA™!J, which is equivalent to Equation (3).
It can be easily seen that PCLC is powerless when g 1. UA™!J
where positive and negative genetic effects are canceled out. The
PCLC test can be as powerful as the Oracle test when g o UJ,
or equivalently when all the principal angles are equal to each
other, that is, cos>(x) = 1/K(k = 1,...,K). In other words,
when all the K principal angles are the same, PCLC is more
powerful than any other tests to detect such alternatives.

2.6. Quadratic Combination of PCs

PCLC is very sensitive to principal angles and can be powerless
as shown theoretically in Section 2.5 and empirically in the
simulation setting M5 in Table 3. To overcome this drawback, we
propose to combine PCs using the following weighted quadratic
function that weights the PCs by a function of the eigenvalues:

i ()
PCQ, = Ak_y <—> ,0<y < 400,
k=1 Ak

where y controls the relative importance of each PC in the
quadratic combinations. For example, if PC; captures most
of the signals, then we can choose smaller y; while if PCx
captures most of the signals, then we can choose larger y. Let
K, = UA7UT and denote the transformation as oy (Z) =
UTZ/,Y/2, then PCQ, can be rewritten as PCQ, = ZTKVZ =
(¢ (Z), ¢y (Z)), where (-,-) denotes the inner product in the
transformed feature space. From this point of view, PCQ,, is a
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kernel-based testing statistic (Liu, Lin, and Ghosh 2007). The

choice of y is essentially a choice of kernel and reflects our prior

belief in the true alternative. We show in this section that several

commonly used tests with y = 0, 1, 2 are special cases of PCQ,.
When y = 0, PCQ,, has the following form:

K
=PCQ = ZPC2 >z,
k=1

which follows from the fact that U is an isometric transforma-
tionand UUT = I. This choice of y assumes a working indepen-
dence (WT) relationship among the K Z-scores since K,, reduces
to an identity matrix. Under the null, WI follows a mixture of
chi-squared distribution Zj Aj X12j> where ; are the eigenvalues

of ¥ and Xlzj are independent 7 random variables. Hence, its p-
value can be computed using the exact method (Davies 1980). At
the significance level o, we reject the null hypothesis Hy: 8 = 0
if Zle PCi > C, where P(Zf=1 PCi > Cy; Hp) = «. Thus,
the acceptance region of W1 is a K-dimensional ball with radius
equal to 4/C,. Although the acceptance region of WI is spher-
ically symmetric, however the probability distribution of Z is
not spherically symmetric unless X is an identity matrix. Under
the alternative, the power of WI favors the alternatives under
which PC; captures all the signals. This is because PC; has the
largest variance and hence signals from the PC; direction are
more likely to fall outside of this ball-shape acceptance region
(see Figure 1).
When y = 1, PCQ,, becomes the classical Wald test as

K c2
Wald = PCQ, = Z PG
k=

This can be easily shown using the fact that ZT¥71Z =
(UTZ)TAT1(UTZ) = Y°f | PC2/Ak. At the significance level
@, its acceptance region is determined by Zle PCi Ak < Cq»
which is a K-dimensional ellipsoid and Cy is the 1 —« percentile
of X12<~ Under the alternative, the distribution of the Wald test
is a noncentral chi-squared distribution with noncentrality
parameter ncp = ZkK=1 [1B11? cos?(0k)/rk. To know when the
Wald test achieves its maximal power for any fixed ||8|| and A,
we can solve the following constrained optimization problem:

max
cos?(6k)

K
Z A,:l cos? Or)
k=1

K
Zcosz(ék) =1
k=1

Using standard linear programming technique, one can easily
show that the power of the Wald test is maximized when 6x = 0,
that is, when signals lie in the last PC direction, and minimized
when 6; = 0, that is, when signals lie in the first PC direction.
Again, even though the Wald test achieves its maximal power
when the last PC captures all the signals, this does not imply
the Wald test is more powerful than its competitors under such
alternatives.
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Wheny = 2, PCQ, is

K

VC=PCQ, =Y _
k=1

7

In this case, PCQ,, corresponds to the variance component (VC)
score test VC = 2Ty~ 1x-l7 (Huang and Lin 2013; Liu and
Lin 2018), which assumes that the 8 (k = 1,...,K) follow
a common distribution with mean 0 and variance t and tests
for Hyp: 7 = 0. The equivalence between VC and PCQ, can be
seen by observing that VC = ZTUA2U"Z = ¥, PC}/A2.
Compared with the Wald test, VC gives even more weight to the
last PC and hence is more powerful than the Wald test when
0k = 0. VC follows a mixture of chi-squared distributions
Zle k;l X%, under the null, where A are the eigenvalues of
¥ and x}, are independent x{ random variables, so its p-value
can be computed using the exact method (Davies 1980). The
acceptance region of VC is also a K-dimensional ellipsoid but
has a different shape from that of Wald as shown in Figure 1 in
Section 4.

Here, we present a simple example to illustrate the power
difference between the three quadratic tests: WI, Wald, and VC.
Suppose we have a bivariate normal Z-scores with correlation
p = 0.8. The first eigenvector is u; = (1/4/2,1/+/2) and
the second eigenvector is u; = (-1 /\/5, 1 /ﬁ) by direct
calculation. If B = (2.5,2.5)T which is in the direction of
uj, then the powers of WI, Wald, and VC are 0.75, 0.65, 0.09,
respectively; and if § = (—0.8, 0.8)T which is in the direction
of u, then the powers of WI, Wald, and VC are 0.09,0.61,0.71,
respectively. This shows that the Wald test is less powerful than
WIwhen the first PC captures all the signals, and the Wald test is
less powerful than VC when the last PC captures all the signals.
More power comparisons among those three tests are provided
in Table 3.

3. The Omnibus PC-Based Tests
3.1. Adaptive Quadratic Combination of PCs

The results in Section 2.6 show that a lack of prior knowledge
about the true principal angle can lead to an unwise choice
of y, and the resulting test might have little power to detect
the alternative. Therefore, we propose to choose y in a data-
adaptive fashion by choosing y using the data that yields the
smallest p-value, and then use this smallest p-value as a test
statistic. In practice, it is computationally expensive to perform
an exhaustive search for the optimal y in the whole range.
Instead, we restrict our search within y € {0, 1,2} and then
pick the smallest p-value among W1, Wald, and VC as a testing
statistic named PCAQ

PCAQ = minp,,
1z

where p, is the p-value of PCQ,, for a given y. Note that WI,
Wald, and VC tests are correlated as they are calculated using the
same data. Hence, their p-values p,, are correlated. Calculations
of the p-value of PCAQ need to take their correlations into
account. Specifically, the p-value of PCAQ can be calculated as

p=1-P{minX, > & '(PCAQ)}, (4)
14

where X, = CD_l(pV) and ®~1(.) denotes the inverse standard
normal cumulative distribution function.

Equation (4) can be efficiently computed using the following
multivariate normal distribution function that has been imple-
mented in the FORTRAN language (Genz 1992, 1993) and also
wrapped in the R package mvtnorm (Genz et al. 2009). This
computation requires an input of the correlation matrix Rx of
the vector (X, —o, Xy =1, X}, =2) which only needs to be estimated
once for the whole genome by the following algorithm:

1. Generate B random samples from Z ~ N(0, X).

2. Compute the p-values of PCQ on the bth sample for y =
0,1,2, 1<b<B.

3. Perform inverse-normal transformation Xy, = @‘1(py) on
the bth sample, where y =0, 1, 2.

4. Take the sample correlation matrix Ry across the B realiza-
tions of X,

In practice, one can take B = 1000 and this algorithm can
provide a good estimate of Rx (in a few seconds) which can
be used for computing the p-values for millions of SNPs in the
whole genome.

3.2. The Omnibus PC-Based Test

The PCAQ test aims at constructing an optimal quadratic PC-
based test. To construct an omnibus test across linear, quadratic,
and other nonlinear tests, we can combine all the PC combina-
tion methods including PCMinP, PCFisher, PCLC, WI, Wald,
and VC together by taking the minimum p-value of them as
the omnibus test statistic named PCO. The p-values of those six
tests are correlated as they are calculated using the same data.
Similar to PCAQ, the p-value of PCO can also be computed
by first performing an inverse-normal transformation of the
p-value of the test statistic under consideration, then using a
multivariate normal distribution function with the correlation
matrix estimated using the same fast Monte Carlo simulation
method described above. Compared to PCAQ, PCO combines
three more nonquadratic tests and is expected to be more robust
than PCAQ for various alternatives. However, a price PCO
has to pay for combing more tests is that it might be slightly
less powerful than PCAQ when quadratic combinations of PCs
already have good power, for example, in the simulation setting
M3 in Table 3. PCO is expected to be more powerful than PCAQ
when any of PCLC, PCFisher, or PCMinP has better power
than the quadratic combinations of PCs to detect the signals,
as demonstrated in the simulation settings M4, M7, M12, M13,
and M15 in Table 3.

4. Comparison of the Rejection Boundaries of the
PC-Based Tests

In this section, we compare the proposed PC-based tests graph-
ically in terms of their rejection boundaries. For the ease of
illustration, we focus on the two-dimensional (Z;,Z,)" space
as given in Figure 1. We also included the Oracle test for f =
(1, DTand B = (0, )T assuming the true alternative is known.
We set the correlation to be 0.6, so the two eigenvalues are A} =
1.6 and A, = 0.4, and the two corresponding eigenvectors are
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Figure 1. The rejection boundaries of the proposed PC-based tests for bivariate normal test statistics (Z7, Zy) with correlation equal to 0.6. The dashed lines or curves
represent the boundaries that separate the acceptance and rejection regions at the significance level 0.05. The longer solid lines with arrows represent the PCy direction,
the shorter solid lines with arrows represent the PC; direction, and the lengths of the longer and shorter solid lines with arrows are equal to 6./A7 and 6./47, respectively.
For PCLC, the added solid line with “T"-type arrows illustrates the direction for alternative g which is orthogonal to its rejection boundaries, where 61 = 76° and 6, = 14°.

u = (\L@’ \/LE)T and uy = (_\/LE’ \%)T, respectively. Suppose
that the true alternative is 8 = (1,1)T which is in the same
direction of uy, then PC; has the same rejection boundary as
the Oracle test. Suppose that the true alternative is 8 = (0,1)”
which is in the same direction of UJ where U = (uy, uy) is the
eigenvector matrix and J = (1, DT, then PCLC has the same
rejection boundary as the Oracle test. One can further deduce
that PC, will have the same rejection boundary as the Oracle test
if the true alternative is proportional to u,. We observe that all
the proposed tests have convex acceptance regions. Hence, the
proposed tests are all admissible (Birnbaum 1954, 1955). This
implies that each test can be more powerful than its competitors
for some alternatives but less powerful for others.

The rejection boundaries of PC; and PC, are all straight
lines but are orthogonal to each other, indicating that these two
PCs aim to detect orthogonal alternatives. PC, has a narrower
gap between the two rejection boundary lines than that of PCy,
because PC; has a smaller variance (eigenvalue). The rejection
boundaries of PCLC are also straight lines but are not orthog-
onal to either PC; or PC,. The angle between the rejection
boundary lines of PCLC and PC; is 14°. Hence, if the mean
vector B also has angle 14° with PC; direction, then f is parallel

to the rejection boundaries of PCLC and will never be detected
by PCLC. If B has angle 76° with PC; direction as shown by
the solid line with “T”-type arrows, then B is orthogonal to the
rejection boundaries of PCLC (shortest distance to the null) and
will be detected by PCLC with its maximal power. However, this
does not imply PCLC is more powerful than its competitors to
detect the alternatives in the direction of the solid line with “T”-
type arrows because PCLC is not as powerful as the Oracle test
for such alternatives.

The rejection boundary of PCMinP is a tilted rectangle
with the edge lengths proportional to /A, k = 1,2. PCMinP
achieves its maximal power when B is in the PC, direction
(shortest distance to the null), while achieves its minimal power
when B points to the four corners, under which PC; and PC,
have equal powers. The rejection boundaries of Wald and VC
are both ellipses. However, the minor axis of VC is shorter than
that of Wald, while the major axis of VC is longer than that of
Wald. This implies that VC is more powerful than Wald when
B is in the PC, direction. The rejection boundaries of PCFisher
are similar to that of Wald, which well explains why they have
similar powers as will be demonstrated in the simulation studies.
The rejection boundary of W1 is a circle and WT actually favors
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alternatives in the PC, direction because it is more likely for the
signals to fall outside of the rejection boundary of WI along the
PC; direction compared to other PC directions.

We observe that the rejection boundaries of PCMinP, PCAQ,
and PCO resemble each other because these three tests all use
the minimum p-value as testing statistics across certain sets of
tests and hence are data adaptive. The rejection boundary of
PCAQ is smooth and does not have sharp angles like that of
PCMinP. The rejection boundary of PCO is more bumpy than
that of PCAQ since it combines linear and nonlinear tests. The
rejection boundary comparisons well explain the differences
and connections between the proposed PC-based tests, and
illustrate that there is no UMP test for all the 8 directions.

5. Eigen-Analysis of Correlation Matrices and Their
Effects on the PC-Based Tests

The results in Sections 2 and 3 show that the powers of the PC-
based tests depend on the principal angles 6, the eigenvalues
A for a fixed norm of B. To test for associations between an
SNP and a set of multiple phenotypes, a question of practical
interest is that how the PC-based tests perform in the presence
of a mixture of signal and noise phenotypes, especially when
signals are sparse. For example, in studying the effects of an
SNP on a genetic pathway/network consisting of multiple gene
expressions, it is common that an SNP affects some gene expres-
sions but not others in the genomic pathway/network. In this
section, we investigate how the correlation structure of X affects
its eigenvalues and eigenvectors, and subsequently affects the
powers of PC-based tests. Suppose that K; out of K phenotypes
are associated with a genetic variant and Ko = K — Kj of them
are not, that is, the signal vector 8 contains K; nonzeros (signals)
and K zeros (noises), denoted as ﬂT = (B PKk;»0,...,0).
For X, we consider the following partitioned correlation matrix:

(33
Z_(EzT 23)’

where X1 and X3 denote the correlation matrices among signal
and noise phenotypes, respectively, and the (i, f)th element of
¥, denotes the correlation between the ith signal phenotype and
the jth noise phenotype, 1 < i < Kj,1 < j < Kp. We first obtain
eigen-analysis results for special structured correlation matrices
¥, and then consider more general situations.

5.1. Exchangeable Correlation Matrices

If ¥ is exchangeable with correlation p > 0, then its eigenvalues
are

M=K-Dp+Lra=1—p, k=2,...,K,

where the algebraic multiplicities of A; and Ay are one and
K — 1, respectively. This implies that the eigenspace associated
with 1, is of dimension one and can be spanned by eigenvector
ul = («/LE’ \/LE., ceos «/LE)’ while the eigenspace associated with
eigenvalue Ay, k = 2,...,K is of dimension K — 1 and can be
expressed as

K
Ej=1—p = {ue RK: Z up = 0}.
k=1

Actually, there are infinitely many possible choices of the K — 1
eigenvectors in E; —;_, when K > 3, and hence infinitely many
possible choice of PCy, k = 2,...,K.

The first eigenvalue (K — 1)p + 1 is usually much larger
than eigenvalue 1 — p for relatively large K. Such a correlation
structure is related to the spiked population co-variance model
(Johnstone 2001). The principal angle between f and u; is 0
when B = (1,1,...,1)Tc where ¢ is a nonzero scalar, and is
90° when Zszl Br = 0. Therefore, PC; can best detect fully
dense homogeneous signals, and its power decreases when the
signals become sparser or in different directions. In addition,
the power of PC; decreases when the correlation p increases.
When signals are fully dense and homogeneous, the WI test will
also have good power, but the Wald and VC tests might have low
power. For example, in the simulation study, when K = 40 and
p = 0.2, the WI test has power of 0.82 to detect fully dense and
homogeneous signals 8 = (1.4,1.4,...,1.4)7, but the Wald test
has power of only 0.24 as shown in the setting M9 in Table 3.
However, if the signals are heterogenous and Zle Bx = 0 with
at least one B nonzero, B is in the eigen-space Ey—_, and can
be detected by Wald and VC with good power but not W1.

5.2. Block Diagonal Exchangeable Correlation Matrices

If ¥, and X3 are exchangeable with correlations p;, p3, respec-
tively, and the K; signal phenotypes are uncorrelated with the
Ko noise phenotypes, then the four unsorted eigenvalues of X
and their algebraic multiplicities are

=1+ &K —Dp,v(A) =1

A2=1—p,v(A) =K — 1;

Ay =1+ (Ko —Dp3,v(A3) = L

)\4 =1- ,03,1)()\.4) = K() —1.

The signal phenotype eigen-spaces are

Ey, =f{ueRE:ul =+1(1/VKy,...,1/\/K},0,...,0),t € R},

K Ko
K1
K
Ey, ={ueR :Zuk:O,uKH_l =...=ug =0},
k=1

and the noise phenotype eigen-spaces are

K T
B, ={ueRS:u" =10,...,0,1/y/Ky,...,1/y/Ko), t € R},
K Ko

K
EM:{ueRK: Z ur=0,u; =--- =ug, =0}.

k=K;+1

Because the signal and noise phenotype eigen-spaces are
orthogonal to each other, thus those Ky PCs in the noise eigen-
space are all powerless to detect any signals. Therefore, we only
need to focus on discussing the powers of the K; PCs in the
signal phenotype eigen-spaces. From Section 5.1, we know that
the PCin E;, can best detect homogeneous effects while the PCs
in E,, can best detect heterogenous effects. Actually, as long as
some principal angle is zero, then that particular PC with zero
principal angle in the signal eigen-space is as powerful as the
Oracle test, regardless of signal sparsity.



5.3. Block Diagonal Correlation Matrices

We now consider more general situations where X; and X3 are
unstructured. By performing spectral decomposition on these
two matrices, we have X1 = U1A1U1T and X3 = U3A3U3T,
where A and A3 are diagonal matrices with diagonal elements
the eigenvalues, U; and Us are eigenvector matrices. If the signal
and noise phenotypes are uncorrelated, then we have

T 0\ _ (U 0\[A, o\(U o\"
0 X3/ \0 U 0 A; 0 U3/ °

Therefore, the PCs from the signal eigen-space allocate zero
loadings for the noise phenotypes. In other words, if signal and
noise phenotypes are uncorrelated, then the PCs from the signal
eigen-space are not contaminated by any noise phenotypes and
thus one particular PC from the signal eigen-space can be as
powerful as the Oracle test if its principal angle is zero, regardless
of signal sparsity.

6. Simulation Studies
6.1. TypelError Rates

Single PC tests and PCLC follow the standard normal distribu-
tion under the null so that their Type I error rates are always well
controlled, hence we omit their Type I error results. Besides the
Wald test, we evaluate the sizes of the proposed PC-based tests,
including the p-value-based tests PCMinP and PCFisher, and
quadratic tests WI and VC, and the omnibus tests PCAQ and
PCO, at the nominal levels @ = 0.05,0.01,0.001,10%,107>,
in view of the small significance levels that are of common
interest in GWAS. For comparison purpose, we also included
the p-value correction method TATES (van der Sluis et al. 2013)
for comparison purpose which also only requires GWAS sum-
mary statistics. We first consider a low-dimensional unstruc-
tured covariance matrix X k3 estimated from the global lipids
data (Teslovich et al. 2010) for high-density lipoprotein choles-
terol (HDL), total cholesterol (TC), and triglycerides (TG),

1.00 0.16 —0.42
Yumk3=| 016 1.00 038 |. (5)
—0.42 038 1.00

We also consider a high-dimensional (K = 100) unstruc-
tured covariance matrix X k100 generated using the algorithm
described in Marsaglia and Olkin (1984) and the actual matrix
is provided in the supplementary excel file. We generated 10
millions of multivariate normal samples of dimensions K = 3
and K = 100 with mean zeros and covariance matrices equal to
X mk3 and X100, respectively. We found that the Type I error
rates of the PC-based tests are well controlled at those nominal
levels as summarized in Table 1. The Type I error rates of the
p-value correction method TATES are slightly inflated, in line
with previous findings by He, Avery, and Lin (2013).

6.2. Power Comparisons of the PC-Based Tests

As shown in Figure 1, different tests have different rejection
boundaries and the power of each test depends on both the
mean vector and the covariance matrix of Z. We first provide
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empirical evidence using bivariate phenotypes to show that the
powers of the PC-based tests depend on the direction of the
true B for a fixed between-phenotype correlation matrix, and
no single test is most powerful for all directions of 8, while the
omnibus tests are more robust.

Consider a bivariate standard normal (21, Z,)T with p = 0.6
and mean B = (B1,82)T # 0 under the alternative. Using the
polar coordinate system, we can rewrite 8 = r{cos(¢), sin(¢))},
where r > 0 and ¢ € [0,360°]. For illustrative purpose, we set
r = 2. Then the power of each test is a function of ¢ only. We
divide the interval [0, 360°] equally into 72 subintervals speci-
fied by 73 grid points, ¢, = 0,5°,...,360°,b = 1,2,...,73.
For each ¢, we generated one million standard bivariate normal
samples with p = 0.6 and obtained one million p-values for
each test. The power of each test for each ¢y is estimated by
the proportion of p-values that are less than « = 0.05. By
connecting the 73 power points of each test, we obtain the power
function curves in Figure 2.

We found a periodic pattern of the power curves with period
equal to 180°, and within each period, the power of each test
is a function of ¢, where ¢ specifies the direction of 8 in R?.
PC; is as powerful as the Oracle test when ¢ = 45°,225° or
equivalently when 8 = +(+/2,4/2)T, and consequently WI is
almost as powerful as the Oracle test in such settings. Likewise,
PC, is as powerful as the Oracle test when ¢ = 135°,315° or
equivalently when g = :I:(—«/E, ﬁ)T, and VC is almost as
powerful as the Oracle test (more powerful than Wald) in these
settings. Wald and PCFisher have almost the same power curves.
PCLC is as powerful as the Oracle test when ¢ = 90°,270°,
or B = +(0,2)T. The omnibus tests PCAQ and PCO are
never as powerful as the ideal Oracle test, but are robust to the
alternatives with little power loss compared to the Oracle test.
When either the first or the last principal angle is zero, PCAQ
and PCO can be more powerful than Wald.

In low-dimensional settings where K = 3 (M1-M5), we
consider an unstructured correlation matrix X,,x3 given in
Equation (5) and the following five mean vectors: f; = (—1.94,
1.58,2.87), B, = (2.31,2.62,0.1), B; = (0.99,—0.94,1.18),
B4 = (0.94,0.86,1.92), 85 = (0.79,3.2,0.16). We also consider
K = 8 and an unstructured correlation matrix X,,xs given in
Table 4 of Section 7, and three mean vectors: f = 4.5u; =
(1.18,0.69,1.33,—2.39,1.39,2.66,1.27,0.52), B, = 3.5u4y =
(—0.8,1.04,0.74,0.39,1.69, —0.01, —0.67, —2.55), and Bg =
2.5u3 = (0.08,—0.02,—0.11,1.54, —0.65, 1.83, —0.08, —0.24),
where uy, uy, ug denote the first, fourth, and eighth eigenvectors
of X ks, respectively.

In high-dimensional settings, we first consider K = 40 and
an exchangeable correlation matrix X x40 with off-diagonal
correlation p = 0.2, and a fully dense and homogeneous
signal vector By = (1.4,14,...,1.4) as in setting M9. In
setting M10, the correlation matrix X . k4o is block diagonal
where the signal (K; = 6) and noise (Ko = 34) blocks are
exchangeable with correlations equal to 0.5 and 0.2, respectively,
and the signal vector is sparse and B, = (1.98,—1.51,
—0.12,—-0.12,—-0.12,—0.12,0,...,0) with 6 nonzero elements
and 34 zero elements. We also consider K = 100 and
an unstructured correlation matrix X,,x100 (provided in
supplementary excel file) generated using the Marsaglia and
Olkin (1984) algorithm. In settings M11 and M12, consider
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Table 1. Type | error rates estimated as the proportions of p-values less than significance level « in 107 simulation replications under the nulls in both low- and high-

dimensional settings.

Low-dimensional setting: K = 3, covariance matrix is X k3

o PCMinP PCFisher wi Wald VC PCAQ PCO TATES

0.05 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.051

0.01 0.010 0.010 0.010 0.010 0.010 0.0099 0.0099 0.011

0.001 0.001 0.00099 0.001 0.001 0.001 0.001 0.00099 0.00106
104 9.75 x 107> 1.01 x 1074 1.02 x 1074 1.01 x 1074 1.02 x 1074 981 x 107> 993 x 107> 1.08 x 1074
107> 1.03 x 1073 932 x 1076 833 x 1076 861 x 1076 852 x 1076 847 x 1076 971 x 1076 1.05 x 1073

High-dimensional setting: K = 100, covariance matrix is X ;nx100

o PCMinP PCFisher wi Wald VC PCAQ PCO TATES

0.05 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.051

0.01 0.010 0.010 0.010 0.010 0.010 0.0099 0.0099 0.011

0.001 0.001 0.00099 0.001 0.001 0.001 0.001 0.00099 0.00106
104 9.65 x 107> 1.01 x 1074 1.02 x 1074 1.01 x 1074 1.02 x 1074 9.86 x 107> 9.95 x 107> 1.06 x 1074
107> 1.02 x 1073 938 x 1076 846 x 1076 878 x 1076 899 x 1076 937 x 1076 978 x 1076 1.05 x 1073
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Figure 2. This figure shows the power curve of each PC test for alternatives 8 = r(cos(¢), sin(¢)) where r = 2and ¢ € [0,360°] are the polar coordinates. The bivariate
correlation is p = 0.6. This figure mirrors the rejection boundaries as shown in Figure 1.

two sparse signal vectors 8;; = (0.03,0.04, —0.02,0.05, —0.04,
0.01,0.02,0.09, —0.13,—0.02,0,...,0) and B,, = (—0.17,04,
—0.05,0.19, —0.68,0.21, 0.3, —0.28,0.29, —0.11,0,...,0)  that
both contain 10 nonzero elements and 90 zeros. In settings
M13-M15, consider three dense signal vectors (provided in
the supplementary excel file): 8,3 contains 90 signals and 10
noises, B4 and B5 are set to be proportional to the first and
the eightieth eigenvectors of X,k 100, respectively.

For each setup, we generated 10° multivariate normal sam-
ples with mean equal to 8 and correlation matrix equal to X
and obtained 10° p-values for each test. The empirical power
was calculated as the proportion of p-values less than o = 0.05.
We summarize the power results in Table 3. The results show
that whenever 6 = 0, then PCy is as powerful as the Oracle
test as shown in the low-dimensional settings from M1 to M3.
PC; requires a larger overall signal magnitude ||8]| to have com-
parable power as that of PCs, simply because PC; has a larger
variance. As expected, WI is more powerful than Wald and VC
whenever PC; is the Oracle test, while VC is more powerful than
WI and Wald whenever the last PC is the Oracle test. PCLC is
as powerful as the Oracle test as shown in the setting M4 where

the three principal angles are equal to each other, and PCLC is
powerless in the setting M5 where the signal vector B is parallel
to the rejection boundary of PCLC. The TATES method can
have comparable power to PCO in settings M1, M2, and M5,
but it can perform poorly in settings M3 and M4. By contrast,
the PCO always has good power in all those five settings M1-
M5. In M6, the PC; test attains the Oracle power, and hence W1
and PCMinP are both more powerful than the Wald test, the
adaptive omnibus tests PCAQ and PCO also outperform Wald.
In setting M7 where we set the fourth principal angle to be zero,
and thus the Wald test outperform WI and VC in this setting,
but is still less powerful than PCMinP. PCO outperforms Wald
because PCMinP is one of its combining component. In M8
where the last principal angle is set to be zero, the last PC is the
Oracle test and VCis more powerful than Wald. PCAQ and PCO
also outperform Wald. The TATES method has comparable
power to PCO in M6 but performs poorly than PCO in M7-M8.

In high-dimensional setting M9, PC; has the Oracle power
to detect fully dense homogeneous signals simply because the
first principal angle is zero, while both PCFisher and Wald
have very low power in this setting. The TATES method is
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Table 2. Parameter configurations for power comparison in simulation studies. The numbers in the three columns correspond to principal angles 81, 6, 6k are in the unit

of degree. The last column represents the power of the Oracle test.

Setup K B X 11811 01 0 Ok Oracle
M1 3 B Zunk3 38 0 90 2 0.85
M2 3 8, 3 unk3 35 90 0 90 0.89
M3 3 B3 S unk3 1.8 90 90 0 0.85
M4 3 B4 Zunk3 23 54.7 54.7 54.7 0.79
M5 3 Bs 3 unk3 33 71.2 27.5 109.7 0.91
M6 8 B¢ S unks 45 0 90 90 0.93
M7 8 85 3 unks 35 90 90 90 0.94
M8 8 Bs S unk8 25 90 90 0 0.92
M9 40 B9 ¥ exk40 8.85 0 90 90 0.83
M10 40 B1o % bexk40 25 90 90 0 0.94
M11 100 B11 > unk100 0.18 90 90.3 36 0.92
M12 100 B12 2 unk100 1.0 90 90 90 0.97
M13 100 B3 % unk100 3.38 90 90 90 0.97
M14 100 B4 > unk100 15.0 0 90 90 0.88
M15 100 Bis X unk100 2.0 90 90 90 0.97

Table 3. Powers estimated as the proportions of p-values less than significance level & = 0.05 in 10° replications under various alternatives. The setups are described in

Table 2.
Low-dimensional setting: K = 3and K = 10

Setup PCy PC, PCx PCMinP PCFisher PCLC wi Wald VC PCAQ PCO TATES
M1 0.85 0.05 0.05 0.76 0.72 0.23 0.81 0.74 0.31 0.76 0.75 0.77
M2 0.05 0.89 0.05 0.80 0.75 0.30 0.79 0.77 0.44 0.73 0.77 0.77
M3 0.05 0.05 0.85 0.74 0.70 0.67 0.23 0.72 0.84 0.81 0.77 0.28
M4 0.17 0.23 0.59 0.53 0.63 0.79 0.42 0.65 0.68 0.65 0.72 0.43
M5 0.14 0.75 0.45 0.75 0.82 0.05 0.73 0.82 0.71 0.79 0.78 0.78
Mé 0.93 0.05 0.05 0.76 0.61 0.14 0.84 0.67 0.32 0.80 0.75 0.71
M7 0.05 0.05 0.05 0.81 0.66 0.23 0.67 0.72 0.68 0.66 0.75 0.59
M8 0.05 0.05 0.92 0.76 0.61 0.34 0.33 0.67 0.83 0.78 0.74 0.34

High-dimensional setting: K = 40 and K = 100

Setup PC4 PC, PCx PCMinP PCFisher PCLC wi Wald VC PCAQ PCO TATES
M9 0.83 0.05 0.05 0.42 0.21 0.06 0.82 0.24 0.06 0.75 0.68 0.59
M10 0.05 0.05 0.94 0.64 0.30 0.12 0.10 0.36 0.55 0.45 0.56 0.20
M11 0.05 0.05 0.92 0.53 0.18 0.66 0.05 0.22 0.92 0.85 0.83 0.05
M12 0.05 0.05 0.05 0.75 0.24 0.09 0.05 0.31 0.07 0.19 0.63 0.06
M13 0.06 0.05 0.05 0.73 0.23 0.06 0.07 0.28 0.05 0.19 0.61 0.09
M14 0.88 0.05 0.05 0.42 0.15 0.04 0.86 0.18 0.05 0.77 0.71 0.70
M15 0.05 0.05 0.07 0.72 0.24 0.06 0.06 0.30 0.07 0.20 0.58 0.06

less powerful than the PCO in M9. In M10 where the signals
are sparse, we additionally considered the MinP test defined
as the minimum p-values across all the K original Z-testing
statistics as in Conneely and Boehnke (2007), which is designed
to detect sparse signals. The power of MinP (not reported in
Table 3) is 0.20, smaller than the powers of PCFisher, Wald, VC,
PCAQ, and PCO. This surprising result demonstrates that PC-
based tests can outperform MinP for detecting sparse signals
by leveraging on the between-phenotype correlation structures.
The TATES method also has very low power in M10. In high-
dimensional settings M11 and M12 where the signals are sparse,
the MinP and the TATES methods are almost powerless while
PCO has very good power to detect these two sparse signals.
The Wald test also performs poorly in these two settings. For
dense signals in settings M13 and M15, the TATES method is
almost powerless and the Wald test also has very low power,
while the PCO test still has good power. In setting M14 where
we set the first principal angle to be zero, PC; is the Oracle test
and the WI test is thus very powerful, while the Wald test has
very low power. The TATES method has comparable power to
the PCO test in M14. We found that the TATES method has
similar performance to the WI test, which can be explained by
the similarities between the rejection boundaries of these two

tests. The rejection boundary of the TATES method is provided
in Figure S1 in Section S1 of the supplementary materials.

7. Joint Analysis of Multiple Metabolic
Syndrome-Related Phenotypes

We are interested in detecting the genetic associations between
individual SNPs and multiple phenotypes of metabolic syn-
drome using the GWAS summary statistics of the MetS-related
phenotypes from the four international consortia described in
the Introduction section. The GWAS summary statistics from
these four consortia are publicly available. The website links
for those datasets are provided in Section S2 in the supple-
mentary materials. However, the individual level phenotype and
genotype data are not directly accessible. Hence, any multiple
phenotype analysis method that requires individual level data
cannot be applied. The single-trait GWAS analysis performed
by the four international consortia might miss susceptible SNPs
that are associated with MetS, even with very large sample sizes,
because the genetic effects of common variants are usually small.

To increase analysis power for identifying additional SNPs
associated with MetS, we applied the proposed PC-based testing
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Table 4. The correlation matrix X of single-trait GWAS Z-scores estimated using the MetS GWAS summary statistics datasets. The eigen-values of X are: 1.75, 1.26, 0.99,

0.95,0.94,0.82,0.75, 0.54.

X BMI FG Fl HDL LDL TG WHR SBP
BMI 1 —0.02 —0.04 -0.2 0.05 0.16 —0.01 —0.03
FG —0.02 1 0.2 —0.02 0.01 0.05 0.03 0.08
Fl —0.04 0.2 1 —-0.11 0.03 0.15 0.12 0.08
HDL —0.2 —0.02 —0.11 1 —0.09 —0.42 -0.11 0
LDL 0.05 0.01 0.03 —0.09 1 0.24 0.06 0
TG 0.16 0.05 0.15 —0.42 0.24 1 0.15 0.07
WHR —0.01 0.03 0.12 —0.11 0.06 0.15 1 0.06
SBP —0.03 0.08 0.08 0 0 0.07 0.06 1

Table 5. The numbers of newly detected SNPs (not reported by the original GWAS studies) that reached the genome-wide significance atox = 5 x 10-8 by joint analysis
of the eight MetS-related traits (BMI, FG, Fl, HDL, LDL, TG, WHR, SBP) using the proposed PC-based tests and the TATES method before and after LD pruning.

LD Pruning PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8

Before 23 7 16 6 29 32 19 108

After 7 2 3 1 5 4 1 26

LD Pruning PCMinP PCFisher PCLC Wi Wald VC PCAQ PCO TATES
Before 123 404 7 210 458 476 682 581 3
After 25 60 3 42 65 69 103 98 1

procedures and the TATES method (van der Sluis et al. 2013)
to the GWAS summary statistics data by jointly analyzing the
eight MetS-related traits described in the Introduction. They
include Body Mass Index (BMI), Fasting Glucose (FG), Fast-
ing Insulin (FI), High-Density Lipoprotein cholesterol (HDL),
Low-Density Lipoprotein cholesterol (LDL), triglycerides (TG),
Waist-hip-ratio (WHR), and Systolic Blood Pressure (SBP). We
first merged these four GWAS summary statistics datasets using
the common 1,999,568 SNPs shared by the four datasets. We
then performed our proposed PC-based tests using these uni-
variate Z-scores, and also applied the TATES method on the uni-
variate p-values. The correlation matrix ¥ among these MetS-
related traits was estimated by the sample correlation matrix
across approximately independent SNPs after LD pruning (Zhu
etal. 2015; Liu and Lin 2018), and is provided in Table 4.

The QQ plots for the GWAS analysis using the PCA-based
methods and the TATES method are provided in Section S2 of
the supplementary materials and show the proposed methods
had good genomic control. If an SNP was associated with any
of the eight MetS-related phenotypes, then it should have been
reported previously in the single trait analysis published in the
literature. Therefore, the newly detected SNPs are those SNPs
that were detected by multiple phenotype analysis but were
missed by previous single-trait analysis performed by the four
international consortia. In other words, the p-values of those
newly detected SNPs are not genome-wide significant in any of
the eight single-trait GWAS studies. Since the identified SNPs
might be in linkage disequilibrium (LD) with each other, we
performed LD pruning to obtain almost independent SNPs
using the LD threshold r* < 0.01 within each 500kb region
by PLINK (Purcell et al. 2007). After LD pruning, we greatly
reduced the numbers of newly detected significant SNPs, indi-
cating that many newly detected SNPs are in LD with each other.
The numbers of new SNPs detected by each test are summarized
in Table 5.

In what follows, we only report and discuss the identified
SNPs after LD pruning. The last PC detected 26 SNPs after
LD pruning, more than the other seven PCs. As expected, VC

detected more SNPs than Wald and WI. PCAQ, which combines
WI, Wald, and VC, detected 103 SNPs, while PCO detected 98
SNPs. PCO detected slightly fewer SNPs than PCAQ because
PCLC, PCFisher, and PCMinP did not contribute more new
SNPs in addition to the WI, Wald, and VC tests. Note by com-
bining more tests, PCO pays a higher price than PCAQ in the
p-value adjustment. This is because PCO takes the smallest p-
value of the six tests as the test statistic, while PCAQ only uses
the smallest p-value of the three tests (WI, Wald, and VC) as
the test statistic. Many SNPs can be detected by more than one
test. For example, 95 SNPs can be detected by both PCAQ and
PCO as shown in Figure 3. It can also be seen from Figure 3
that VC and Wald detected 40 SNPs in common, while VC
detected 29 SNPs that Wald failed to detect, and Wald detected
25 SNPs that VC failed to detect. This illustrates that each
test can be more powerful than the others in some scenarios
because of its admissibility property. It should be noted that
our proposed adaptive omnibus tests PCAQ and PCO detected
more SNPs than nonadaptive tests, demonstrating their robust
performance.

The TATES method only detected three new SNPs missed
by the original single-trait GWAS studies. They are rs9600212
(p = 1.08 x 10713), 159592962 (p = 1.45 x 10712), rs9592961
(p=712x 10~12), within a 2kb intronic region of gene KLF12
on chromosome 13 before LD pruning. The most significant
SNP rs9600212 was retained after LD pruning. These three SNPs
were also detected by PCFisher, WI, Wald, VC, PCAQ, and PCO.
Note that KLF12 was found to be associated with the duration
of the Q, R, and S waves (QRS duration), which measures the
duration of ventricular muscle depolarization seen on a typical
electrocardiogram and hence might play a role in affecting heart
functions (Sotoodehnia et al. 2010).

Note that it is possible that an SNP can be detected by single-
trait analysis but might not be detected by multiple trait analysis
using PC-based tests or the TATES method. For example, SNP
rs6129779 on chromosome 20 was found to be associated with
LDL (p = 4.04 x 107°) and has been reported by the GLGC
(Willer et al. 2013), but it was not detected using the proposed
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Figure 3. Venn diagrams for the overlapping SNPs detected by Wald, VC, PCAQ, and
PCO tests after LD pruning.

PC-based tests or the TATES method. This is because there is
only one weak signal mixed with seven noises, and thus joint
analysis using either PC-based tests or the TATES method might
not be able to detect this rare and weak signal with sufficient
power.

We now take a subset of the newly detected SNPs presented
in Table 6 to illustrate the differences and connections of our
proposed PC-based tests. For the 10 SNPs in Table 6, none of
their phenotype-specific p-values reached the genome-wide sig-
nificance threshold, so those 10 SNPs were not identified by the
original single-trait analysis performed by the four international
consortia. We also estimated the eight empirical principal angles
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(provided in the supplementary excel file) for each of the 10
SNPs by calculating the angles between the Z-score vector and
the eigenvectors of the correlation matrix in Table 4 to help
illustrate the concept of principal angle in this real data example.
For SNP rs355838, its first principal angle was estimated as
41.8° and the p-value of PC1 was 1.53 x 107, and all the
other seven principal angles for this SNP were more closer
to 90° and the p-values of all the other seven PCs were not
genome-wide significant. Intuitively, this means that the genetic
effect vector of SNP rs355838 is more similar to the first PC
direction and less similar to the other PC directions. Using the
first PC will more likely detect this association signal. As a result,
the p-value of WI, which has a similar performance to PCl1,
for detecting SNP rs355838 is more significant than those of
PCFisher, Wald, and VC. Biologically, SNP rs355838 is located
in an intronic region of gene COBLLI, which was reported as
a pleiotropic gene that was associated with metabolic syndrome
and inflammation by Kraja et al. (2014). Specifically, this SNP
was found to be associated with at least one metabolic trait and
one inflammatory marker.

The last principal angle of SNP rs8321 was estimated to be
38°, and all the other seven principal angles for this SNP were
more closer to 90°. The p-value of the last PC was 1.71 x 1011,
and hence VC was more significant than Wald, WI, PCFisher,
PCLC, and PCMinP. Another example is SNP rs308971 whose
first principal angle was estimated to be 29.26° and the p-value
of the first PC was 4.39 x 1078, while the p-values of all the
other seven PCs were not genome-wide significant, because
their principal angles are closer to 90°. For this SNP rs308971,
the p-value of WT test was 2.48 x 107'% while the Wald and
VC tests were not even genome-wide significant. This gene
SYN2 was found to be related to type 2 diabetes (Zeggini et al.
2008).

As for SNP rs9394279, the p-value of PCLC was 1.4 X
108 while the p-values of WI, Wald, VC, and PCAQ were
not genome-wide significant. The PCO test which contains

Table 6. p-Values of a selected subset of new SNPs detected by PC-based tests. The p-values of PCAQ and PCO for the first SNP rs355838 are reported as < 1015 due to
the numerical precision limits of the R package mvtnorm. CHR represents chromosome number.

SNP CHR  Gene FG Fl HDL LDL TG WHR BMI SBP
rs355838 2 COBLL1 178E-01  156E-07  4710E-07  3.05E-05  121E-04  170E-07  7.80E-06  1.13E-01
rs8321 6 ZNRD1 112601 296E-01  1.69E-05  191E-01 105606  1.10E-01  3.87E-01  3.19E-01
1s5754352 2 UBE2L3 521E-02  9.09E-01  657E-08 333602  9.11E-03  570E-01  593E-04  2.88E-01
rs308971 3 SYN2 5256-03  278E-06  3.27E-03  236E-02  351E-05  1.50E-04  554E-01  1.29E-02
1s2269928 1 C11orf9 464E-01  476E-01  7.63E-02  959E-08  1.32E-06  3.20E-01  7.87E-01  2.50E-01
1510744777 12 ALDH2 9.99E-01  840E-01  146E-02  156E-07  218E-02  890E-01  1.18E-01  6.24E-06
rs11717195 3 ADCY5 268E-07  120E-01  477E-04 377602  452E-01  260E-01  134E-04  5.05E-01
rs6485702 1 LRP4 460E-02  854E-02  6.88E-08  4.68E-04  240E-07  210E-01  472E-01  2.99E-01
rs6810027 3 NISCH 411E-01  106E-02 107606  167E-02  3.09E-02  120E07  868E-02  2.37E-01
1s9394279 6 intergenic  5.02E-01 26203  292E-05  296E-02  646E-01  1.60E-01  1.56E-01  2.27E-01
SNP CHR  Gene PCLC PCFisher  PCMinP wi Wald VC TATES PCAQ PCO
rs355838 2 COBLL1 142E-03  110E-16  1.23E-08  962E-18 128616  5.14E-11 615606  <FE-15 <E-15
rs8321 6 ZNRDT 305606  125E-09  1.37E-10 12805  150E-10  9.30E-14  278E-04  9.44E-14  182E-13
1s5754352 2 UBE2L3 369E-05  204E-09  874E-07  428E-06  1.54E-09  7.13E-11  269E-05  7.13E-11  1.40E-10
rs308971 3 SYN2 173602  232E-06  3.51E-07  248E-10 232607  132E-03  7.29E-05  248E-10  4.92E-10
152269928 m Cl1orf9 957602  571E-09  3.71E-05  7.67E-06  461E-09  507E-10  6.98E-06  5.38E-10  1.03E-09
1510744777 12 ALDH2 111602 6.14E-10  143E-06  190E-07  663E-10  7.54E-09  224E-05  673E-10  1.22E-09
rs11717195 3 ADCY5 178E-06  1.18E-09  8526-04  169E-07  2.18E-09  471E-08  851F-06  2.18E-09  233F-09
1s6485702 m LRP4 215601  7.79E-07 84707 207609  3.65E-07  521E-04  501E-06  2.16E-09  535E-09
rs6810027 3 NISCH 256E-03  1.69E-08  234E-05  474E-09  172E-08  170E-06  421E-06  4.94E-09  9.58E-09
rs9394279 6 intergenic ~ 1.40E-08  236E-06  4.59E-03  134E-04  3.186-06  171E-06  4.23E-04  248E-06  2.98F-08
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PCLC as one combining component has p-value 2.98 x 1078,
This demonstrates that PCO which combines PCLC, PCMinP,
PCFisher, WI, Wald, and VC all together is more robust than
any of the individual components, and is also more robust than
PCAQ which only combines three tests: WI, Wald, and VC.
We can also see from Table 6 that whenever any of WI, Wald,
and VC is significant, then the p-value of PCAQ is slightly
more significant than PCO. This is because PCLC, PCMinP, and
PCFisher contribute little or none information in addition to
WI, Wald, and VC when the latter three tests can already capture
the signal, and in this case PCAQ will perform slightly better
than PCO. However, as in case of SNP rs9394279, W1, Wald,
VC and hence PCAQ failed to detect this signal, but PCO was
able to detect it. This is because PCLC can capture this signal.
Those identified new SNPs provide potential candidates for
future functional studies to better understand their biological
roles in the etiology of metabolic syndrome.

8. Discussion

In this article, we proposed a series of principal component-
based testing procedures to detect genetic associations between
an SNP and multiple phenotypes in GWAS studies. These meth-
ods are implemented in our software package MPAT (multiple
phenotype association tests). Contrary to the common notion
and practice of PCA analysis which usually retains the top few
PCs that explain most of the variability in the data for dimension
reduction to be used for testing for genetic effects with multiple
phenotypes, we found that the higher-order PCs can be more
powerful than the top PCs for association analysis. This counter-
intuitive phenomenon can be well explained by the novel geo-
metric concept of principal angle first introduced in this article.
Theoretically, a particular PC is powerful if its principal angle
is zero and powerless if its principal angle is 90°. Prior to the
introduction of the novel concept principal angle, the power
of PC-based tests for the multivariate normal means depends
on the mean vector (K parameters) and the correlation matrix
(K(K — 1)/2 parameters). With the help of principal angle,
the power of PC-based tests only depends on the K principal
angles, K eigenvalues, and the overall signal strength. Hence, the
complexity of power analysis for PC-based tests reduces from
quadratic to linear order in the number of phenotypes. However,
the principal angles are generally unknown in practical settings.
One cannot choose a particular PC based on estimated principal
angles and then use that cherry-picked PC for inference, because
this approach will incur data snooping bias and the Type I
error rate will be inflated. Actually, the proposed PCMinP test
correctly adjusts for this cherry-picking process and provides a
valid inference.

Effective combination of PCs for multiple phenotype genetic
association testing depends on the K eigenvalues and the K
unknown principal angles. We proposed linear, nonlinear, and
adaptive omnibus combinations of PCs to achieve robust power.
PCLC is an inverse-eigenvalue weighted linear combination of
PCs and can be as powerful as the Oracle test when all the
principal angles are equal to each other, but can lose power
otherwise. In the worst case, PCLC is powerless when the signal
vector is parallel to its rejection boundaries. PCMinP is expected

to perform well when there exists one principal angle equal
to zero, but can lose power when the signal vector lies in the
middle of all the PC directions. The PCFisher test combines all
the mutually independent principal component p-values using
Fisher’s method, which can be more powerful than PCMinP
when the signal vector lies in the middle of all the PCs but can be
less powerful than PCMinP when some principal angle is equal
to zero. We further proposed three quadratic combinations of
PCs: WI, Wald, and VC. Surprisingly, the classical Wald test
and the variance component score test using the linear mixed
model framework (Huang and Lin 2013; Liu and Lin 2018) are
two special cases of weighted quadratic combinations of PCs.
Using convex optimization, we found that the Wald test achieves
its maximal power when the last principal angle is zero and
minimal power when the first principal angle is zero. The VC
test is more powerful than the Wald test when the last principal
angle is zero and can be less powerful otherwise. The WI test is
more powerful than both the Wald and VC tests when the first
principal angle is zero but can be less powerful otherwise. None
of them is robust to the unknown principal angles.

The adaptive quadratic test PCAQ is more robust than the
WI, Wald, and VC tests. As demonstrated by the simulation
studies, PCMinP and PCLC can be more powerful than PCAQ
in some situations. This suggests that an omnibus test that
combines all these six tests together would be even more robust
than PCAQ. The p-values of PCAQ and PCO can both be calcu-
lated analytically by numerical integration. This is advantageous
when analyzing a large number of phenotypes with millions of
SNPs across the whole genome, as the principle angles are likely
to change from one SNP to another and a powerful test for one
SNP might not be powerful for another SNP. All the proposed
testing procedures have been implemented in a publicly avail-
able R package MPAT. The connections and subtle differences
between those PC-based tests were illustrated graphically in
terms of their rejection boundaries. The theoretical conditions
under which each PC-based test can be more powerful than the
traditional Wald test are as follows: the principal angles 6 = 0
for PCy, PCMinP and PCO; cos?(6;) = 1/K for PCLC; 6, = 0
for WI; 0 = 0 for VC; 6; = 0; or 6 = 0 for PCAQ.

The eigen-analysis section investigates how the correlation
structures among multiple phenotypes can influence the eigen-
values and eigenvectors of the correlation matrix, and subse-
quently affect the powers of PC-based tests. From eigen-analysis
and simulation studies, we found that the PCO test can outper-
form the MinP and the TATES tests for the detection of sparse
signals, especially when the dimension is high. The classical
Wald test can perform poorly in high-dimension settings as
discovered by our eigen-analysis and demonstrated empirically
by simulation studies, whereas the omnibus test PCO can still
have good power in those settings. The eigen-analysis highlights
the importance of the correlation structures in affecting the
powers of PC-based tests for detecting both sparse and dense
signals. The eigen-analysis also shows that caution is needed for
PC-based multiple phenotype analysis in the presence of highly
correlated phenotypes. In such cases, the covariance matrix of
multiple phenotypes is close to be singular, and the eigenvalues
of the last few PCs are likely to be very small, making some
tests that combine PCs, such as the Wald test, unstable. One
can either remove some of highly correlated phenotypes before



performing multiple phenotype tests, or remove the last few PCs
with very small eigenvalues before combining PCs to construct
tests. For the former, one can select biologically meaningful
phenotypes for a joint analysis in collaboration with domain
scientists. At the same time, statistical consideration of power
and numerical stability also should be taken into account when
selecting phenotypes into analysis. Further research is needed
on how to truncate PCs using selective inference theory (Choi,
Taylor, and Tibshirani 2014) and then use those truncated PCs
to construct valid and powerful tests by balancing the power and
the numerical stability of the tests.

In this post-GWAS era, there are increasing amounts of
GWAS summary statistics for multiple phenotypes publicly
available on dbGAP (http://www.ncbi.nlm.nih.gov/gap) and
other places. Our methods and software provide a cost-effective
way to analyze such datasets to discover novel biology by bor-
rowing information across multiple phenotypes. We demon-
strated the usefulness of our methods by analyzing multiple
metabolic syndrome-related clinical phenotypes with datasets
collected from four international consortia. This real data exam-
ple illustrates that the PCO test has robust power to detect
additional novel loci underlying metabolic syndrome, outper-
forming the existing TATES method. It is of future research
interest to apply our tests to higher-dimensional practical set-
tings, for instance, in the studies of the genetic basis of gene
expression levels or DNA methylation levels in a biological path-
way/network when such datasets are available. When individual
level data are available for both phenotypes and genotypes in the
future, it would be practically interesting to compare the perfor-
mances of our PC-based tests with other multiple phenotypes
methods as discussed in Galesloot et al. (2014).

PCA is just one-dimension reduction method for trans-
forming the correlated Z-statistics into uncorrelated ones using
spectral-decomposition of the correlation matrix. There exist
other methods for de-correlating correlated Z-statistics, such as
the Cholesky decomposition. It would be interesting to explore
the differences and connections between the testing statistics
obtained from eigen-decomposition and Cholesky decompo-
sition. With the increased availability of phenome-wide data,
there will be a greater demand for analyzing multiple pheno-
types in sequencing studies especially using electronic medi-
cal record data and molecular phenotype data. Since popular
region-based association testing statistics for rare variants are
not normally distributed, for example, the SKAT test statistic
follows a mixture of chi-squared distributions (Lee, Wu, and Lin
2012), our current PC-based tests are not directly applicable for
the detection of associations between rare variants and multiple
phenotypes. More future work is needed to extend the current
PCA framework for joint analysis of multiple phenotypes in
GWAS to multiple phenotype analysis in sequencing association
studies to detect rare variant effects.

Supplementary Materials

The supplementary pdf file contains simulation results and additional real
data analysis results. The supplementary excel file contains the unstruc-
tured correlation matrix of dimension 100 x 100, and the B vectors of length
100 in simulation settings M11-M15, and the estimated principal angles for
the 10 SNPs in Table 6.

JOURNAL OF THE AMERICAN STATISTICAL ASSOCIATION 989

Acknowledgment

The authors thank the associate editor and reviewers for their constructive
comments that helped improve the article.

Funding

This work was supported by the National Institutes of Health grants
CA R35-CA197449,P01-CA134294, U01-HG009088, U19-CA203654, and
RO1-HL113338.

References

Aschard, H., Vilhjalmsson, B. J., Greliche, N., Morange, P.-E., Trégouét, D.-
A.,and Kraft, P. (2014), “Maximizing the Power of Principal-Component
Analysis of Correlated Phenotypes in Genome-wide Association Stud-
ies,” The American Journal of Human Genetics, 94, 662-676. [976]

Bahadur, R. R. (1967), “Rates of Convergence of Estimates and Test Statis-
tics,” The Annals of Mathematical Statistics, 38, 303-324. [978]

Bickel, P. J., and Levina, E. (2004), “Some Theory for Fisher’s Linear Dis-
criminant Function, ‘Naive Bayes, and Some Alternatives When There
are Many More Variables than Observations,” Bernoulli, 10, 989-1010.
[977]

Birnbaum, A. (1954), “Combining Independent Tests of Significance,” Jour-
nal of the American Statistical Association, 49, 559-574. [977,981]

(1955), “Characterizations of Complete Classes of Tests of Some
Multiparametric Hypotheses, with Applications to Likelihood Ratio
Tests,” The Annals of Mathematical Statistics, 26, 21-36. [977,981]

Bittman, R. M., Romano, J. P, Vallarino, C., and Wolf, M. (2009), “Opti-
mal Testing of Multiple Hypotheses with Common Effect Direction,”
Biometrika, 96, 399-410. [977]

Brown, A. E., and Walker, M. (2016), “Genetics of Insulin Resistance and
the Metabolic Syndrome,” Current Cardiology Reports, 18, 75. [975]

Bush, W. S, Oetjens, M. T., and Crawford, D. C. (2016), “Unravelling the
Human Genome-Phenome Relationship using Phenome-wide Associa-
tion Studies,” Nature Reviews Genetics, 17, 129-145. [975]

Choi, Y., Taylor, J., and Tibshirani, R. (2014), “Selecting the Number of
Principal Components: Estimation of the True Rank of a Noisy Matrix,”
The Annals of Statistics, 45, 2590-2617. arXiv:1410.8260. [989]

Collins, E S., and Varmus, H. (2015), “A New Initiative on Precision
Medicine,” New England Journal of Medicine, 372, 793-795. [975]

Conneely, K. N., and Boehnke, M. (2007), “So many Correlated Tests, so
Little Time! Rapid Adjustment of P values for Multiple Correlated Tests,”
The American Journal of Human Genetics, 81, 1158-1168. [985]

Davies, R. B. (1980), “Algorithm AS 155: The Distribution of a Linear
Combination of Chi-Squared Random Variables,” Journal of the Royal
Statistical Society, Series C, 29, 323-333. [979,980]

Ferreira, M. A. R, and Purcell, S. M. (2009), “A Multivariate Test of
Association,” Bioinformatics, 25, 132-133. [976]

Fisher, R. A. S. (1932), Statistical Methods for Research Workers (Vol. 5, 7th
ed., Biological Monographs and Manuals), Edinburgh, London: Oliver
and Boyd. [978]

(1936), “The use of Multiple Measurements in Taxonomic Prob-
lems,” Annals of Eugenics, 7, 179-188. [977]

Galesloot, T. E., van Steen, K., Kiemeney, L. A,, Janss, L. L., and Vermeulen,
S. H. (2014), “A Comparison of Multivariate Genome-Wide Association
Methods,” PloS one, 9, €95923. [989]

Genz, A. (1992), “Numerical Computation of Multivariate Normal Proba-
bilities,” Journal of Computational and Graphical Statistics, 1, 141-149.
[980]

(1993), “Comparison of Methods for the Computation of Multivari-
ate Normal Probabilities,” Computing Science and Statistics, 25, 400-400.
[980]

Genz, A, Bretz, E, Miwa, T., Mi, X,, Leisch, E, Scheipl, E, and Hothorn, T.
(2009), “mvtnorm: Multivariate Normal and t Distributions,” R Package
Version 0.9-8, available at http://CRAN. R-project. org/package= mvt-
norm [980]




990 e Z.LIU AND X. LIN

He, Q., Avery, C. L., and Lin, D.-Y. (2013), “A General Framework for Asso-
ciation Tests with Multivariate Traits in Large-Scale Genomics Studies,”
Genetic Epidemiology, 37, 759-767. [976,983]

Huang, Y.-T., and Lin, X. (2013), “Gene Set Analysis using Variance Com-
ponent Tests,” BMC Bioinformatics, 14, 210. [976,980,988]

ICBP et al. (2011), “Genetic Variants in Novel Pathways Influence Blood
Pressure and Cardiovascular Disease Risk,” Nature, 478, 103-109. [975]

Johnstone, I. M. (2001), “On the Distribution of the Largest Eigenvalue in
Principal Components Analysis,” Annals of statistics, 29, 295-327. [982]

Kraja, A. T., Chasman, D. I, North, K. E., Reiner, A. P, Yanek, L. R., Kilpelii-
nen, T. O,, Smith, J. A,, Dehghan, A., Dupuis, J., Johnson, A. D, et al.
(2014), “Pleiotropic Genes for Metabolic Syndrome and Inflammation,”
Molecular Genetics and Metabolism, 112, 317-338. [987]

Lee, S., Wu, M. C,, and Lin, X. (2012), “Optimal Tests for Rare Variant
Effects in Sequencing Association Studies,” Biostatistics, 13, 762-775.
[989]

Liptak, T. (1958), “On the Combination of Independent Tests,” Magyar Tud
Akad Mat Kutato Int Kozl, 3,171-197. [979]

Littell, R. C., and Folks, J. L. (1971), “Asymptotic Optimality of Fisher’s
Method of Combining Independent Tests,” Journal of the American
Statistical Association, 66, 802-806. [978]

(1973), “Asymptotic Optimality of Fisher’s Method of Combining
Independent Tests 11, Journal of the American Statistical Association, 68,
193-194. [978]

Liu, D,, Lin, X., and Ghosh, D. (2007), “Semiparametric Regression of Mul-
tidimensional Genetic Pathway Data: Least-Squares Kernel Machines
and Linear Mixed Models,” Biometrics, 63, 1079-1088. [979]

Liu, Z., and Lin, X. (2018), “Multiple Phenotype Association Tests using
Summary Statistics in Genome-wide Association Studies,” Biometrics,
74, 165-175. [976,977,980,986,988]

Locke, A. E., Kahali, B, Berndt, S. L, Justice, A. E., Pers, T. H., Day, E R,,
Powell, C., Vedantam, S., Buchkovich, M. L., Yang, J., et al. (2015),
“Genetic Studies of Body Mass Index Yield New Insights for Obesity
Biology,” Nature, 518, 197-206. [976]

Manning, A. K., Hivert, M.-E, Scott, R. A., Grimsby, J. L., Bouatia-Naji,
N., Chen, H., Rybin, D,, Liu, C.-T., Bielak, L. E, Prokopenko, I, et al.
(2012), “A Genome-Wide Approach Accounting for Body Mass Index
Identifies Genetic Variants Influencing Fasting Glycemic Traits and
Insulin Resistance,” Nature Genetics, 44, 659-669. [975]

Marsaglia, G., and Olkin, I. (1984), “Generating Correlation Matrices,”
SIAM Journal of Statistical Computation, 5, 470-475. [983]

Mosteller, E, Bush, R. R., and Green, B. F. (1954), Selected Quantitative
Techniques, Cambridge, MA: Addison-Wesley. [979]

Pettofrezzo, A. J. (1978), Matrices and Transformations, New York: Courier
Corporation. [977]

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A. R,,
Bender, D., Maller, J., Sklar, P, de Bakker, P. I. W,, Daly, M. J., and Sham,
P. C. (2007), “PLINK: A Tool Set for Whole-Genome Association and
Population-Based Linkage Analyses,” The American Journal of Human
Genetics, 81, 559-575. [986]

Schifano, E. D., Li, L., Christiani, D. C., and Lin, X. (2013), “Genome-Wide
Association Analysis for Multiple Continuous Secondary Phenotypes,”
The American Journal of Human Genetics, 92, 744-759. [976]

Shungin, D., Winkler, T. W., Croteau-Chonka, D. C., Ferreira, T., Locke,
A. E., Migi, R, Strawbridge, R. J., Pers, T. H., Fischer, K., Justice, A. E,,
et al. (2015), “New Genetic loci Link Adipose and Insulin Biology to
Body Fat Distribution,” Nature, 518, 187-196. [976]

Sivakumaran, S., Agakov, E, Theodoratou, E., Prendergast, ]. G., Zgaga,
L., Manolio, T.,, Rudan, I, McKeigue, P, Wilson, J. E, and Camp-
bell, H. (2011), “Abundant Pleiotropy in Human Complex Diseases
and Traits,” The American Journal of Human Genetics, 89, 607-618.
[975]

Solovieff, N., Cotsapas, C., Lee, P. H., Purcell, S. M., and Smoller, J. W.
(2013), “Pleiotropy in Complex Traits: Challenges and Strategies,”
Nature Reviews Genetics, 14, 483-495. [975,976]

Sotoodehnia, N., Isaacs, A., De Bakker, P. L., Dorr, M., Newton-Cheh, C.,
Nolte, I. M., Van Der Harst, P, Miiller, M., Eijgelsheim, M., Alonso, A.,
et al. (2010), “Common Variants in 22 loci are Associated with QRS
Duration and Cardiac Ventricular Conduction,” Nature Genetics, 42,
1068-1076. [986]

Su, J. Q,, and Liu, J. S. (1993), “Linear Combinations of Multiple Diagnostic
Markers,” Journal of the American Statistical Association, 88, 1350-1355.
[977]

Teslovich, T. M., Musunuru, K., Smith, A. V., Edmondson, A. C,, Stylianou,
1. M., Koseki, M., Pirruccello, J. P, Ripatti, S., Chasman, D. 1., Willer, C. .,
et al. (2010), “Biological, Clinical and Population Relevance of 95 Loci
for Blood Lipids,” Nature, 466, 707-713. [975,983]

van der Sluis, S., Posthuma, D., and Dolan, C. V. (2013), “TATES: Efficient
Multivariate Genotype-Phenotype Analysis for Genome-Wide Associa-
tion Studies,” PLoS Genetics, 9, €1003235. [976,977,983,986]

Welter, D., MacArthur, J., Morales, J., Burdett, T., Hall, P, Junkins, H.,
Klemm, A., Flicek, P, Manolio, T., Hindorff, L., et al. (2014), “The
NHGRI GWAS Catalog, a Curated Resource of SNP-trait Associations,”
Nucleic Acids Research, 42, D1001-D1006. [975]

Willer, C.J., Consortium, G. L. G., et al. (2013), “Discovery and Refinement
of loci Associated with Lipid Levels,” Nature Genetics, 45, 1274-1283.
[975,986]

Zeggini, E., Scott, L. J., Saxena, R., Voight, B. E, Marchini, J. L., Hu, T,,
de Bakker, P. I, Abecasis, G. R., Almgren, P, Andersen, G., et al. (2008),
“Meta-Analysis of Genome-Wide Association Data and Large-Scale
Replication Identifies Additional Susceptibility loci for Type 2 Diabetes,”
Nature Genetics, 40, 638-645. [987]

Zhou, X., and Stephens, M. (2014), “Efficient Multivariate Linear Mixed
Model Algorithms for Genome-Wide Association Studies,” Nature
Methods, 11, 407-409. [976]

Zhu, X., Feng, T, Tayo, B. O., Liang, J., Young, J. H., Franceschini, N,,
Smith, J. A, Yanek, L. R, Sun, Y. V., Edwards, T. L., et al. (2015), “Meta-
analysis of Correlated Traits via Summary Statistics from GWASs with an
Application in Hypertension,” The American Journal of Human Genetics,
96, 21-36. [976,977,986]



	Abstract
	1.  Introduction
	2.  The Principal Component Association Tests
	2.1.  The Oracle Test for the Fixed Alternative Hypothesis
	2.2.  Single Principal Component Tests for the Composite Hypothesis
	2.3.  The PCMinP Test
	2.4.  The PCFisher Test
	2.5.  The Test Based on a Linear Combination of PCs
	2.6.  Quadratic Combination of PCs

	3.  The Omnibus PC-Based Tests
	3.1.  Adaptive Quadratic Combination of PCs
	3.2.  The Omnibus PC-Based Test

	4.  Comparison of the Rejection Boundaries of the PC-Based Tests
	5.  Eigen-Analysis of Correlation Matrices and Their Effects on the PC-Based Tests
	5.1.  Exchangeable Correlation Matrices
	5.2.  Block Diagonal Exchangeable Correlation Matrices
	5.3.  Block Diagonal Correlation Matrices

	6.  Simulation Studies
	6.1.  Type I Error Rates
	6.2.  Power Comparisons of the PC-Based Tests

	7.  Joint Analysis of Multiple Metabolic Syndrome-Related Phenotypes
	8.  Discussion
	Supplementary Materials
	Acknowledgment
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Adobe Gray - 20% Dot Gain)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.20
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.20
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ([Based on 'TandF-preview-FP'] Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


