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ABSTRACT

MOONSU KANG: Multiple Testing in Genome-Wide Studies.
(Under the direction of Dr.Pranab K.Sen.)

DNA microarray technologies allow us to monitor expression levels of thousands
of genes simultaneously. A basic task in analyzing microarray data is the identifica-
tion of differentially expressed genes under different experimental conditions. The null
hypothsis is no association between the expression levels and explanatory variables or
covariates. Family-wise error rate (FWER), although very conservative, controls type
I error. False Discovery Rate (FDR) is a less stringent approach which aims to control
the expected proportion of Type I errors among the rejected hypotheses. Since there
are thousands of genes tested simultaneously, FDR may be enhanced. High correlation
between tested genes, attributed to co-regulations and dependency in the measurement
errors, further complicates the problem. Most of the current FDR procedures assume

independence or rather restrictive dependence structures, resulting in being less reli-

able.

In this work, we address these very large multiplicity problems by adopting a two-stage
FDR controlling procedure under suitable dependence structures and based on Poisson
distributional approximation, which eliminates the need to assume restricted depen-
dence structures. We compare the performance of the proposed FDR procedure with
that of other FDR controlling procedures, with illustration of the leukemia microarray
study of Golub et al. (1999) and simulated data. In these studies, the proposed FDR

procedure has greater power without much elevation of FDR.

Current FDR procedures have not been used extensively in genomic sequences involv-

ing count or discrete, or purely qualitative responses, confronted with high-dimensional
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low sample size constraints. Using the 2002-03 SARS epidemic model, it is shown that
proposed FDR procedure along with an appropriate test statistic based on a pseudo-

marginal approach with Hamming distance performs better.

Finally, for classfication of genes of dependent genes with heterogeneity amidst a small
sample, standard robust inference may not work out. This issue involves setting up a
hypothesis when parameters of interest are subject to inequality restrictions. Usual (re-
stricted) likelihood based statistical inference procedures may not be computationally
intensive. Roy’s union-intersection principle may be a viable alternative. The breast

cancer study of Lobenhofer et al. is included for numerical illustration.
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CHAPTER 1

INTRODUCTION AND
LITERATURE REVIEW

1.1 Introduction

The Human Genome Project announced the completion of a map of the human
genome in 2003. DNA microarrays are used to measure the level of expression of genes
under different enviromental setups by hybridizing a labeled cRNA representation of
the mRNA to ¢cDNA sequences (¢cDNA microarrays) or by hybridizing a labeled cRNA
representation of the mRNA to short specific segments (synthetic oligonucleotide mi-

croarrays).

These new developments have to analyze genomic data. The technology creates an
abundance of complex and enormously large dimensional data models, resulting in the
high-dimension (K') low sample size (n) environments. Genes tend to be heavily cor-
related for co-regulations on genomic locations and gene expression biases based on
the effects of aneuploidy, resulting in complicated dependency structures. One of the
important aims of this study is the identification of differentially expressed genes. This

issue can be restated as a problem in multiple hypothesis testing: the simultaneous mul-



tiple test for each gene of no association between the expression levels and explanatory
variables or covariates. Thus, we are faced with large multiplicity problems generated
in such studies. Two types of errors are involved: a false positive, Type I error is com-
mitted when a gene is declared to be differentially expressed when it is not, and a false
negative, Type II error, is committed when a gene is not declared to be differentially
expressed when it is. The traditional approach to the multiplicity is control of the
familywise error rate (FWER) which adjusts the p-value so that it reflects the chance
of at least 1 false positive being found in the list. The FWER methods are unduly con-
servative when there are thousands of hypotheses (or genes) tested and thus a different
approach to this problem is needed. Benjamini and Hochberg (1995) defined False
discovery rate (FDR) as the expected proportion of Type I error among the number of
rejections. Compared to FWER, the FDR is a better way to deal with uncertainty in
large screening data sets, where a small number of false positives is acceptable. It is
said that merely controlling the FDR could lose power, considered as false nonrejection.
This false nonrejection rate (FNR) is defined as the expected rate of false acceptance
against the number of total acceptances. An approach with the balance between the
FDR and the FNR would be better than one purely controlling the FDR. Current FDR
controlling procedures do not take into account complex dependency structures among
the genes, resulting in loss of power and unreliable estimation. They control the FDR
only when the p-values meet some regularity conditions under which central limit the-
orems apply. In reality, it’s not easy to find suitable mixing conditions for central limit
theorems, under complex dependence structures of the genes. Under fairly mild regu-
larity conditions about the dependence of genes, we adopt a new false discovery rate
controlling procedure. For these problems, two-stage FDR and FNR are proposed us-
ing alternative limit theorems for dependent genes by the Chen-Stein methods. These

procedures attain both more power and exact estimation. We apply proposed FDR



procedure along with an appropriate test statistics to microarray experiment as well as

categorical genomic sequences in Chapters 2 and 3.

The high-dimension (K) low sample size (n) environments make it hard to classfiy thou-
sands of genes. These problems make it unreasonable to adopt standard models where
the number of parameters outnumber the sample size. Studies such as dose-response
microarray experiments or time-course data mainly involves order-restricted inference.
In these enviroments, Roy’s (1953) union-intersection principle have some advantanges
(Silvapulle and Sen 2004, Tsai and Sen 2005). Based on the Union-Intersection prin-
ciple, robust M-statistics , insensitive to outlier arrays, and linear rank statistics, a
locally most powerful test, is proposed in Chapter 4. The real microarray datasets,
real genomic sequence and simulation models are presented in Chapter 5 to evaluate
proposed FDR and the corresponding test statistics. Overview of research work on this

problems is summarized in section 1.3.

1.2 Literature Review

1.2.1 Multiple Testing And Adjusted p-values

Multiple hypothesis testing issues arise frequently in biomedical and genomic research.
For example, a number of recent articles have addressed multiple testing in DNA mi-
croarrays, but the solutions proposed so far have not always been in the standard
framework Dudoit et al. (2003). A key feature of this methodology is the general
characterization and an explicit construction of a test statistics null distribution. We
shall briefly review some of the existing methodologies and also describe some recent
developements in this field. The adjusted p-values are one of the useful tools to describe

some multiple testing procedure. We shall also address it.



1.2.1.1 Multiple Testing In DNA Microarray Experiments

Define multiple hypotheis testing procedure in microarray experiment. An m X n
matrix X = (zj;) = (Xi,..., X,,) represents the gene expression level data with rows
corresponding to genes and columns corresponding to individual microarry experiments.
The expression measures xj; are in general highly preprocessed data. We use the sample
data {(x;,yi) }i=1,.n formed by the expression profiles x; and response or covariates y;
in order to test hypotheses regarding the joint distrubution of the expression measures
X = (Xi,...,X,,) and response or covariate Y. A standard approach to the multiple

testing problem includes two aspects:
e computing an appropriate test statsistic 7} for each gene j,

e applying a multiple testing procedure to determine which hypotheses are rejected

while controlling a suitably defined Type I error rate.

1.2.1.2 Type I Error Rates

A multiple testing procedure controls a particular Type I error rate at level « if

this error rate is less than or equal to o when the given procedure is applied to a set
of rejected hypotheses.
Consider the problem of simultaneous testing m null hypotheses, H;,j = 1, ..., m which
are assumed to be known, of which my are true and unknown. The corresponding p-
values are Py,..., P,. This situation can be expressed by the table below. R is the
number of hypotheses rejected, which is an observable random variable. U, V., S, and T’
are unobservable random variable.

The focus is on the proportion of false positives V' with respect to the number of
rejected hypotheses R. When multiple testing procedure is applied to high-dimensional

genomic data, one may wish to bear some false positives as long as their number is small.



TABLE I: Number of errors committed when testing m null hypotheses

Number not rejected | Number rejected | Total
Non-differentially expressed U % mo
Differentially expressed T S m —my
m— R R m

In the microarray setting, there is a null hypothesis H; for each gene i and rejection of H;
corresponds to declaring that gene ¢ is differentially expressed. In general, we’d like to
minimize the number V' corresponding to Type I error and the number 7' corresponding
to Type II error. When testing a single hypothesis H, the probability of Type I error
is controlled at prespecified level a. This may be achieved by choosing a critical value
o so that Pr(|T| > c¢,|H) < a and rejecting the null hypothesis when |T'| > ¢,. The

Type I error rates shown below are the most standard ones Shaffer (1995).

e The per-comparison error rate (PCER):the expected value of the number of Type
I errors divided by the number of hypotheses, that is, PCER = E(V')/m.

e The per-family error rate (PFER):the expected number of Type I errors, E (V).

e The family-wise error rate (FWER):the probability of at least one Type I error,
that is, FWER = Pr(V > 1).

e The false discovery rate (FDR) of Benjamini and Hochberg (1995):the expected

proportion of Type I errors among the rejected hypotheses.

It is easy to prove that PCER < FDR < FWFER < PFFER. Note that the error
rates are defined under the true and typically unknown data generating distribution
for gene expression data X = (zj;) = (Xj,...,X,,) where a gene expression profile is

X; = (Z14,. .., Zmi). In particular, they depend on which specific subset Ay C {1,...,m}



of null hypotheses is true for this distribution. Weak control refers to control of Type
I error rate when all the null hypotheses are true. In the microarray setting, it seems
more appropriate to have strong control of the Type I error rate, that is, control under

any combination of true and false null hypothesis.

1.2.1.3 Adjusted p-values

The multiple testing procedure may be defined in terms of unadjusted p-values
or adjusted p-values. Unadjusted p-value gives the probability of obtaining a value
of a test statistic that is at least as unfavorable to H, as the observed one, that is,
p; = Pr(|Tj| > |t;||H;) for hypothesis H;. The adjusted p-value for H; is defined as
the nominal level of the entire test procedure at which H; to be rejected, provided
that the values of all test statistics are given. For FWER controlling procedure, p; is
defined as inf{a € [0, 1] : H; is rejected at nominal FW ER = a}. For FDR controlling
procedure, p; is defined as inf{o € [0, 1] : H; is rejected at nominal FDR = o }(Yekutieli
and Benjamini, 1999). An advantage of reporting adjusted p-values is that the level of

the test does not have to be determined in advance.



1.2.2 Simes Inequality And MTPF, Property

To test the overall null hypothesis Hy = (;_, H; with their corresponding P values
at a prespecified significance level o is a common problem in practice. For example,
when identifying differentially expressed genes, multiple studies are often performed:
the simultaneous multiple test for each gene. Type I error should be controlled at
preassigned level in multiple testing procedure. Simes method is one of the methods to
control type I error. We intend to identify the correlation structure among the genes.
It is said that MT P, property may characterize a general class of positive dependence
structures among the genes. We introduce this concept along with positive regression

dependence.

The classical and well-known Bonferroni method rejects Hy IF P; < o/m for at least
one i. But this method is very conservative, particulary when the dependence among
the test statistics is very high. Simes (1986) proposed modified Bonferroni methods.
Let Py <,...,< Py be the ordered P values. Simes suggested the test procedure to
reject Hy if P, > % at least one 7. Under Simes inequality, this method controls the
type I error rate for the test statistics having the folllowing distributions.

The null distributions of test statistics, Xi,..., X,,, have probability densities of the

form
[T @29 )

for some probability densities f(z, z) and g(2), where f(z,z) is TP in (x, z). Statistics
whose distributions has the form (1) are called positively dependent. The Simes con-
jecture holds only for positively dependent test statistics. Equicorrelated Multivariate
normal with nonnegative correlation, absolute-valued equicorrelated multivariate nor-
mal, absolute-valued central multivariate ¢, central multivariate F', and Bayes methods

including fraility model when a parameter z is random and other multivariate distribu-



tions have densities of the form (1). The following MT P, property Karlin and Rinott
(1980) characterizes a class of positive dependent distribution. A multivariate distri-
bution is said to have positive regression dependency (PRDS) if for any increasing set
D,P(X € D|X; = z1,...,X; = x;) is nondecreasing in (xy,---,z;). A stricter con-
dition, that is, positive regression dependency, is multivariate total positivity of order
2, MTP, if for all x and y, f(x) - f(y) < f(min(x,y))- f(max(x,y)) where f is either
the joint density or the joint probability function, and the minimum and maximum are

evaluated componentwise.

Let X(1),..., X(m) be the ordered values of a set of MT'P, random variables X, ..., X,
with a marginal F. Then Pr(X; <a;,j=1,...,m) <1 —a. If {a;} are such that
F(aj) = £, with the equality holding when when {X;} are independent. The Simes
inequality holds in general for all MTP, distributions. However, Karlin and Rinott
(1980) considered the strongly multivariate reverse rule of order two (S — M RRs) con-
dition characterizing negatively dependent multvariate distributions. They proved that

the Simes conjecture is not true in general for such distributions.

1.2.3 Control Of FWER

The common approach to the multiplicity problem is to control the FWER at preas-
signed level. The FWER is said to be controlled at level a by a particular multiple
testing procedure if FWER < «a. We shall introduce the existing FWER methodologies

here.

e Single-step procedures: Strong control of FWER is provided based on Boole’s

inequality.
mo
FWER = Pr(V > 1) = Pr({_J{P, < a}) <ZP7~]5 <a ZPr P<2)<
m
Jj=1 j=1

Single-step Bonferroni adjusted p-values are given by p; = min(mp;, 1) The fol-

moc
m



lowing Sidék’s procedure controls for FWER for test statistics that satisfy the

Sidak’s inequality.

Pr(|Ty| < c1,... | Tl < cm) < [ Pr(Ti < ¢y).
j=1
The single-step Sidék’ adjusted p-values are given by p; = 1 — (1 — p;)™.
Westfall and Young (1993) proposed adjusted p-values for less conservative pro-
cedures which take into account the dependence structure among test statistics.

The single-step min P adjusted p-values are given by
p; = Pr(minicicn P < pj|Hy).
The single-step max T" adjusted p-values are given by

Dj = Pr(mamlglngl < t]’|HOC)'

Step-down procedures: Step-down FWER procedures achieve higher power rather
than by single-step procedures. Let p,, < p,, < --- < p,, denote the observed
ordered unadjusted p-values and H,,, H,,, ..., H, denote the corresponding null
hypotheses. The Holm (1979) procedure operates in the following manner. Define
J* =min{j : p;, > a/(m—j+1)} and reject hypotheses H, , for j =1,..., 5" —1.
If no such j* exists, reject all hypotheses. Similarly, the step-down Holm adjusted
p-values are given by p., = maxy—1 . ;{min((m — k + 1)p,,,1)}. The step-down
Sidék adjusted p-values are defined as br; = mazy_y,. ;{1 — (1 — p, )"}
The Westfall and Young (1993) step-down min P adjusted p-values are defined
by

Pr; = mazyy,. ;{Pr(mineir, .oy P < pr|[HE) }



And the step-down max T adjusted p-values are defined by
Pﬁrj = maxk::l,...,j{Pr(maajle{rk,...,rm}|T1l’ 2 |t7"kHHOC)}

where [t.,| > |t,,| > -+ > |t,, | denote the observed ordered test statistics.

e Step-up procedures: Under the complete null hypothesis H{ and for independent
test statistics, the ordered unadjusted p-values Py < Py < -+ < Py, satisfy
Pr(Py > 12, Vj=1,...,mlH§) > 1 — a with equality in the continuous
case. Step-up procedures start with this Simes inequality (1986). Hochberg
(1988) applied the Simes inequality to derive the following FWER controlling
procedure. Let j* = max{j : p,, < o/(m —j+1)} and reject hypotheses H, , for
g =1,...,7% If no such j* exists, reject no hypotheses. The step-up Hochberg
adjusted p-values are given by p,, = ming—;_ . m{min(m —k+1)p, ,1)}. Related
procedure are those of Hommel (1988) and Rom (1990). All procedures based

upon the Simes inequality have the assumption that the result derived under

independence is a conservative procedure for dependent tests.

However, Benjamini and Hochberg (1995) argued that this FWER approach has

the following limitations.

e Much of the methodology of FWER controlling procedures is concerned with com-
parisons of multiple treatments and families whose test statstics have multivariate

normal (or t).

e Strong control of the FWER tends to be less powerful than the per comparison

procedure of the same levels.

e The control of the FWER is not quite often needed.

10



In many situations, control of the FWER is too restrictive at the expense of substan-
tially lower power in detecting false hypotheses. One may wish tolerate some Type
I errors, provided their number is small in comparison to the number of rejected hy-

potheses.

1.2.4 Control Of FDR

As we have seen before, control of the FWER is too conservative when there are
many hypotheses such as in microarray experiments. The number of erroneous re-
jections should be considered in many multiplicity problems. At the same time, the
seriousness of the loss by erroneous rejections is related to the number of rejected hy-

potheses.

Benjamini and Hochberg (1995) introduced the concept of the false discovery rate

(FDR) in order to control for the conservativeness of the FWER. Let the unobserved

V -

random variable Q= -5

the proportion of the rejected null hypothses which are erro-
neously rejected. ) = 0 when V + S=0. We define the FDR Q. to be the expectation

of Q, Q. = E(Q) = E{VLJFS} = E{%} Under the complete null hypotheses, control of

the FDR implies control of the FWER in the weak sense. When my < m, the FDR is

smaller than or equal to the FWER.

Benjamini and Hochberg (1995) proposed the following step-up FDR controlling proce-
dure. Consider testing Hq, Hs, ..., H,, with the corresponding p-values P, P, ..., P,,.
Let Py < Py <,...,< Py be the ordered p-values, and denote by H; the null hy-
pothesis corresponding to F;). Define the following Bonferrroni type multiple-testing
procedure :

Let k be the largest i for which P;) < %q; then reject all Hyy,7i = 1,2,..., k. If no such

i exists, reject no hypothesis Benjamini and Hochberg (1995).

11



Benjamini and Liu (1999) derived a new step-down procedure when test statistics are

independent. Define the m critical values by

m 1
9; =1—[1 —min(1, )q)]<m—i+1> 1 <i<m,.

(m—i+1

The step-down procedure then operates as follow . Let k& be the smallest i for which
P > 0;. Reject Hyy, ..., H—1). This procedure controls the FDR at level ¢ Benjamini
and Liu (1999). They proved that their procedure neither dominates nor is dominated

by the step-up procedure.

Benjamini and Yekutieli (2001) showed that if the joint distribution of the test statis-
tics is PRDS on the subset of test statistics corresponding to true null hypotheses, the
Benjamini-Hochberg procedure controls the FDR at less than or equal to “¢q. They
also introduced a simple conservative modification of the procedure which controls the
FDR for arbitrary dependence structures. Adjusted p-values for this modified step-up
procedures are p,, = mink:jr._,m{mm(w%k, 1)}.

Choosing the critical values ¢; < --- < ¢, subject to a preassigned level «, is equivalent
to finding constants a; < --- < a,, satisfying the following set of inequalities Sarkar
(2000):P(X1x < a1,..., Xpp < ag) > 1 — a where Xy, < ... X} denote the ordered
components of (X7,..., Xy). Finner and Roters (1998) illustrated this, which provided
that the critical values (a; < ay < a3) satisfying this inequality involving an equicor-
related trivariate standard normal distribution is in fact monotone when the common
correlation is positive and at most (22 P 22 12)/ (22 s 22 14),» where 2q5 is the upper
100« percent point of N(0,1). This example is generalized to the fact that the desired

monotonicity property holds in general for MT' P, test statistics.

The work of Benjamini and Yekutieli (2001) and the Benjamini-Liu step-down proce-

dure can be extended to a more general stepwise procedure. Sarkar(2002) obtained an

12



explicit expression of the FDR of a generalized step-up-step-down procedure of order r,
in terms of right-tailed test based on X1, ..., X,, with the corresponding critical values
Cly - Cp. Starting with the formula FDR =3, Z] o m PAXi = g NBY

where {H;,i € Iy} is the list of true null hypotheses.

FDR = ——— >
h m—r+1ZP{XZ_C(r)}
icly
— AT — 1 m—j
i€l j=1
m—1
I(Xi > cjyny)  1(Xi > c))
+ B[V (X, ) .

with ¢f,.(Xi) = P{X() > ¢y, - Xy > e | X}

and W7 (X;) = P(X() < c@y, -+, X(j) < | Xi). Sarkar (2004)

Under a variety of distributional settings of the X/s, the c'(i)s can be obtained such
that the FDR in above formula is controlled at less than or equal to mga/m, and
hence less than or equal to a. For example, when the X/s are stochastically inde-
pendent, or have a multivariate distribution exhibiting a positive dependence propo-
erty in the sense that the X/s are PRDS on the subset {X;,i € Iy}, c/(i)s satisfying
Flewy) = 1—=(m —i+ 1La/m,i = 1,...,m with F(-) being the common marginal
null cumulative distribution function of the X!s, provide a control of the FDR at
a (Sarkar,2002). These are the Simes (1986) critical values used in the Benjamini-
Hochberg step-up test with independent test statistics. It is important to note that
the step-up test with these critical values in the independent case is actaully exactly
equal to moa/m (Benjamini and Yekutieli 2001; Finner and Roters 2001; Sarkar 2002).
The FDR-controlling property of other step-up-step-down procedures for these types of
null hypotheses is not clear. There is another step-down procedure suggested by Ben-

jamini and Liu (1999) that controls the FDR at level a. The critical values ;s of this
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step-down procedure are such that F'(cq)) = [1 — min(1, %a)}l/i, 1 =1,...,m.
This step-down procedure controls the FDR at « for the independent statistics. Sarkar
(2002) has strengthened this fact by proving that the FDR-controlling property still
holds when the test statistics are positively dependent in the sense of being MT P,

under any alternatives, and exchangeable under the null distribution.

The proportion of false negatives among the accepted null hypotheses is defined as
N=T/Aif A>0and =0if A= 0, and then we define the false negatives rate (FNR)
by E(N). The FNR of a generalized step-up-step-down procedure of order r is given
by

1
FNR = =S P{X, <,
=) P{Xi < e}

i€ly

- ZET:E[ ;m(Xz){IOZZ_Slc(J)) _ I(X; ]S c(j))}]

i€l j=2

+ > Zn: E[‘I’Zm(Xi){](Xi jé W) _ ](Xijz_clu—n)}]

i€l j=r+1

Sarkar (2004) A step-down procedure can be used to control the FNR under certain

conditions, for example, independence or PRDS, on the test statistics.

The difference 1 — (FDR + FNR) indicates the strength of unbiasedness as well as a
measure of power of a multiple testing procedure. Between two procedures, the one
with higher value of this difference is more powerful, in that it maintains either a higher
proportion of corretly accepted null hypotheses or a low proportion of falsely rejected
null hypotheses. Based on simulation data from equi-correlated multivariate normals,
the performance of the Benjamini-Hochberg test performs better than any other step-

up-step-down test.

Sarkar (2003) also proposed single-step FDR and FNR testing procedures. First, under

fixed configuration of true and false null hypotheses, inequalities are obtained repre-
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senting how the results show FDR-or-FNR-controlling single-step procedure, like Bon-
ferroni or Sidak procedure, can be improved by borrowing information about myq or
my in the sprit of Benjamini and Hochberg (2000), Benjamini, Krieger, and Yekutieli
(2002), Storey (2002) and Storey, Taylor, and Siegmund (2004). Storey, Taylor, and
Siegmund (2004) provided procedures modifying the BH procedure using estimates of
mg and proved that they control the FDR under independence. Two families of proce-
dures ,one modifying the FDR-controlling and the other modifying the FNR-controlling
Sidak procedures are proposed. These control FDR or FNR under independence less
conservatively than the corresponding families modifying the FDR-or FNR-controlling
Bonferroni procedure by using the estimates of mg considered in Storey, Taylor, and
Siegmund(2004). Sarkar extends Storey’s (2002, 2003) result to dependent case by
considering a mixture model where different configurations of true and false null hy-

potheses are assumed to have certain probabilities Sarkar (2004).

However, it was shown that most of all FDR controlling procedures were shown to
control the FDR in cases of restricted dependency but they were not designed to make
use of the dependency structure to gain more power when possible. Denote the true
null hypotheses by {Hoz, ..., Hom, } and the false null hypotheses by {Hi1, ..., Him, }-
The corresponding vectors of p-values are Py and Py, respectively. Knowing how Pg
is distrubuted, we can construct more powerful MCPs. Resampling-based FDR. con-
trolling procedure along the line of Westfall and Young(1993) for FWE control, use
p-value resampling to simulate Py and utilize the dependency structure of the data
so as to construct more powerful MCPs. p-value resampling is conducted under the
complete null hypothesis. The resampling procedure makes use of these simulated sets
of p-values. Based on p-value resampling, the FDR of the generic MCP, the FDR local

estimators is estimated.
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m-p/r(p) ifr(p) =1

0 otherwise

The BH FDR local estimator is defined as Q5 (p) =

est
Based on the resampling-based distribution R*, Benjamini and Yekutieli also introduced
two resampling-based estimators differing in their treatment of s(p): point estimator
and an upper limit. The first estimator is r(p) — mp. Using this downward biased
estimator, the resampling-based FDR local estimator is given by

R*(p)
Er- g (p)+r(p)—pm

Prp{R*(p) > 1} otherwise

if r(p) — r* -m
O (p) = (p) —r5(p) 2 p

The second estimator is r(p)-rj(p), assuming subset pivotality conditioning on
S(p) = s(p), The resampling based 1 —  FDR upper limit is defined as
ER*% if r(p) —r5(p) 2 0

Q5(p) = suprepoy) )=

Prg«R*(p) > 1 otherwise
Based on Q, the FDR local estimator computed, the size ¢ MCP based on the FDR

local estimator is :if k, = mazx{Q(pp) < q}, reject H,y, ..., H, , Yekutieli and Ben-
jamini (1999).

The traditional FDR controlling procedures involve sequential p-value rejection meth-
ods. For example, Benjamini and Hochberg (1995) provided a sequential p-value
method. A sequential p-value method gives us an estimate k that leads to reject
DAY P@)s - -+ Py where py < pp) < -0 < Py are the ordered observed p-values.
However, k may not be reliable case by case. Secondly, the method controls the error
rate for all possible values of mg, which is the number of true null hypotheses simulta-
neously without any information about mg. Instead of fixing the error rate and then
estimating k, we propose the opposite approach to fix the rejection region and then

estimate «.

Storey (2002) suggested an updated version of FDR called pFDR, which is defined as
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the conditional FDR given that there is at least one rejection. pFDR protects false
discovery better than FDR since it is conditioned on the occurence of discovery. Let
FDR(t) denote the FDR when rejecting all null hypotheses with p; <t fori=1,...,m
For t € [0,1], let V'(t), S(t), and R(t) denote the number of {null p; : p; < t}, the num-
ber of {alternative p; : p; < t}, and V(t)+S(¢), respectively. In terms of these empirical

processes, FDR(t) = E[R‘(/(t) ]. Similarly, pF DR = E( |R( ) > 0).

Storey proposed a bootstrap-based algorithm to control FDR and pFDR. Similarly,
pFDR(\) is estimated by pFDR(A)(t) = WO;\Z {1—=(1—1t)"}. For B bootstrap sam-
ples of py, ..., pm, caculate the bootstrap esimates pFDR;b(b =1,...,B).

Form a 1 — « upper confidence interval for pF DR(t) by taking the 1 — «a quantile of the

~ *b
pFDR, (t) as the upper confidence bound. Since FDR is not conditioned on at least

one rejection occuring, we can set FDR)(t) = =, (53 =5 . Tibshirani et al (2001) develop

the software package SAM applying this approach.

Let’s look at the finite sample setting of m.

Theorem 1.2.1 If the p-values for the true null hypotheses are independent and have
uniform distribution, E{pFDR,(t)} > pFDR(t) and E{FDR(t)} > FDR(t) for all
t and .

FDR\(t) and pFDR,(t) is a conservative point esimate of FDR\(t) and pFDR,(t),

respectively.

Storey (2002)

Theorem 1.2.2 If the p-values corresponding to the true null hypotheses are
independent, then, for A > 0, FDR{(to(FDR,} < (1 — A™™)a < a.

Storey et al. (2004)

Hence, the thresholding procedure using I’ DR,\(t), which is a family of conservatively

biased estimate of F'DR(t), controls the FDR at prespecified level « in the strong
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sense. So, the goals of the BH procedure and this procedure can be met with this one

family of estimates.

Now, let’s look at the case when m is large. For large m, the assumption of
independence can be weakened to ”weak dependence”. The following three

assumptions are needed for large m results.

limmﬁm{%} = Go(t),limmaoo{%} =G1(t) a.ste(0,1] (1),
1
0<Go(t) <t ,te(0,1]; (2),
limy, o™ =T (3).

where Gy and G are continous functions.

1—Go(t)  1-Gi(t)

FDR; (t) ={ Tt

7T1}G0(t>/{7TOG0(t) + 7T1G1 (t)}

This is the pointwise limit of FDRy(t) under the assumptions (1)-(3)Storey et al.
(2004).

Theorem 1.2.3 Suppose that the convergence assumptions of equations (1) — (3)
hold. For each 6 > 0,

Limyocin fr=s{ FDRy — FDRA(1))} > 0 and limy, .oin fi>s{ FDRy — 5302} > 0
with probability 1.

Storey et al. (2004)

Hence, an estimate of F'DR(t) proposed in Storey (2002) a conservative estimate of
the error rate over all significance regions simultaneously in the asymptotic setting.
Thus, the goals of the traditional sequential p-value method and a new method are

equivalent.

Let’s investigate the statistical properties of the pFDR. First, under the assumption
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that the test statistics have a random mixture of the null and alternative
distributions, the pFDR can be restated as a simple Bayesian posterior probability as
shown below. Second, these properties remain asymtotically under general conditions,
even under certain form of dependence in that the realizd V/R, the FDR, and the
pFDR all converge to the Bayesian form of the pFDR simultaneously over all
significance regions. Third, the pFDR can be used to define the ¢-value, a natural
pFDR analogue to the p-value.

For an observed statistic T' = t, the g-value of ¢ is defined as

q(t) = infir, . teray{pFDR(T,)}. In words, the g-value is a measure of the strenth of
an observed statistic with respect to pFDR. The ¢-value is ”posterior Baysian
p-value”-the minimum posterior probability H = 0 over all significance containing the
statistic. Fourth, the pFDR has a connection to classification theory, and the set of
Bayes rule can be used to minimize (1 — w) - pF DR+ w - pF N R, where the pFNR is
the natural counterpart to the pFDR,where pFNR = E[|W > 0].

We have shown that in both finite sample and asymptotic settings, the goals of two
approaches are equivalent. Using this new approach, we reject a greater number of
hypotheses while controlling the same error rate as the Benjamini and Hochberg
(1995) method, which leads to higher power. If the number of tests is large, it’s
appropriate to tolerate more than one false rejection provided the number of such
cases is controlled, therefore increasing the ability of the procedure to detect false null
hypotheses. E.L.Lehmann and J.P.Romano (2005) derived single-step and stepdown
k-FWER procedures, controlling the probability of k£ or more false rejections, without
any assumptions about the dependence structure of the p-values Lehmann and

Romano (2005).

Theorem 1.2.4 For testing H; : P € w;, 1=1,...,m, suppose p; satisfies the

following: P{p; < u} <wu for any u € (0,1) and any P € w;. Consider the procedure
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that rejects any H; for which p; < ka/s. This procedure controls the k-FWER, so that
P{p; <u} > P{X € S;(u)}. holds. Equivalently, if each of the hypotheses is tested at
level ka/s, then the k-FWER is controlled.

Theorem 1.2.5 (i) Let the a; be given below.

ka i S k
m

ka .
m—+k—1i i>k

For any i > k there exists a joint distribution for pi,...,ps such that m + k — i of the

p; are uniformly distributed on (0,1) and the following holds.

P{pay < a1,p@) < g, .., D1y < i1, D) < i} = a

(i1) For testing H; : P € w;,i = 1,...,m, suppose p; satisfies the following:

P{p; <u} <wu foranyu e (0,1). Let oy < g < -+ <y be constants. If pay > ax,
reject no null hypotheses. If hatpay < aq, ..., pe) > o, reject hypotheses

Hqy, ..., Hyy. For this stepdown procedure with «; , one cannot increase even one of
the constants o; (for i > k) without violating the k-FWER.

Lehmann and Romano (2005)

Lehmann and Romano (2005) proposed one stepdown procedure to control the FDP
under mild conditions on the dependence structure of p-values. pq, ..., ps denotes the
p-values of the individual tests. Also let g, ..., ¢y denote the p-values corresponding
to the |/| = [/(P)|ture null hypotheses. So ¢; = pj,, where ji, ..., jj correspond to
the indices of the true null hypotheses. Also let #y,...,7,_|; denote the p-values of

the false null hypotheses.
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Theorem 1.2.6 Assume the following condition: P{q; < u|f1,...,7s_ 11} < u, the
stepdown procedure with c; given by o = % controls the FDP in the sense that
P{FDP >~} < a. They also proposed more conservative stepdown methods without

any dependence assumptions.

Lehmann and Romano (2005)

Lehmann and Romano constructed stepdown procedures to control the FDR with a

dependence assumptions on the joint distribution of the p-values.

Theorem 1.2.7 For testing H; : P € w;,e = 1,...,s, suppose p; satisfies

P{p; <u} <wu for any u € (0,1).Consider the stepdown procedure with constants
af = mm{%, 1} and assume the condition P{q; < u|ty,...,7s_ i} < u. Then
FDR < a.

Lehmann and Romano (2005)

1.2.5 Recent Proposals For DNA Microarray Experiments

Let us review the recent proposals for DNA Microarray Experiments. Golub et al.
(1999) proposed neighborhood analysis for identifying genes that are differentially
expressed in patients with two types of leukemias: acute lymphoblastic leukemia

(ALL) and acute myeloid leukemia (AML). The authors computed a test statistic ¢;

T1;—T2;

for each gene, t; = e

where 7; and s;; denote the average and standard
deviation of the expression measures of gene j in the class k = 1,2
samples,respectively. Golub et al.used the term neighborhood to refer to sets of genes
with test statistics T} greater in absolute value than a given critical value ¢ > 0, sets
of rejected hypotheses {j : T; > ¢} or {j : T; < —c}. The ALL/AML labels were
permuted B = 400 times to estimate the complete null distribution of the numbers

R(c) =V(c) = > 7L, I(Tj > c) of false positives for different critical values c.

However, there are some limitations in this approach. Golub et al. did not provide
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further guidelines for selecting the critical value ¢ or discussion of the Type I error
control of the procedure. The error rate controlled by this analysis is in fact a p-value
for the number of rejected hypotheses under the complete null,

G(c) = Pr(R(c) > r(c)|HS). A critical value c is selected to control this unusual error
at a preassigned nominal level a.. G(c) is not, in fact, decreasing overall and there
may be several values of ¢ with G(¢) = a. Dudoit, Shaffer, and Boldrick
(2002)considered a step-down and a step-up version of neighborhood analysis in order
to handle the monotonicity of G(c) and they derived corresponding adjusted p-values.
Since neighborhoood analysis is based on the distribution of order statistics under the
complete null, this analysis controls the Type I error rate in the weak sense. The
step-down version controls the FWER weakly, whereas the step-up analysis does not

control any error rate.

We consider the Significance Analysis of Microarrays. The earlier version of SAM
procedure (Efron et al.,2000) and Tusher, Tibshirani and Chu (2001) version of SAM
procedure seems very similar. SAM procedure from Tusher, Tibshirani and
Chu(2001).

1. compute a test statistic ¢; for each gene j and define order statistics £(;) such that
by 2t 2 o)

2. Perform B permutations of the response/covariates yi, ..., y,. For each
permutation b compute the test statistic ¢;; and the corresponding order statistics
tayy > t(2),0 > - -t(m),b.

3. From the B permutations, estimate the expected value(under the complete null) of
the order statistics by ¢y = (1/B) >, t(j)e-

4. Form a quantile-quantile plot of the observed #;) versus the expected L(j)-

5. For a fixed threshold A, let

Jo=maz{j : ;) = 0}, ji = maz{j < jo : t; — ;) = A} and
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g2 = man{j > jo : ty — by < —A}. All genes with j < jy are called significant
positive and all genes with 7 > jo are called significant negative. Define the uppper
cut point, cuty,(A) = min{t;y : j < ji} = t(,), and the lower cut point,

cution(A) = max{ty) : j > jo} = t;,). If no such ji(ja) exists, set

cutyy(A) = oo(cutipy(A) = —o0).

6. For a given threshold A, the expected number of false positives, PFER, is
estimated by computing for each of the B permutations the number of genes with ¢;,
above cut,,(A) or below cut;n,(A), and averaging this number over permutations.

7. A threshold A is chosen to control the expected number of false positives, PFER,

under the complete null, at an acceptable nominal level.

The only difference between the latter version of SAM and standard procedures which
rejects the null H; for [¢;| > c is in the use of asymmetric critical values chosen from a
Q-Q plot. Otherwise, SAM does not provide any new definition of Type I error rate
nor any new procedure for controlling this error rate. However, there are number of
problems linked to the implementation of the Tusher, Tibshirani and Chu (2001)

SAM procedure.

1.2.6 Classification Of Genes

There are various clustering techniques of the genes which has their own issues. First,
various clustering algorithms produce different sets of clusters. There is not a
standard criterion or algorithm for choosing a cutoff point for a dendrogram. Second,
a more fundamental issue is which samples will be clustered in the first place, and on
which genes (for example, whether or not to include control samples). Third, the
difficulties are inherent in not only assessing cluster reliability, but also determining
the number of clusters. As a typical statistical clustering method, k-means method

are not flexible: It is not effective for handling different within-variations (variations
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within each cluster) and for finding outliers. For these problems, a model-based
clustering method using a normal mixture model and a well-conceived penalized
likelihood was proposed Fujisawa et al. (2004). Ridge regression, Principal
components regression, and Partial least squares regression which are regularized
regression models were proposed to deal with classification problems in gene
expression studies Ghosh (2003). These regression procedures were used to classify
the genes with the optimal scoring algorithm. A combination of the results across
several microarray experiments helps to gain significant increases in power of

identifying differentially expressed genes.

1.2.7 The Chen-Stein Method

The following method may be a useful tool to approximate a distribution to the
Poisson distribution. Arratia, Goldstein and Gordon (1989) verify the following
theorem. Write £(Y") for the law of Y.

One may write ||£(Yy) — L(Y1)||=2supa|P(Yy € A) — P(Y; € A)|=2minP (Y, # Y1).
For each a € I, let X,, be a Bernoulli random variable with p,=P(X, = 1)> 0. Let
W =3 ,c;Xoand A = EW. Z is denoted as a Poisson random variable with the

same mean as W. For each a € I, we choose B, C I with o € B,,. Define

bl - Z Z PaPgs,

a€el ,BEBa
b =2 D Pas
a€l a#PEBy
and by =Y E|E{Xo — palo(Xs: B & Ba)l,
acl

where p,s = E[X,Xg|. In applications where X, is independent of the collection
| X5 : B ¢ B,l, the term b3=0.
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Theorem 1.2.8 ||[L(W) — L(Z)|| < 2(by + by + b3)
Arratia et al. (1990)

1.3 Overview of Research

This dissertation was motivated by high-dimension low-sample size perspective for
identifying differentially expressed genes among thousands of genes. It involves
defining an appropriate multiple testing procedure with the associated test statistics
for each gene. The traditional approach to the multiplicity is familywise error rate
(FWER), but it is known to be unduly conservative. As stated before, false discovery
rate (FDR) is the better procedure in the microarray setting and genomic sequence,
in that we are interested in detecting as many differentially expressed genes as
possible. Main concerns are to estimate the underlying null distribution of test
statistics, that is, genes. Many researchers tried to oversimplify this distribution
under independence or restrictive dependence structure among the genes. Or they
have exploited unfeasible conditions under which central limit theorems apply,
resulting in too much restrictive mathematical assumptions. It is natural that we
don’t know the real dependence structures among the genes. Besides, the assumption
among the genes has been a practical issue and checking this distributional
assumption in a whole genomic study may not be easy. In these sense, we use false
discovery rate procedure to overcome these difficulties. The Chen-Stein method
addressed in section 1.2.7 plays a fundamental role in deriving an appropriate false
discover rate. This theorem presents alternative limit theorems and its ramification
wherein Poisson approximation for more general dependent sequences. This is
attainable under mild regularity conditions regarding the dependence of the genes:

the classification into two subsets of non-differentially expressed genes and
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differentially expressed genes crucial to sort plausible dependence patterns out. A
suitable false discover rate procedure must provide the exact estimation of true FDR

and attain better power than other procedures.

Developing this false discovery rate in the high dimension low sample size data in
miroarray experiment is discussed in Chapter 2. First, the first-stage FDR procedure
is derived and then we take another testing procedure to this procedure. This
procedure is designed to minimize V and maximize S in FDR. We do not estimate a
smaller false discovery rate than truly exists. In Chapter 3, we address the complexity
of high-dimension categorical genomic models that the full multisample,
multi-dimensional multinomial law may not be reasonable. The categories are not
even ordered, and a stochastic ordering may not be applicable. Diversity measures
such as the Hamming distance can have stochastic ordering. But individual statistics,
even coordinatewise ones, based on Hamming distance do not have a known null
hypothesis distribution. In these sense, we use jackknife variance estimation and
permutation distribution to construct some permutation tests. A pseudo-marginal
approach based on these facts is used to construct an appropriate marginal test
statistics. For the problem of small sample size along with discrete p-values, we
simulate the permutation distribution of this marginal test statistics and use the
exact permutation theory. In Chapter 4, we develop two nonstandard robust methods
to classify genes in order-restricted inference and small size perspective, without
assuming a linear or any specific nonlinear form that other researchers have used.
One method is to construct a locally most powerful test statistics using a suitable
rank scores, instead of deriving a uniformly most powerful test statistics which is not
feasible in our studies. Gene expression data usually has many outliers, and is highly
probable to be noisy. The small sample sizes results in unreliable estimation of

variance. Because of the large number of genes and small number of arrays, and
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higher signal-noise ratio in microarray data, traditional approaches do not work
properly. For these reasons, we propose the test statistics for each gene based on
robust M-estimator insensive to outlier arrays. Union-Intersection principle is used to
construct these test statistics. However, such tests are in general conservative. The
locally smoothed Kendall’s tau statistics is also illustrated in microarray study with
continuous responses. In Chapter 5, numerical studies are conducted assessing
proposed false discovery rate and the associated test statistics. Most of the researchers
have evaluated the performance of their FDR procedures only, not comparing with
other procedures. They have neglected a numerical study with application to real
data example. In this chapter, our numerical studies present simulated data as well as

three real data examples, by comparing with other conventional procedures.
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CHAPTER 2

FALSE DISCOVERY RATE IN
MICROARRAY STUDIES

2.1 Dependence structures among tested genes

2.1.1 Introduction

DNA microarrays have been used for monitoring expression levels of thousands of
genes simultaneously and ultimately, selecting differentially expressed genes: Multiple
hypothesis testing of thousands of gene expression levels under different experimental
conditions. As stated before, one wish to find as many differentially expressed genes
as possible. In these senese, FDR has been mostly used in microarray studies rather
than FWER. However, high correlation structures between test genes due to the gene
coregulation patterns and dependency in the measurement errors has been a great
concern in developing an appropriate FDR controlling procedure. Ignoring complexed
correlation structures among tested genes results in increase of the variability of the
FDR estimate, which inevitably misses a large portion of the informations produced

by a microarray experiment.



Mostly, current FDR controlling procedures developed thus far control the FDR
under independence or positive regression dependence using MT'P, property or do not
exploit the joint distribution of the test statistics, resulting in unduly
conservativeness. This motivates us to find out another approach to account for more

general dependence structures.

Most of the FDR controlling procedures in microarray data focused on estimating an
underlying null distribution of genes (or test statistics). This required a rather
restricted dependence assumption among thousands of genes. In fact, correlation
structures among tested genes (or p-values) is still unknown. This motivates us to
take into account that test genes might have more general dependence structures.
They have assumed some regularity conditions under which central limit theorems
may work. Unfortunately, without some knowledge of any positional ordering of the
genes, it was hard to find these conditions. For these reason, we propose a new
approach to false discovery rates, which directly estimate the distributions of V and
R, accounting for more general dependence structures among tested genes. One
fundamental property underlying the analysis of microarray data is that p-values from
non-differentially expressed genes, the null hypotheses are uniformly distributed on
(0,1) (Casella and Berger, 1990). There are another two assumptions behind our
model: the classification into two subsets of non-differentially expressed genes and
differentially expressed genes. One important assumption is that any correlation
between a non-differentially expressed gene (a null hypothesis) and a differentially
expressed gene (an alternative hypothesis) appears to be negligible. The other
important assumption is that any correlation between non-differentially expressed
genes is small. Non-differentially expressed gene expression levels having
stochastically small expression levels may not have significant interaction among

themselves as well as differentially expressed genes. On the other hand, stochastic
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dependence among differentially expressed genes may be significant. Incorporating
these fairly milder regularity conditions, this problem motivates us to utilize
alternative limit theorems by the Chen-Stein theorem where Poission approximations

for more general dependent sequences are allowed.

2.1.2 Model

Consider a DNA microarray expression data on large m genes, of which my is the
number of non-differentially expressed genes and m; is the number of differentially
expressed genes. 't is assumed to be close to 0 ,that is, m; may not be small.
Numerous false positives are due to the large number of non-differentially expressed
genes. There is a null hypothesis H; for each gene ¢ and rejection of H; corresponds to
declaring that a gene i is differentially expressed. For each hypothesis H;, a test
statistic T; is calculated with the corresponding P; = Pr(|T;| > t;). Let V,,, denote the
number of genes among the m, genes erroneously rejected, .S,,,, the number of genes
among the m; genes, declared to be differentially expressed and R,,, = Vi, + Sm, be
the number of genes rejected by a procedure. Let «,, denote Pr(a non-differentially
expressed genes will be errorneously rejected), for example, o, = <. Let o, denote
Pr(a differentially expressed gene will be declared to be differentially expressed), for

A

example, of, =1 — (1 — )", @, is assumed to be greater than a,.

2.1.3 Distributions

Theorem 2.1.1 V., S,,,, and R,,, follow Poisson distribution with rates fim,, Am,

*
m?’

and py, , respectively, where iy = Mg * Qumy Ay = My - gy, and

* *
Hong = M0 * Qi 1M1 - Oy
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The theorem follows from the Chen-Stein methods, whose proof is given in Appendix
A. For this theorem to hold we must use the two assumptions described above. In
fact. if two variables are Poisson variables, it is obvious that given the sum of two
variables, one variable has Binomial distribution. The following elementary corollaries,

whose proof is omitted, incorporate the distributions we need for deriving the FDR.

Corollary 2.1.2 V,,,, giwen R,,, =, follows Binomial distribution with r and

Hmg moQm
Hing moam+(m—mo)ag, *

Corollary 2.1.3 S,,, gwen R,,, = follow Binomial distribution with r and

1 — Bmg (m—mo)a,

Wing moom+(m—mo)asy, *

2.1.3.1 FDR

Using the distribution results above, we prove the following theorem giving an explicit
expression of FDR. We consider the large m case in that data of interest is

high-dimension (large m) genomic data.

Theorem 2.1.4 FDR = —2—~—(1 — exp(—(ma, +mi(a, — an)))

g (o)

Proof.
[Proof of the Main Theorem]

Vimg
FDR = E( [Rmg > 0) - Pr(Rmg > 0)
Rmo
T Ving
= > E[ |Rmg = 7] Pr(Rmg = 7|Rmg > 0) - Pr(Rmg > 0)
=1 fmg
m o1 exp(—pom ) (B )"
= S c . Hmo TR ImolTM0l (R > 0) - Pr(Rmg > 0)
-

] Hing !

5
Il

Hmg *
= — (@ —exp(—pp,))
mq
moo
= o (1 = exp(—(moam + (m — mo)al,)))
moam + (m — mg)ak,

= ———— (1 —exzp(= + *
L, (7 ceptmam e, = am))

mQo "t m
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In fact, as m goes to infinity, m;(a, — a,,) becomes small but ma,, becomes large.

exp(—(mau, + mi(aj, — o)) goes to 0. The ratio 72 - z_m(: 2&> is much larger than
m mO
1 *
g (o)

becomes much smaller. Hence, FDR is controlled at prespecified level o , where

1. Since the dominating term becomes much smaller than 1, the FDR

O0<a<l.

2.1.4 Stochastic ordering

In this section, we prove some elementary stochastic ordering results for FDR and
FNR. These results are used to prove the monotonicities of FDR and FNR. Let
Ving—1, Smy+1, and R,,,—1 be the number of genes among the my — 1 genes erroneously
rejected, the number of genes among the m; + 1 genes, declared to be differentially
expressed and the number of genes rejected by a procedure, respectively after a
non-differentially expressed gene becomes infected to a differentially expressed gene.
Let Fy,, , Fs,, ,and Fg, denote the distribution functions of Vi, Sim,,and Ry,

m,

respectively. Likewise, Fy, ., Fs, .., Fg, _,denote the distribution functions of

Vino—15 Smy+1, and Ry, _1, respectively. In fact, the relationship between V,,,_; and

Vino 1s defined based on the probability a,.

Pri{Viy,1=v—=1|Vy, =0} =Pr{P, < cyt=a,,, i=1,2,...,mo.

Pr{Vig-1=0|Viny =0} =Pr{P, > co} =1— 0, i=1,2,...,mg.
Theorem 2.1.5 V,,, > V,, ;.

Proof.
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[Proof of the Main Theorem]

Fyyr = Pr(Vipg-1 <v)
= BE(I(Vyy_1 <))
= E(E(I(Vimg—1 < 0)|[Ving = Upmg))
= @uB(I(Viny =1 < 0)) + (1 = ) E(I(Viy, < 0)))

= anly,, (v+1)+(1— am)FVmo (v)

vaofl(v) — vao(v) = aply, (v+1)+(1 - am)FVm071<U) — vao(v)
= an(Fy,,(v+1) = Fy, (v))

= Q- Pr(Vy, =v) >0, v > 0.

By the relationship between cumulative distribution function and stochastic ordering,
we can prove

Fy,.,

> vao—l <~ Vmo > 5t Vmo—l-

Similarly, there is a relationship between S,,,+1 and S,,, is defined based on the

probability a .
Pri{Sm,s1=s+1|Sn, =s} =Pr{Pi<c,}=a), i=mog+1,...,m

Pr{Sm,s1=58|Sm, =s} =Pr{Pi>c,} =1—a), i=mg+1,...,m.
Theorem 2.1.6 S,,, .1 > S,

Proof.
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[Proof of the main theorem]

FS = Pr(Smri-l S S)

== E<I(Sm1+1 S 3))
= E(E(I(Sml—H < 3)|Sm1 = Sml))
= a  E(I(Sm, +1<8))+ (1 —a’)EI(Sp, <5)))

= aFs, (s = 1)+ (1 - a;)Fs,, (s)

Fs, .(s)=Fs, (s) = Fs, (s)—apFs, (s=1)—(1—ay,)Fs, (s)
= o, (Fs,, (s) = Fs, (s — 1))

= ay, -Pr(Sm,, =s—1)>0, s>1

The corollary 2.17 directly comes from theorem 2.16, whose proof is omitted.
Corollary 2.1.7 S,,, 1 < S,,, +1

Proof.

Fiys,,(s) = Fs,, .,(s) = 1=Fs, (s—1)—(1-0a;,Fs, (s—1)—(1—-a;,)Fs,, (s))
= —Fs,, (s)+an(Fs,, (s—1)+ (1 —ap,)Fs,, (s)
= (ap, = 1) Fs, (s=1)+ (1 —ap,)Fs, (s))

= (1-—a},)Pr(Sym, =s—-1)>0, s>1

The relationship between R,,,_; and R,,, is defined in terms of both «,, and o, in
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the following theorem.

Pr {Rmo—l = T\Rmo =r}

= P'r(VmO_l =7, 8m1+41 = 5|Vmng =v,Sm; = s)

+ Pr(Vm0,1:v71,5m1+1 =5+ 1Vimg =v,Sm; =)

= Pr(Smy+1 = 8|Vimg—1 =0, Vimg =v,Sm; =3) - Pr(Vimg—1 =v|Vimg =v,Sm; =)

+ Pr(Smy41 =5+ 1Ving—1 = v — 1, Ving = v, Sm; = 8) - Pr(Ving—1 = v — 1|Ving = v, Sy = 5)

(I —ap) (1—am)+tay, am

* *
1—am—a,, +2a,  amn

Pr {Rpyy—1 =7+ 1Rmg =1}
= Pr(Ving—1 =, Smy41 = s+ LVing = v, Sm; = o)
= Pr(Smy+1 =5+ 1Vimg—1 =v,Vmg =v,5m; =3)  Pr(Vimg—1 =0|Vimg =v,Sm; =s)

= (-oam) oy

Theorem 2.1.8 R,,,_1 > R,

Proof.
[Proof of the main theorem]

Frpg 1 () ~Frg, ()

= 1— (1= am — o, +2a, - am)FRmO (r) — (1 — o) - O‘:nFRmO (r—1)—1 +FRmO (r)

= (1 —am) - afn(FRmU (r) — FRmO (r=1)+ 1 —oay)- amFRmO (ry>0, r>1

Like Ving, Smys and Ry, Ving—1, Smy+1, and Ry,,—1 follow Poisson distribution with

rates (mo — 1)ayn, (mq + 1)ag,, and (mg — 1), + (mq + 1)a,, respectively.

2.1.5 Monotonicity property of FDR

By using stochastic ordering, we can prove the following theorem.

Theorem 2.1.9 FDR is a monotone decreasing function of m;.
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Proof.

Given R,,, > 0 and R,,,—1 > 0,

Vmofl _ Vmo + (Vmofl - Vmo)
Rmo—l Rmo + (Rmo—]. - Rmo)
V,
<st mo
Ron
Vm -1 Vm
E(—/—R,,,—1>0) < E(—%|R,,, >0
(2 R 0) < B2 Ry >0

v, : : : . :
E(7*|R,,, > 0) is a nonincreasing function of m;. Since o, = am,
mo

Pr(Rmo-1 > 0) = Pr(Rm, > 0) = exp(—pi,,) - [1 — exp(=(oz, — am))] =0

2.1.6 FNR

We will derive in this section an explicit expression of FNR analogous to that of FDR.

Ty
FNR = B(-"Y|Amg > 0)- Pr(Am, > 0)
Amg
mi — S
= BE(———"L|Rmy < m) - Pr(Rmgy < m)
m — Rm
m—1
mi — S Pr(R, =r
= Z E[ ! i ‘R7n0 =r]- ( ™0 ) 'PT(RTY'LO < m)
=6 Rm Pr(Rm, < m)
m—1 * * ™
1 exp(—tm o) (Bmg)
= Z s [ma — E(S’NLl ‘Rm,o =) #
— m—r r!
r=1
"”il 1 [ (m — mg)ay, EIP(*N:n())(l—L:nO)T
= S[my — - .
1 m-r moam + (m — mg)ak, r!

2.1.7 Monotonicity property of FNR

Making the similar arguments as we made before the monotonicity property of the

FDR, we notice the relationship between FNR and m;.
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Theorem 2.1.10 FNR is a monotone increasing function of my.

Proof.

Given m — Ry, > 0and m — Ryp—1 > 0

mi +1—Sm1+1 _m +1 _Sml +(1+Sm1 —Sm1+1)

m— Rmo—l m— Rmo - (Rmo—l - Rmo)

where Ry,,—1 >st Ry, and Sy, 41 <st 1 4 Sy -

my+1—Sn,+1 Sst M1~ S

m—RmO_l m—RmO
my+1—Sn+1 mi — Sm,
E R E(——|Rp,
(LT Ry < m) > B R, < m)
Pr(Ry,, <m) = 1—Pr(Rpy, =m)

1— ewp(—mo Qg — My - a;kn) ’ (mO CQup +my - a:n)m

m)!

Pr(Rpmo—1 <m) —Pr(Rp, <m)

exp(—mo - o —m1 - agy,) - (Mo - Qo + My - )"

m)
B exp(—(mo—1) - —(mp+1)-a,) - ((mp—1) - ap+ (m1+1) - a,)™
m!
< exp(—mo - ay, —my - i ) (1 —explay, — ) - ((mo — 1) -y + (my + 1) - )™
- m!
~ 0

2.2 Two stage FDR procedure
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2.2.1 Introduction

In last section, we find out the strategy to allow for more general dependence
structures among tested genes. Researchers are aware of high rate of false positives in
microarray data studies. Many small microarray studies has reported the large FDR
problem. We propose two-stage procedure to add the first stage FDR derived in last
section to another testing procedure. This leads to not only minimize the FDR level
but also increase power. We still have two great concerns involved in developing an
appropriate FDR procedure. For FDR estimation purpose, we don’t want to report a
smaller false discovery rate than truly exists. On the other hand, FDR procedure
must be controlled at preassigned level a. Optimal FDR procedure maximizes the
expected number of true positives (S) for each fixed level of expected false positives
(V), which ideally corresponds to better estimate of false-discovery rates (estimation)
and minimized false positives and false negatives (Power) Storey (2007). We develop
proposed FDR procedure to achieve these goals. We will show stochastic ordering
thoroughly in this section. The number of rejected hypotheses, R, the number of
accepted hypotheses in favor of the alternative, the number of true null hypotheses
my turn out to be stochastic in nature. It is feasible only when data are continous.
However, for the categorical models, another techiniques will be needed. We will

investigate this case in details in Chapter 3.

2.2.2 Model

Consider the following two-stage FDR procedure. There is a null hypothesis H; for
each gene 7 , with the corresponding alternative hypothesis H{ and rejection of H;
corresponds to declaring that gene i is differentially expressed. For each hypothesis
H;, a test statistic X; is caculated with the corresponding P, = Pr(X; > x;) for a

right-tailed test.
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Stage 1: Hy: (-, H; vs Hy : J*, Hf.

Let ay,, = Pr(P; < C,, i=1,...,mgp) denote Pr(a underexpressed gene will be
errorneously rejected at the first stage), for example, a1, = <. Let

o, = Pr(P,<C,, i=my+1,...,m)denote Pr(an overexpressed gene will be
declared to be differentially expressed at the first stage), for example,

ai,, =1—(1—a,)* ai, is assumed to be greater than ay,,. Assume that the P/s
are uniformly distributed among the mg genes. Let Vi) denote the number of genes
among the mg genes erroneously rejected, Si(n,) the number of genes among the m;
genes, declared to be differentially expressed and Ri(mg) = Vigme) + Si(m,) be the
number of genes rejected by a procedure. There is a Type I error that inactive genes
are declared to be active genes.

Stage 2 : Among the set of genes not rejected at the first stage,mg — Ri(n,) genes,
repeat performing the same testing procedure with different critical values. Let

agm = Pr(P; < C:|P, > C,, i=1,...,mp) denote Pr(a underexpressed gene will be
errorneously rejected at the second stage), for example, ag, = <. Let

as. = Pr(P,<C:P,>C,, i=my+1,...,m) denote Pr(an overexpressed gene
will be declared to be differentially expressed at the second stage), for example,

g =1—(1—ag,)*. aj, is assumed to be greater than aw,,. Assume that the P/s
are uniformly distributed among the mg — Ry(,) genes. Let Vi) denote the number
of genes among the mgy — Vi(,,) genes erroneously rejected, Sy, the number of genes
among the m; — Si(n,) genes, declared to be differentially expressed and

Ro(me) = Va(me) + S2(m,) be the number of genes rejected by a procedure.

2.2.3 Distributions

Making the same arguments in the previous section, using the Chen-Sten method, we

derive V, S, and R at both stages.
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Theorem 2.2.1 Vi), Sigmy), and Ry, follow Poisson distribution with rates
H1(mo)s M(my)s and [y, . respectively, where fii(me)(= mo * @1m), Aimy) (= ma - a3,,),
and u’l‘(mo)(: mo - G +my - af,,).

Similarly, Vaime)s S2(my)s and Roimg)y » g10en Vigg)s Sigmy), and Riyg) .follow Poisson
distribution with rates fa(mg), A2(my), and u;(mo), respectively, where

Ha(mo) (= (M0 = Vigme)@2m), Aomy) (= (M1 — S1my))5,,), and

*

() (= (Mo = Vimg))a2m + (M1 — Si(my))03,,)-
The corollaries are directly proven by the theorem above.

Corollary 2.2.2 Vi), given Ritn,) = r1, follows Binomial distribution with vy and

Hi(mg) __ moQim

,u’{(mo) moaim+(m—mo)aji,,

Corollary 2.2.3 Si(,,) given R, = 11 follow Binomial distribution with ry and

1— Hi(mg) __ (m—mo)aj,,
ph moaim~+(m—mo)aj,, ’

mg)

2.2.4 FDR®

Using the distibutional settings of V., S, and R at both stages, we get an explicit form
of the FDR. It is important to note that FDR® is a little bit smaller than the FDR

in section 2.1.2.1. Analogous to the FDR, we derive two stage pFDR in the theorem.

Theorem 2.2.4 FDR? = L
1+m1(a1m'5 2mta3 )
mo(a1m-e*2m +agy)

Proof.
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[Proof of the Main Theorem]|

Vi(mg) T V2(mg)
FDR® = p(p(—2lmo) ™ "2(mo) |y, — w1, Sy = s1)IR >0)- Pr(R > 0)
R1<m0) +R2<m0) 1(mgq) 1(my) 1(mg) 1(mgq)

Vi(mg) T Va(mg)

= B(—% =0 R (1) > 0) - Pr(Ry(my) > 0)
Bi(mg) T B2(mg) © °

m

= E
=1 Bi(mg) T B2(mg)

Vitmg) T Va(m
M‘Rl(mo) =71) Pr(Ri(mg) = r1lR1(mg) > 0) - Pr(Ri(mg) > 0)

- Vigmg) T V2(mg)
= B(—"00 20 Ry (4, 0y = 71) - Pr(Ry =r; >0)
=1 Biamg) + Ba(mg) (mo (mo)

m mg  mg m

= X X X

r1=1v1=0v5=0ra=0 B1(mg) T B2(mg)

Vi(mg) T Va(m
o) £ 20D pr(vy () = 01 Vagmg) = Vas Bagg) = 72l Ri(mg) = 1)

Pr(Rq(m =r
X PrBiimg) = 1) - Pr(Ry(mgq) > 0)
Pr(Rl(m,O) > 0)

I Vi(mg) + Va(mg)
Ry(mg) + R2(mg)

In fact, R = Ri(m,) + Ragme) is always positive in this FDR formula due to two stage
rejection procedures. The distribution of Vi(,,) + Vagm,) is as below.

Pr(Vimg) + V2(mg) =) E(Pr(Va(mg) =v = v1Vi(mg) = v1))
= 2 P Vi) D P Vg Vi gy U 7 0D
P

v . vy _ . v—vy
= 3 eTmoeim. (mo - a1m)™  —(mg—vy)an,, | (M0 —v1) o2m)

v1=0 v1! (v —wvp)!
v vl Ll _ v—vy
= Z e~mo (@1m+agm)  gaam w1 Mo Fim ;71’1 (mo = v1)
m
vy! (v — vy)!

v1=0
—mo-(a1m+agm)
e S (@1me2m) (1 = Z1)rTUL
! mo

—mo-(a +a v
B v e 0 (a1mtagm) v v=vr — (zr—vl)ln(lfﬁ)
= mq Y Ao aime e
v v 0
_ v v—vq [e% v v—wv1)g(v
= my- ay 1 (ag,e®2m) 1 1)9(v1)

v!

—mo-(a1m+tagm)

>
e—mo (@1mta2m) XU: (U
1=0 V1

(a2 - €9 P1) TV (e @2m )V
v! v1=0 vy
—mo-(a1mtagm) v
= my- e Mo imTTam ] ”) 299UV (1 _ 9)YT . (a4 agme®2m)?
v! —o \v1
o
=m0 (a1m+aam)
= mf§ ————————— B (azm + arpme®2m)?
vl
N e—mo (x1m+a2m) 1 a1me®2m g
= mor——— (- o amm  armeazm ) (e2m + arme )
e—mo (@1mto2m) 1 a1me®2m
= — (1= —  —— ). (mo(aam + a1me™2m))?
v! mo  gm + opme*2m
where § = —22m ____ The distribution has the form of Poisson distibution with
a2mta1me“2m
: — 1 __oime®2m
rate mg - (1, + Qom), except for the second term (1 — - - —me=r ),
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The distribution of Si(n,) + Sagm,) is as below.

Pr(Si(my) + S2(mq) =) E(Pr(Sz(mq) =8 = s11S1(mq) = 51))

= ZOPrsl(ml)(Sl)PTSQ(ml)\sl(ml)(S*51)

s1=
s . ma - ot )51 N i — 1) - ok )5—51
_ Z e~ M0 Xy . (m1 Tm) we—(mo—s1)az,, | (m 1) 3m)
s51=0 s1! (s — s1)!
s S1 %51 o ys—s1
= 3 emelntadn) odner . T Cm g (emep) (M1 2 )7
m
31:0 Sl’ (S - Sl)‘
—my-(af,+akm)
_ s € 1 1m 2m s *(v—vi) x _al s 1 S1 \s—sq
= M ] Xom (alpe )11 - —)
s! s1=0 s1 mi
—mq-(af +ad s s
s 3N g2 (5790 (ox o ye1 T eD)In( )
= ! : QXom (a1pme”2m) te
3 s1=0 ‘51
—my-(al,,+ad,,) s
e m m s *
— s #(s—s1), * _« s1 _(s—s1)g(s1)
= M | ( >a2'rn (appme™2m)le
s! s1=0 s1
—my-(af,,+ad,,) s
e m m s . _ «
_ . g(s1)ys—s *  a s
= m] (g ><a2 L e9( 1)) 1(a},, e*2m)s1
1

!
s s1=0
e ™M1 '(O‘Tm+°‘§m)
s!

e—m1- (o, +al )

_ s g(s1) * * ak s
= om0 CE(eT) - (o, +og,,e2m)
* * *
s e_ml.(alm+02m) 1 O‘Imea2m * * ak s
= —_——— (1 — — - ) (« + o e“2m)
my ol . . . ot 2m 1m
: L ag, taj,,e 2m
o * *
=1 (a b, . ol e@bm e e ek s
= —s' S(1 - 7m T . ar ) - (m1(as,, +aj,, e 2m))
: L ag, taj,,e 2m

a*
where ) = ——2»——.
O3y T e 2m

The distribution of Sy(mn,) + Sa(m,) has the form of Poisson distibution with rate
= L. _cipen
™ a3, o, e m

For convenience of notation, let Vi(y,y) + Vamme)be Vin, and Sign,) + Soim,) be S, .

my - (o, + a3,.), except for the second term (

Pr (Vmg + Smq =1)

r e—mo (a1mtazm) e—m1 (el tag,,)

2 * r—1
= ——— - (mo(a1m  €*2M o))’ ——————— - (mi(a],, - e¥2m 4 aj, )Y
=6 v! (r —o)!
*
1 a1me®2m 1 a¥ e%2m
x (1,7.’"70)4(1,7.1”170(*
mo  a2m + apme®2m mi ook +af, e¥2m

exp(—mo - (a1m + azm) —m1 - (af,, +aj,,))

r!
T *
X Z rCu - (mo(aim - ™2™ 4+ agm,))’ - ('m'l(aim ce2m 4 a;m)r—v
v=0
o
a 1 Qg e®2m ). 1 af,,e*2m )
x Y1 . -
mo  a2m + apme*2m mi ook +af, e¥2m

exp(—mo - (¥1m + @2m) —m1 - (af,, +a3,,)) 3
_ m m 1m 2m . (ml (a»{m 'ea2m + O‘Sm) + 'mo(Oélm . 6‘12717. + Oé2m))7'

7!
@9 * OL*
1 alme”Zm 1 aj,, e 2m
X (1**'7@)‘(1**'ﬁ
mo  a2m + apme®2m mi ook +af, eM2m
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The distributions of V,,,, and S,,, do not have the exact forms of Poisson distibution.
However, based on the distribution of V,,,, and S,,,, we can derive the conditional
distribution of V,,,, given V,,,, + S,,, = r and prove that it is a Binomial distribution
with r and p.

Pr (ero = U|V7n0 + S7n1 =r)
Pr(Vmg =v,8m, =7 —v)
Pr(Vmg + Smy =1)

exp(—mg-(x1mtogm)—my-(al,, +a3, ) ak
TT(r— o)1 (mo(aim - e“2m 4 agm))’(m1(aj,, -e*2m 4+ a3, )

exp(—mg-(a1mtagm)—mi -(ai‘_m+cx§,m))
!

)rfu

-
(mi(ag,, -e*2m +af )+ mo(aim - €¥2m + agm))”

* al
(1— L . _eame®™@m .y g 1 ofpe i
mo  aggytapme®2m my g, +ol 5
« m m
*
* @
(1- L. ayme®2m e 1 afme 2m
MmO agmtaimet2m ™1

PP
agmtai,e 2m

= (Z)p”(l -

where p= mo(Q1m €2m +azm)

1 (o € 2m 40, ) +mo(@1m-€22m +azm)
Based on the conditional distribution shown, we can derive two stage FDR as below.

B Viimg) T Va(mg) y = B Ving )
Ri(mg) + Ba(mg) Vimg + Smy
Vmo
Ving + Smy
Vg + Smy
Vimg + Smy

mo(Q1m - €¥2m + agm)

= E(BE( [Vimg + Smq))

= B

5
my(af,, -e*2m 4+ af )+ mo(aim - €¥2m + agm)
1

P S
ma(ay, e®Emtas, )

mq (a1 e 2m tagy,)

1+

In fact, oy, and of,, are estimated by max(Vi(mg)/Ri(me):Ca) a0 Si(my)/ Ri(mo)s

respectively.
Similary, Two stage pFDR is defined as follow.

V; + V&
pFDR = E(M‘Rl(m0)>o)
Rl(nLo) + R2('m0)
1
= /(1 — Pr(Ry =0))
1 mi (o, e*2m tag, ) o)
+ mq (a1 e 2m tag.y,)
1
= — /(1 = exp(—(mg - a1m +m1 - aly,)))
1 my(af e 2m4al )
T o (@im "2 Tagm)

43



2.2.5 Stochastic ordering

We can make the same arguments as done in section 2.1.3. Let Vi(n,—1), S1(m,+1), and
Ry (m¢—1) be the number of genes among the my — 1 genes erroneously rejected, the
number of genes among the m; + 1 genes, declared to be differentially expressed and
the number of genes rejected by the first stage procedure, respectively after a
underexpressed gene becomes infected to an overexpressed gene. Let

Va(mo—1)> S2(mi+1), and Ro(m,—1) be the number of genes among the mg — 1 genes
erroneously rejected, the number of genes among the m; + 1 genes, declared to be
differentially expressed and the number of genes rejected by the second stage
procedure, respectively after a underexpressed gene becomes infected to an
overexpressed gene. This stochastic ordering property supports the fact that the
increase in the proportion of the true null hypotheses (), the greater FDRs are and
the smaller FNRs are.

Let Fyl(mo), Fs, .., » and Fr, (m0>den0te the distribution functions of Vi(y), S1i(m,),and

D
R (m) Tespectively. Likewise, FV1<m0_1)> F S1my+1)? FRl(mO_l)denote the distribution
functions of Vi(m—1); Simi+1), and Ry(my—1), respectively. Similarly, Let FVQ(MO),

F, Sa(m,) and F 32(m0)denote the distribution functions of Va(mg); S2(m,).and Ra(m)
respectively. Likewise, FV2<m071), F. Sy 41 F RQ(mofl)denote the distribution functions

of Vaimo—1), S2(mi+1), and Ry(m,—1), respectively. We define oy, af,,, aom,and o3, in

terms of C, and C7.

Pr(P,<C,) = anm i=1,2,...,my

A% 1=mo+1,2,....m
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PT(Pi<CZ‘Pi>Ca) = Qgn 7::1727-"7777‘0

« .
= Q,, 1=mo+1,2,...,m

where C, and C are cutoffpoints of the first stage and the second stage, respectively.
In fact, the relationship between Vi(p,—1) and Vi) is explained by a1, and the

relationship between V5(,,—1) and Va(,,) is explained by agy,.

Pr{Vigmg-1) = v1 = UVi@me) = v1} = aim
Pri{Vigmy-1) = v1[Vigme) =1} = 1—oum
Pr{Va(my-1) = v2 = Va(mg) = v2} = 02m

Pr{Vomme-1) = 02|Vame) = V2} = 1 —aap

Similarly, we can find out the relationship between Sy, 1) and Si(n,) and the

relationship between Sh(,,,41) and Sy, ).

*

Pr{Simi+1) = 51 + 1|Sim)) = 51} = ai,
Pr{Sim,+1) = 51|S1tmy) = 51} = 1-aj,

Pr{Som,+1) = 82 + 1|So(m,) = s2} = a5,
Pr{Saim,+1) = $2|S2(m;) = 52} = 1 -3,

Based on these relationships, we can derive the following stochastic orderings.

Theorem 2.2.5 Vl(mo) >t Vl(mo—l)z Sl(m1+1) >st 51(m1),and Rl(mo—l) >t R1(m0) 5

where Rl(mo) = V1(mo) + Sl(ml)

Proof.
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[Proof of the main theorem]

BV, gy (V1) = Fy 0 (01)

Fvl(m()) (Ul) — almFV1<m0>(U1 + 1) — (1 — alm)Fvl(mD)(’Ul)
—aim - (Fvy,,,, (V1 + 1) = Fy(, o (01))

—Q1y PT(‘/l(mo) = Ul) < O, vy > 0.

By the relationship between cumulative distribution function and stochastic ordering,

we can prove

F I ¢
FVny Z FVigmg -1y © Vitme) > Vigme—1)-

As for Sim,),

F51(m1+1)(51) - F51(m1)<51>

= - ¢
FS1<m1) < FS1<m1+1) & S1mi+1) > S1om)-

Stochastic ordering of Ry(y,) can be defined in terms of Vi) and Sigm,).

P{Ri(mg—1) = T1|R1(mg) =71}

= PMVitmg—1) =v1 = L S1(my41) = 51 + UVigmg) = v15S1(myq) = 51)
T P(Vitmg—1) =v1 = L S1(my+1) = 51+ UVi(mg) = v15 S1(my) = 51)
= P(Siimy+1) = 51Vi(mg-1) = v1 Vigmg) = ¥1: S1(my) = 51)

X PMVigng—1) = v1lVi(mg) = v1: S1(my) = 51)

+ P(S1(my+1) = 51+ UVi(mg—1) = v1 = L, Vimg) = ¥15 51(my) = 51)
X P(Vi(mg-1) = v1 = UVi(mg) = v1,51(m,) = 51)

= (1-ajy,) (I —am)+al, am

* *
= 1—aim — oy, +2a,,  aim
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P{Ri(mg—-1) =71 + URi(mg) =71} =  PVigmg—1) =21, S10my+1) = 51 + HUVi(mg) = v1: S1(mq) = 51)
= P(Si(my+1) =51+ UVigmg—1) = V1, Vi(mg) = V1, S1(mq) = 51)
X P(Vi(mg—1) = v11Vi(mg) = V1, S1(mq) = 51)

= (1—aim) o,

le(,mo_l) (r1) — FRl(mU) (r1) 1—(1—aim —aj, +2a7,, a1m)FRy (3 (71)

- (A—aim)- D‘ImFRumO) (r1 =1 =14 Fry(, (1)
= (=oam) a1 (FRy(, (") = FRy(, (= 1)

+ (A-ai,,)- almFRl(mO) (r1) >0, r1 >1

Thus, Rl(mo—l) > st Rl(mo)-
Like ‘/1(7710)7 Sl(ml), and Rl(mo)7 Vl(mg—l)7 Sl(mﬁ—l)» and Rl(mo—l) follow Poisson
distribution with rates (mg — 1), (m1 + 1)ag,,, and (mg — 1)aa, + (my + 1)ag,,,

respectively.

Theorem 2.2.6 Vg(mo) > st Vg(mo,l), 52(m1+1) >st Sg(ml),and R2(m071) > st R2(m0);

where Rg(mo) = ‘/é(mo) + SZ(ml)

Proof.

FVatmg—1) V2) = FVy ) (v2) = Py o (v2) —aom Py, o (v2 +1) = (1= c2m) Py, o (v2)
= —aam Py, (2 4 1) = Fyy 0 (v2))

= —Q2m 'P"'(VQ(mO) =wv2) <0, vy > 0.

= = st
FV2(m0) z FV2(7n.071) € Va(mg) > Va(mg—1)-

FSy(my41) 52 = Fsyep ) (52) = Fsye 1 (s2) —agmFs, o (s2 = 1) = (1= ap)Fsy ) (s2)

= aj,, - (FSy(my) (52) = Fsy( (52 = 1))

¢

= 0y Pr(Samy) =s2—-1) <0, sp > 1.

= = st
Fsatmy) = FSaimy 1) € S2tmi+1) > S20my)-
1 1
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P{Ro(mg—1) = Tr2|Ra(mg) =7m2} = P(Va(mg—1) =v2 = 1, So(my+1) = 52 + 1Va(mg) = v2, S2(mq) = $2)
+ P(Va(mg—1) =v2 = 1, S3(m 1) = 52 + UVa(mg) = v2, S2(m;) = 52)

= P(S2(mq+1) = 521V2(mg—1) = v2: Va(mg) = 2, S2(mq) = $2)

X P(Vamg—1) = v2IV2(mg) = 2, S2(my) = 52)

T P(S20mq+1) = 52 F HVa(mg—1) = v2 = 1, Va(mg) = v2, S2(my) = 52)

X P(Va(mg—1) = v2 = UVa(mg) = v2, S2(m,) = 52)

= (1-a3,) (1 —azm)+as, am

* *
= 1 — agm — ag,, +2as,, - aam

P{Ra(my—1) = T2 + URa(mg) =72} =  P(Va(mg—1) =2, S2(my+1) = 52 + LVa(mg) = v2, S2(mq) = 52)
= P(Sa(mq+1) =52 + HUVamg—1) = v2, Vamg) = v2, S2(mq) = 52)
X P(Va(mg—1) = v21V2(mg) = v2,S2(mq) = 52)

= (1-oa2m) aj,

FRa(mg—1) ") = FRa(mg) (2) = 1= (1= azm —ag, 4205, a2m) PRy, ) (72)
- (1—azm)- a;mFRQ(mO) (r2 =1) =1+ Fry,, - (r2)
= (I—a2m) 'agm,(FR2<mO)(T2) = FRy (g (2 = 1)

+ (A -oagy)-aemFry,, ((r2) 20, 221

ThuS> R2(m071) >t RQ(mg)- Like ‘/2(m0)7 32(m1)7 and R2(mo)7 ‘/Z(mofl)a SQ(m1+1)7 and
Ro(mo—1) » given Vigmo—1); Si(mi+1), and Ry(m,—1), follow Poisson distribution with rates
(mO - Vvl(mg) - 1)a2m7 (ml +1-— Sl(ml))a§m7 and

(Mo — Vigme) — L)aam + (m1 + 1 = Sigm,))a3,,, respectively.

2.2.6 Monotonicity of FDR®?
By using stochastic ordering described above, we can prove the following theorem.

Theorem 2.2.7 FDR®? is a monotone decreasing function of m,.

Proof.
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Vitmo) + Vagmo)
Ri(mg) + Ra(mo)

FDR® = E( |Ri(mg) > 0) - Pr(Ri(me) > 0)

Given Ri(mg) + Rame) > 0, in particular, Ry, > 0, and Ry(me—1) + Raopme—1) > 0, in

Vi(mg) TVa(mg) < Vi(mg—1)+Va(mg-1)

particular, Rygn,—1) > 0, By oy Ry T Fatme)”

SO, ( Vl(mo)JrV?(mo)

R is a monotone nonincreasing function of my. Since
Rl(m0)+R2(mo)| 1(mo) > 0) & 1 S

* ~
alm ~ A,

Pr(Ri(my-1) > 0) = Pr(Rimg) > 0) = exp(—Hi(my)) - [1 — exp(= (o1, — oam))] ~ 0.

Vi(mg) TVa(mg)

The dominating term E/( Py Pt
mQ mQ

| Ri(my) > 0) is a monotone nonincreasing
function of m;. Hence, FDR is a monotone decreasing function of m;.

In fact, since fi1(mg) (= Mo - Q1) < Aimy) (= M1 - 05,,), Vigme) < Sigmy)- Likewise,
Va(mo) <™ Sa(my)-

Given Ri(mg) + Rame) > 0, in particular, Ry, > 0,

Ving  Vi(mo) + Va(mo)
Baemo) Ri(ng) + Ra(mo)
Vi(mo) = Ragme) = Va(mo) - Rimo)
Ri(mo) - (Ri(mo) + Ra(mo))
Vigmo) * (Vagmo) + S20m1)) = Vamo) * Rigno)
Rl(mo) ) (Rl(mo) + RQ(WO))
Vi(mo) - S2(m1) = Vagmo) = S1my)
Ri(mo) * (Ri(mo) + Ra(mo))
S1(ma) = S2(m1) = Va(mo) - S1omy)

- Ri(mo) - (Ri(mo) + Ro(mo))
Sy - (Samy) = Vagmy))

Ri(mo) * (Rigmo) + Ra(mo))
zst O

Hence, The dominating term E (Wml(mo) > 0) of FDR® is smaller than
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the dominating term E( mO) |R1 (mo) > 0) of FDR. FDR® is smaller(better) than
the first-stage FDR, FDR.

2.2.7 FNR®

We introduce the following two-stage FNR procedure. Let T'(p,,), and Ay(yy) be the
number of genes among the m — mg genes not rejected, the number of genes not
rejected by the first stage procedure. Let Ty, ), and Ay, be the number of genes
among the m — mg genes not rejected, the number of genes not rejected by the second
stage procedure.

T1(my) + To(m
FNR® = E(MlAl(mo) + Aa(mg) > 0) - Pr(A1mg) + A2(mg) > 0)

Al(mg) t A2(mg)
m1 = (S1(mq) + S2(mq))

= B
m = Ri(mg) = B2(mg)

[R1(mg) T B2(mg) < m) - Pr(Rigmg) + Ra(mg) < m)

m_l my— (S + S2(mq))

_ Z (E[ — (mq) - (mq) IR1(mg) + R2(mg) = 7]
r=0 m = f1(mg) T ff2(mg)
Pr(R + R =)

X 1 m) 2mo) - Pr(Ry(mg) + Ra(mg) < ™))

Pr(Ry(mq) + Ra(mg) < m)

m—1
1
= P —- “[m1 = E(Si(mq) t S2(m1) [ Ri(mg) T B2(mg) = ™ Pr(Ri(mg) + Ra(mg) =)
=
m—1 1
= P [m1 = E(S1(my) + S2(m1) [R1(mg) + Ra(mg) = M- Pr(Ri(mg) + Ra(mg) =7
=
m—1 exp(—mg - (Q1m + a2m) — m1 - (a],, +a3,,))
= > my —r(1—p)] - ,
— m—T r!
.
X (mo(arm - €™ 4 azm))” - (mi(af,, - e*2m +aj,,) +mo(aim - e*2™ + azy))”
m—1
1 my — (1l —p)
= cap(—mo - (@1m + azm) —m1 - (al, +a3,)) Y -l I ]
—o m-—T r!
X (mo(oam - €®2m 4 agm)” - (ma(af,, - €“2m +a3,) + mo(arm - €2 + o))"

mo(Q1m-€e*2m +aom)

where p=
P (o € 2m 40, ) +mo(@1m-€22m +azm)

2.2.8 Monotonicity of FNR®

By using stochastic ordering described above, we can prove the following theorem.
Theorem 2.2.8 FNR® is a monotone increasing function of m;.

Proof.

T1(mq) + T2(myq)

FNR® = B [A1(mg) T A2(mg) > 0) - Pr(A1(mg) + A2(mg) > 0)

A1(mg) + A2(mg)
m1 = (S1(mq) + S2(mq))

= B [R1(mg) + R2(mg) < M) Pr(Ri(mg) + Ra(mg) < m)

m = Ri(mg) = Ba(mg)
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S1(my+1) <™ L+ S1(my) and 1= Simy 1) >7 14 Si(my)-
Given Rl('m(]fl) + RZ(nLofl) < m and Rl(nzo) + R2(7n0) <m,

m1 41— Si(my+41) = S2(mq+1) st m1 — Si(mq) = Sa(my)

m = Bi(mg—1) = Ra(mg-1) m = Ri(mg) = Ra(mg)

m1+1=510my+1) ~S2(mq+1)
Mm=Ry(mg—1)"B2(mg—1)

™1~ 51(my) ~52(my)

=81 (mg) ~H2(mp)

™1~ 51(mq) ~%2(my)
Mm=R1(mg) ~R2(mg)

[R1(mg—1) + B2(mg—1) < m) > E( [R1(mg) T R2(mg) < ™)

E( |R1(m0) + RQ(mO) < m) is a monotone nondecreasing function of mj. O‘Tm ~ a1y, and a;m X a2m,

Pr (Rmg <m)— Pr(Rpyy—1 <m)
= (1= Pr(Rmg =m) — (1 — Pr(Rmg_1 = m))

[1 —exp(—(af,, — a1m) — (a3, — a2m))]

m!

< exp(—mo(aim + @2m) — mi(al,, +a5,,)) -
X ((m1 +1)(af,, -e*2m +a3,) + (mo — D)(a1m - €2™ + agm))™

~ 0

M1 =51 (my) —52(my)
=L (my) = a(mg)

The dominating term FE( | Ri(mo) + Ra(mg) < m) is a monotone

nondecreasing function of m;.Thus, FNR® is a monotone nondecreasing function of

my

2.2.9 Control of FDR

FWER represents the upper bound of FDR, determining each stage’s significance
level. We want to determine each stage’s significance level so that the overall

significance level is equal to a.

FWER
— Pr(Vigme) + Vaome) = 1)
= 1= Pr(Vigm) + Vagme) = 0)
= 1 =Pr(Vigmy) = 0)- Pr(Vagmg) = 0[Vi(me) = 0)
= 1 — exp(—mg - cum) - exp(—mg - o)

= 1 — exp(—mo(Q1m + o)) = «
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Each stage’s significance level is determined such that ay,, + asg,, = —W. Since

FWER is always smaller than FDR, we can ensure that FDR is controlled at

preassigned level a by any combination of oy, and ag,,.

2.2.10 Estimation procedure

Storey (2002) argues that estimation is often preferred over control because it is
difficult to pre-specify an appropriate control level (Stan Pounds and Cheng Cheng,
2006). Instead of fixing the error rate and then estimating the rejection region, we
attempt to use a new approach to fix the rejection region and estimate the error rate.
The full details of the estimation and inference for proposed FDR are given in

algorithm below.

Proposed FDR= L (1)
Ly (e, oy )
mo (a1, e¥2m+agy,)

1. For the m hypothesis tests, calculate their respective p-values pq, ..., pm.

2. Estimate ay,, by min(vrln—";", Ca)

S1
Lme c,)

3. Estimate «f,, by max(

. log(1—a) O)

4. For fixed ay,,, compute s, by max(-aq,, _

5. For fixed «af,, and ag,,, pick up a3, for some range (aom, a5,,)

6. For B number of values «o3,,, average their respective FDRs.

In (1), there still remains some space of improvement for tighter control if we know
mo. To estimate mg, Storey and Tibshirani (2001) use the fact that null p-values are
distributed uniformly on [0,1] and then plug it in estimating FDR. It was shown that
the violation of uniformity of p-values could bias the estimate of my upward. Discrete

p-values become encountered in practice as categorical genomic data discussed in next

52



chapter. These p-values may be stochastically larger than uniform, thus violating the
assumption of uniformity. Gene expression levels and most of are typically
continuous. Thus, the estimation of my perform better in DNA microarray gene

expression datasets.

93



CHAPTER 3

FALSE DISCOVERY RATE IN
GENOMIC SEQUENCES

3.1 Introduction

High dimension, low sample size data may appear in various areas of science: the
dimension tends to oo while the sample size is small. This data models are abound in
genomic studies, in particular, where sample size n may be small and there are
different epidemiologic strata G(> 2), so that classical MANOVA (multivariate
analysis of variance) may be pertinent. An important task of this study is to identify
the most siginifcant genes(or positions) among a number of genes: Which positions
are differentially expressed across the groups? The feature of this study is that the
number of genes in a sequence(K) is much larger than the number of sequences(n). As
we have seen before, control of the FWER is too conservative when there are many
hypotheses such as microarray experiments. False discovery rate (FDR) procedure is
better than the FWER procedure to handle multiple testing problem in large scale
assciation study. However, most of the FDR procedures has not been used extensively

in genomic studies compared to gene expression studies. On the other hand, in



multiple testing problems, the response variables are continuous, but may be count or
discrete, or purely qualitative responses, that is, high-dimensional low sample size
categorical data setups, complicating the multiplicity problems. In SARS epidemic
models in chapter 5 for illustration, we have 900 genes (or positions) for each sequence
and 14 samples downloaded from four locations, Guadong, Beijing, Hongkong and

Taiwan. The response variables are a,c,g, and t, having even not ordered categories.

Suppose we have a general model comprise G(> 2) groups of sequences. Each
sequence has K positions, and in each position, there is a categorical response with C
categories. ngi. denotes the number of responses in category c at site k in the g-th
group,c=1,...,C;k=1,...,K and g =1,...,G. There is a set C of C¥ joint
labels ¢ = (¢y, ..., ck) in which each ¢, takes on value 1,...,C. The number of
observations in the g-th group with the label combination c is denoted by

ng(c),c € C'. We also have Y __n4(c) =ng and ) - my(c) =1,Vg=1,...,G. The

full multi-dimensional multinomial law is

H{ ' H 7Tg ”g(c)}‘

CGC ceC

The total number of unknown parameters is ¢ = G(C* — 1), but ¢° is too large

G

compared to sample size n, where n = ) p

| Ng. Because of this problem, this law
may not be reasonable. That’s why the standard multivariate approach may be of
limited utilities. In these sense, the (pseudo) marginal diversity measures may be
combined into a composite measure providing a less stringent way of CATAMANOVA
(categorical MANOVA). In the SNP model, the categories are not ordered, and hence,
a stochastic ordering may not be feasible. However, the Hamming distance may have

ordering. Even in that case, individual statistics, even coordinatewise ones, do not

have a known null hypothesis distribution. That’s why we have to use there jackknife
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variance estimation and permutation distribution to construct some permutation
tests. A pseudo-marginal approach based on Hamming distance provides some
promising test statistic. Proposed FDR procedure along with the associated test
statistic may be a useful tool for genomic studies. These perspectives are appraised in

a nonstandard statistical analysis, using the 2002-03 SARS epidemic model.

3.2 A Pseudo Marginal Model

As stated before, the full multisample, multi-dimensional multinomial law may not be
reasonable. For geographically separated sequences, the assumption of independence
among G groups may be tenable but within group sequences may not be independent.
For each sequence, the K positions may not have independent responses nor
identically distributed. Under this assumption of inter-position stochastic
dependence, we need to consider another measure of variation. The Gini Simpson
biodiversity index has found useful applications in genetics and in bioinformatics.
Mostly, categorical data models, without an ordering of the categories, appear, which
preempts use of measures of quantitative diversity analysis. Without much stringent
structural regularity assumptions, the Hamming distance exploits the idea of

Gini-Simpson diversity index in a variety of multidimensional setups, We exploit the

following Gini-Simpson index: I(r) =1 —7tr =1 — chzl 72 where 7 = (7y,...,mc)"
for a single multinomial population with C cells. Define I(7 gk) for each k=1,... K and

every g=1,...,G. For each g(=1,...,G) and k(=1,... K),
I(7)gk = 1 — (mgk) g = 1 — Zle(wgkc)? Also, define I(7,) in the pooled sample, for
each k=1,... K. Define H([],) = 1/K S I(7) 4,9 =1,...,G as the Hamming

distance based measure. In genomic studies, the following multiple hypotheses are

represented in terms of the Hamming distance.
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VS

H; : There are at least one of k’s that I(7m)gy, # I(m)gr ,1<=g<g <=G.

3.2.1 Proposed Test Statistics and P-values

Let us consider the following asymptotic distribution of the test statistic. For each

k(=1,...,K) and each g(=1,...,G), the estimate of I(7gx) is

U = (T;g)l D (X # Xgje)

I<=1<j<=ny

C
=S Ngke(Ng — Ngke)

c=1 ng (ng - 1)

This is a U-statistic based on a kernel of degree 2, an unbiased estimator of

Gini-Simpson index. In the pooled sample,

Up = (Z)_l Y I(Xu = Xp)

1<i<j<=n
C
_ Z Nge(N — Nge)
~ n(n-1)

,where ng. = Zngl ngke- This statistic has the following asymptotic distribution only

if the ny’s are large.

Vg (Ugr — Igr) ~ N(0,4Cigr),

where Cigr = E{I(Xgir # Xgji) [ (Xgin # Xgjn) — E(I(Xgir. # Xgju) I(Xgirk # Xgjr)) }-
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This (141 can be replaced by (i from the pooled sample. (; is estimated by the
Jacknife variance estimator of Uy, which is él.k(:ﬁ S (Unki — Uk)?), because the

Jacknife variance estimator is more stable than other variance estimator.

For each each k(=1,...,K), the test statistic Ly is defined as

Zle ng[Ug — U)?/(4C1x). By virtue of Cochran’s theorem, it has y? distribution
with degree G-1. But a conclusion based on this asymptotic distribution, whenever
sample size is small, may give us misleading results. Moreover, for n not adequately
large, the p-values have discrete distribution without assuming uniform distribution
for the associated p-values under the null hypothesis. Hence, it might be better to
simulate the permutation distribution of the marginal test statistic Lj. At least for
small to moderate values of the sample sizes, nq,...,ng, the permutation distribution
can be generated by considering all possible n!(equally likely) permutations of the
combined sample observations among the G groups of (sizes nq,...,ng). Hence,
conditionally distribution-free tests may be constructed for the test statistic L. The

corresponding p-value is defined as below.
PT(Lk > lk|H0)

, where L, is a test statistic from the permuted distribution. Under the null
hypothesis, the permutation distribution of L may be symmetric about 0, with mean
Eo(Lg) = 0. Under the alternative hypothesis, the distribution is tilted to the right.
That’s why we use a right-sided test. However, though the distribution freeness hold

under the null hypothesis, such distributions are more complex to evaluate.

3.3 Discussion
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3.3.0.1 cFDR

Tsai et al.(2003) discuss another measure of false discovery rate, the conditional FDR

(cFDR), defined as
¢FDR = E(%lR =r)= E(ViR=r)

r

Under Storey’s(2002) mixture model, Tsai et al.(2003) show that

X C
F(c)’

cFDR(c) = pFDR(c) =

where F(c)=Pr(p <= c). Let Vitme) + Vamo)Pe Ving » S1my) + S2(my) be Sm,, and

Ry = Ving + Sm, - As we have seen in the earlier chapter,

mo(01m-€*2m +02m)

where p= . Hence,

-
mi(af,,-e*2m+aj )+mo(a1m-e*2m+azm)

CFDR _ E<VmO|RmO :T)

This is exactly the same as the Proposed FDR procedure.

Theorem 3.3.1 In the asymptotic sample setting, Proposed FDR is a conservative

point estimate of the FDR over all siginificance regions simultaneously.

Proof.

99



lima—0o@2m = 0 and lim,, .5, € (0,c).

mo(Qim - €™ + Qo)

E(FDR(Q)(C)) = E(ml(&f ce%m + ) + mo(agy, - et2n + OQm))
V()
- E(V(c) + S(c)as,, +my * O‘Sm)
B V(c)
= P9 +se)
v
< Frovt)

3.3.1 False discovery rate optimality and Average Power

Storey et al. (2005) introduced the optimal discovery procedure which is the
procedure to maximize the expected number of true positives (ETP) for each fixed
expected number of false positives (EFP). This proposed optimality criterion is
related to optimality in terms of FDRs and misclassification rates. For FDRs,

FDR ~ #fjgﬂ). It has been suggested that this FDR optimality should be defined
in terms of the proportion of true alternatives among the tests not called significant
Genovese and Wasserman (2002). This quantity has been called the ”false
non-discovery rate”” Genovese and Wasserman (2002) and the ”"miss rate” (Taylor et

al. 2005); We call it the "missed discovery rate(MDR)”. A procedure is optimal if for

each fixed FDR level, the MDR is minimized: MDR = E[#5] ~ mrarw, Where

EFN is expected number of false negatives and ETN is the expected number of true

negatives. Now, applying this to our proposed FDR procedure, since a;,, and aj,, is
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estimated by V/mgy and S/m, respectively,

EFN

MDR~ ————MM
R EFN+ ETN

m—mg— ETP
m— ETP — EFP

* * * *
mip —1my (alm + Qo — Ay, X an)

ml —mq(af,, + o3, —ai,, X a3 ) +mo — mo(aim + om — a3, X aam)
(m1—5)(1 —a3,)
(m1—S)(1 —a3,) + (mo — V)(1 — azm)
1

(mo—V)(l—azm)
L+ =) =as.

Our FDR procedure is considered to be optimal if for fixed V and S, there is a big
difference between aw,, and a3,,.

On the other hand, comparing the first stage FDR(AV}) with two stage
FDR(Proposed FDR)(AV5) in terms of average power,

AVy 2 E(Sy)/my = af,,

AVy: E(S1+ So)/my = aof,, + a3, (1 — af,.). Obviously, AV < AV,. By taking the
second stage testing procedure from the first stage FDR, the increase in power that
we achieve is greater. For fixed of,, and ay,,, as a increases, oy, and o3, , increases.
Thus, the average power of two stage FDR is a monontone nondecreasing function of

Q.
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CHAPTER 4

CLASSIFICATION OF GENES

4.1 Introduction

In a genomic data, the goal of class discovery is to partition a set of subjects into
groups relatively similar, in the sense that subjects in the same group are more alike
than subjects in different groups. In a large number of correlated genes with
heterogeneity amidst a smaller sample like DNA microarray data, order-restricted
inference problems often appears in complex ways. To study gene expression pattern
across various treatment groups with this order constraint weakens the effectiveness of
standard statistical inference and as a result, calls for different perspectives. For this
reason, nonstandard robust methods are proposed to classify genes reflecting the
concept of order-restricted inference without any assumptions of specific forms.
M-estimator based on Union-Intersection principle (UIP), proposes
distribution-insensitive clustering of genes. It might be also possible to construct a
locally most powerful rank test using a suitable rank scores along with UIP, though it
is too difficult to construct an optimal test based on UMP. The Kendall-tau statistics
may be utilized to construct a distribution-free test. Gene expression levels may be
compared among more than 2 groups using exact tests of homogeneity; associations

among the variables assessed using the Kendall’s tau-b statistic.



By using exact permutation distrubution theory, conditionally distribution-free test
based upon these three proposed test statistics is used to generate p-values and as a
result is amenable in small sample size setup. It is also computationally tractable and

statistically robust.

4.2 Proposed Test Statistics and P-values

4.2.1 Preliminary notation

Consider a DNA microarray experiment having expression data on K genes for n
mRNA samples. The gene expression data are in a K x n matrix X = (Xy;), with
rows corresponding to genes and columns corresponding to individual microarry
experiments,where z;; denotes the expression measure of gene k in sample i, 1 = 1,
....n, k =1,... K. The expression measures x,; are assumed to be preprocessed data.
For comparing several groups, a general model consists of G (> 2) groups of subjects,
each subjects having K genes. For simplicity, we assume that there are no missing
values resulting in ng, = ny, Vk. Let n = Zggzl ng be the total number of subjects in
the pooled sample. A row vector Xy = (X1 .k, Xogs---s Xny ks - - -, Xnk) represents the
pooled sample at gene k. In this pooled sample, define

Ry = (Rijg,---, Ruy ks Ruyt1k5 - - - » R i), where R; i is the rank of X, in the pooled

sample among all the n observations in the kth gene.

4.2.2 Linear Rank Statistics

We want to find out a gene’s true profile to one of a specified set of candidate profiles.
Two common inequality profiles (nondecreasing/nonincreasing) in terms of mean gene

expression levels are introduced here. Without loss of generality, we focus on

64



monotone increasing pattern among the groups.
Let ug; = E(X};) denote the mean expression level of the kth gene in the ith

observation. For the kth gene (or position), we can formulate Hy, vs Hyy as below.

Hop = pog = plog, = -+ = gk Hyg g < proge < - < g

where

Ky = (Mlk, ce a,UGk)/

The (G — 1) x G matrix

These hypotheses can be restated as the following two hypotheses.

G-1
Hop : 0, = Apy, = mHOijO
j=1

Vs
a-1

Hiy 10 = Ap,y, = UHUkZO
j=1

where H(]jk : ij = Hj+1,k — Hjk = 0 vs Hljk : ij = Mj+1,k — Hjk > 0. These
hypotheses are written in terms of Finite UI principle. But an infinite UIT will be

formulated as well.
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These hypotheses can be restated as the following two hypotheses. For a given a,

Hop : 0 = Apy, = ﬂ Hoar, =0

acR+C

VS

Hy 0, =Ap;, = U Hia, >0

aeR+G
where Hogp : @0, =0, Hia,: a0, > 0.
This UT (Union-Intersection) principle assumes that for testing Hoax vs — Hiag, We
have a optimal test. However, the underlying density of gene expression levels
Xig,2=1,...,n,k=1,..., K are completely unknown with unknown variance. In
this framework, it is hard to construct either an optimal test based on UMP or a
similar test using UMPI. In these sense, nonparametrics might yield robust statistical

inference procedures that are distribution free.

Fortunately, the null hypothesis Hyy is a hypothesis of invariance (under suitable
groups of transformation that map the sample space onto itself). Then it might be
possible to construct a test for Hparvs  Hiak, a locally most powerful rank test
(LMPR)test for each a. By definition, a test is LMPR if among the class of rank
tests, it is uniformly most powerful (UMP)for H, against a class H;(e) of alternatives
that are indexed by a parameter A, such that 0 < A < ¢, ¢ > 0 Silvapulle and Sen
(2004). LMPR properties may not be available for restricted alternatives. However,
UIT-based LMPR test can handle such a problem.

Even though each sample size n, differs by group, all the n(:Z:gG:1 ngy) observations
Xk = Xigs ooy Xoyky Xnyt1k - - - » Xn) for each gene k in the pooled sample are i.i.d
r.v’s under the null hypothesis. Under the null hypothesis of homogeneity, the joint

distribution of n observations for each gene k, remains invariant under any
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permutation. This permutation distribution P, can be obtained by considering every
possible n! permutations of the pooled sample observations among the G groups.
Hence, conditionally distribution-free tests can be constructed by an appeal to this

permutational invariance. We denote this condtional probability law by P,.

For each gene k, define a multivariate linear rank statistics

To,g=1,...,G,k=1,..., K as follow. For a suitable rank scores a(k),

n n

Ty = Y _(cig = Cn)a(Rix) = Y ciga(Riy)

i=1 i=1

where
1 e g—1 g
-~ ifi=> 7" m+1....,>7 n

_ g
Cz‘g =

0  otherwise
and Tk = (le, e ,TGk)/.
Without loss of generality, assume that >  a(R;x) = 0. The mean of Ty, is

n

Ep,(Ty) = (Ep,(a(Rix)(Y_(cig — )

= Y AR )

= 0
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The variance of Ty, is

VPn(Tgk’) = EPn(Tgk’)Z

= VPn(a(Ri,k)Z(Cig>2+ Z (cig)(ci/g)Epn(a(Ri,ka(Ry,k)

=R
- <%Z<R>>Z<>+¢Z<—M%_1>Z<R>>
- G o« (Y e - P
- (Ai)((z‘:j)) -
where
e Z()—%; cyery = D Z<> 1@1(%)2 iwm
SISy
_ .1
_ (amny

and A} = 155 300, a®(Rig).

— (n—1) i=
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For 1 < g # ¢ <@, the covariance of T, and Ty, is

Covp, (Tyr, Tyx) = Ep, (Tyr, Tyri)

= Ep,(Y_ ciga(Rix) Y ciga(Rix)
=1 =1

/

Zg—1”9 ,glflng
= Ep, Z Ciga(Rik) Z cirga(Ri )
= Z:}”g_l i/=2§/_’11ng—1
St S0y ne
= (Y. ) D ) (Erla(Rig)a(Rig))
i=>9"1 ny—1 j1="9 1 1
g=1""9 ? g=1 g
1
A2(—=
)

Hence, the permutation variance of T}, is

Vi = wvar(Ty)

n

where
C, = ) (ci—enly)(ci—enly)
i=1
Oggn — N
= (L)
n-ng

,where

1 if1<g=¢ <G

Ogg' =

0 otherwise

c; = (¢t ), anx 1matrix 1, = (1,...,1), Ig is a G x G Identity matrix,
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and

nem 1 _1 _1 _1

n-ny n n n n

1 neme 1 _1 _1

n n-ng n n n
C,=| -1 _1 nm _1 _1

n n n-n3 n n

1 1 _1 _1 n-ng

n n n n nng

If we define T}, in terms of the vector ¢;, Ty isY ;. (c; — &, 1,)a(R;)-

The mean of T}, is

Ep,(Ty) = (¢i— cln)Ep,a(Rik)

For 1 < k <k’ < K the covariance matrix of Ty and T} is
CO'U'Pn (Tk,T;C) = C?’L X Ek,k’

where Ty = (ann Yo (a(Rig) — an)(a(Rip) — @n). The matrix V(= ((Cgp))) is a
P,-invariant and completely known matrix.

T, = (Ti,...,Tk)". Define the G x K matrix T) = >"" (c; — ¢,1,)a,(R;) as the
transpose matrix of T,,,where a,(R;) = (an, Ri1, ..., an, (Rix)). By using the
concept of a multivariate linear rank statistics, the mean and the covariance matrix of

T? are defined as below.

Ep,(Th) = 0gxx
Covp, (TY) = C, ® V,.

In general, multivariate models, LMPR tests, by construction, might be conditionally

distribution free (CDF). Given the invariance of V,, under P,, we adapt the UIP to
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formulate a rank test for Hy, : 0, = 0 vs Hy, : 8, > 0. Let Z;, = AT}, and
Sy = AV, A" Let G={1,...,G — 1}, and for every a : ) C a C G, let a be its

complement and |a| its cardinality. For each a : ) C a C G, partition Z and Sy as

Za Saa Saa’
Z, — k S, — k k

Zka’ Ska’a Ska’a’

and write

-1
Zlm:a’ - Zk;a - Zkaa’s /Zka’a

ka'a

—1
Skaa:a/ = Skaa - Skaa’s

ka'a’ Ska’a

Then the test statistics for the kth gene is,

Ly = Z@Qaggj(zka:a’ >0, S /S 0)(nzl 'Sil Z) )

ka'a ka:a’'~kaa:a’ “ka:a’

n!

and rejecting the null hypothesis for large positive values. By reference to the T

conditionally (permutationally) equally likely realizations of Ry for each k, we can
enumerate T} (and hence Ly); this generates the exact conditional (permutational)
null distribution P, of Ly, so that the test based on Lj is CDF (Conditionally

Distribution Free). Now, p-value can be computed as below.

where L;, is a test statistic from the permuted distribution and [; is an observed test
statistics. The behavior of L, under alternatives depends on the stochastic ordering of
w; and these statistics may not be exact distribution-free nor have identical

probabilitiy laws. However, for every i < ¢/, Xy, — X has a distribution tilted to the
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right so that
E{Ly|Hy} >0,k=1,..., K.

This motivates us to use tests based on Lj using the right hand side critical region. A
proper multiple testing procedure may be applied to the set of dependent p-values.
The proposed FDR procedure was shown to work well for this kinds of p-values. The
procedure is used to determine which gene has monotone increasing pattern among

the groups.

Choice of rank scores a(k) determine if a test statistic is locally most powerful. For
example, the Wilcoxon rank test is LMPR when the density is logistic and the normal
score test is LMPR when the density is normal. In Chapter 5, we thoroughly
investigate this aspect. For the test for linear trend, the Jonckheere test might be
tenable. But without the linear ordering or the logistic density, the LMPR property

might work for the Jonckheere test.

4.2.3 A Marginal Model Based On Kendall tau statistics

Following the same multisample (ordered alternative) model described in earlier
section, define a design variate t; in the ith array, for i=1,...,n. We don’t assume
linear or specific parametric ordering of them. We can divide sample size n into G
subsets of sizes ny,...,ng. X represents a gene expression level in the ith array and
forms a K-vector X; = (X;1,..., X)), fori =1,... n. F;(x) is the joint distribution
of X;. If a gene k is NDG, the Fji, i = 1,...,n are assumed to be the same. For a DG
k, for i <, X, < Xy, for i < 4’, the Fj;, has some monotone pattern:

Fip > Fo, > --- > F,,. We are interested in the following hypotheses.

K K
Hy = ﬂHOk vs H, = UHm
k=1 k=1
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Considering possible dependence of the test statistics, Roy’s Union Intersection

principle may have an appeal. Now we define the Kendall tau statistics as

-1
n . .
Top = (2) E sign( Xy — Xig)sign(ty — t;).

1<i<i'<n

In fact, this statistics is a generalized U-statistic of degree 2. Conveniently, we may
define S,, = {(4,7') : t; < ty;1 <i <1 <n}, where N is the cardinality of the set S.
Since the variation of T, ranges from -1 and 1, we can find the modified Kendall tau

as

Ty =N"" Z sign( Xy, — Xig).
S

. In fact, for any k(= 1,..., K), under Hyy, for every i # i', X;x — X has symmetric
distribution around 0 so that Eq(TY,) =0,k = 1,..., K. For small values of n, by
using S, we obtain the exact null distribution of T%,. For k(= 1,..., K), under Hyy,
for every i # ', X, — Xx, under alternatives has tilted distribution to the right so
that B(T%) >0,k =1,..., K. For n small, the null distribution of T?, is in fact
discrete. In these sense, we simulate the permutation distribution of any marginal test

statistics T, .

4.2.4 Robust M-test

For the kth gene(or position), consider the linear model Y, = X3, + Ej.

where Y = (Yig, ..., Yar) is the vector of gene expression levels across G groups in
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the kth position and The (known)Design matriz of the n x G matrix

1000 O
11 0 0

X = ,
1010 O
1000 ... 1

The unknown parameter of the G x 1 matrix

k= (,U/lka 52]67 53k7 s 75Gk>7

where j11, denotes the average expression level at site k in the first group and 4,
refers to the difference between w1, and the average expression level at site k in the
jth group, 7 = 2,...,G. The vector of independent and identically distributed (i.i.d.)

errors with a distribution F of the n X 1 matrix

Ek = (E1k7 E2k7 E3k7 s >Enk>

A paramter of interest 3, should be estimated for each k=1,... K. However, gene
expression data usually has many outliers, and is highly probable to be noisy. The
small sample sizes used in typical microarray experiments result in unreliable
estimation of variance. Because of the large number of genes and small number of
arrays, and higher signal-noise ratio in microarray data, many traditional approaches
seem improper. Robust statistics methods (Tukey 1977 ; Huber 1981) provide tools

for this statistics problem in which an underlying distribution F are unknwon. A
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robust procedure should be insensitive to departures from underlying assumptions
caused by, for example, outliers. That is, it should have good performance under the
underlying assumptions and the performance deteriorates as the situation departs
from the assumptions. There are several types of robust estimators. Among them are
M-estimator (maximum likelihood type estimator), L-estimator (linear combinations
of order statistics) and R-estimator (estimator based on rank transformation) (Huber
1981); RM estimator (repeated median) (Siegel 1982) and LMS estimator (estimator
using the least median of squares) (Rousseeuw 1984). We are concerned with the
M-estimator, because even when a sample size is small, it still provides a good

estimate.

Let p: R, x X — R be a measurable function. We define an M-estimator M,, as a

solution of the minimization with respect to t € R,,.

Zp P — Xt))

where x,(= (21, ..., %)) is the ith row of X,i =1,...,n. M,, should be not only
regression equivalent: M,,(Y + Xb) = M,,(Y) + b) for b in R,, but also scale
equivalent:M,,(c¢Y) = ¢M,,(Y) for ¢ > 0. In general, the second condition is not met.
Studentization leads to M, scale as well as regression equivalent. Define an

studentized M-estimator M, of 3, as a solution of the minimization

Zp it)/Sn)

with respect to t(G'x 1 matrix) where x;” the ith row of X, i =1,...,n and

S, = S,(Y) is an appropriate scale statistic.

The linear model above is the classical one-way ANOVA model except that the
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distribution Yig, ..., Y, may not be normal but is of the form F and the G groups are
stochastically ordered. Within this framework, we consider the null hypothesis H,
that the G groups in the kth gene are statistically homogeneous and the alternative
hypothesis H; refers to the fact that the G groups in the kth gene are ordered in

increasing level of dominance. It is plausible to construct Hy, and Hy, as below.

Hop, 0 0o = 03 = - -+ =0 = 0

VS

Hyp 00 < 09t < 03, < -+ - < I

These hypothesis can be rephrased as the following two hypotheses.

Hokek:AﬁkZO Hlkek:AﬂkZO

where the (G — 1) x G matrix

0 0 0 0 O
0 1 0 0 O

For testing the null hypothesis, it may be intended to consider alternatives that the
vector @), belongs to the nonnegative orthant space R~ In the univariate case,
an optimal UMP test exists for such one-sided alternative. However, in such a

multivariate case, UMP tests do not exist. For example, the Hotelling 72 will result

in a larger set of confidence interval and will entail some loss of efficiency. It’s
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therefore interesting to appraise statistical inference under such restricted setups. UIP
(Union-Intersection Principle) formulation of Roy (1953) could be well tailored for

Statistical inference under the one-sided multivariate alternative hypothesis

Let the first derivative of p function be 1. M, is a median-unbiased estimator of 3,.
Skewsymmetry of ¢ and symmetry of F are necessary for this median-unbiasedness of
M,,. For this reason, Huber loss function may be a good candidate for ) function.
Hence, minimiazation leads to the estimator that is scale as well as regression
equivalent.

Define the Huber function as

ct| — (1/2) x & if [t >

(1/2) x 2 if [t| <= ¢
The derivative of the Huber function v is

cx sign(t) if |t| > ¢
P(t) =
¢ if |¢] < ¢

1 function can be decomposed into the sum

Y = Ya + 1 + e

where 1), is absolutely continous function having absolutely continous derivative, 1. is
a continous, piecewise linear function which is constant in a neighborhood of 400,
and 1) is a nondecreasing step function. In case of Huber loss function, ¢, = 1. = 0.

Now this function satisfy the following condtions. Jureckova and Sen (1996)

e M1 : S,(Y) is regression invariant and scale invariant, S,, > 0 a.s. and

nz(S, —5) = 0,(1)
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e M2: H(t) = [ p((z —t)/S)dF(z) has the unique minimum at t=0.

e M3 : For some § >0 and n > 1,

[ lelsumcssupeslile (e + w)/SIPAF(:) < oc

o0

and

/ P suppeslit (e (= + w)/SIMAF(2) < oo

where ¢/ () = (d/d=)iba(2) and ¢//(=) = (&2/d=2)i6u(2).

e M4 : 1. is a continous, piecewise linear function with knots at w1, ..., ug, which

is constant in a neighborhood of £00. Hence the derivative 1. is a step function
P(2) =y, fy < 2 < flyy1,v=0,1,... k,

where g, aq,...,a € R, a0 = a = 0 and
—00 = g < pg < -+ < g < ppp1 < 00. Assume that f(z) is bounded in

neighborhoods of Sy, ..., Sug.

o M5 : ¢)y(2) =\, for ¢, < 2 < quy1,v=1,...,m where

—00=q < @1 < < Qmi1 =00,—00 < A\g < A\; < -0 < A\ < 00.

Assume that f(z) and {’(z) are bounded in neigborhood Sq, ..., S¢,. The asymptotic

representation of M, is involved in the functionals

o / 1(2/S) +l(2/S))dF (2)
v / UL (2/S) + 1l (2/S))dF (2)
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Moreover the following condtions are satisfied.

X1 . Z’il:l,izl,...,n
X2 . Y x|t = 0,(1)
i=1

X3 . limp—eQn =Q

where Q,, = n7!'X’X and Q is a positive definite p x p matrix. Then under these

conditions, M, is a solution of the system of equations

n

Y, — xt
>_xi(——5—) =0.
i=1 "

To make S,(Y) regression invariant and scale invariant, S, (Y) is computed in the
following manner. We use regression scores defined below. For o € (0, 1),

a,(a) = (ap1(a), ..., ap(a)) is the optimal solution to maximize

=1

with the constraint:

n n
ZIUCALM(O[) = (1 —oz)z:z:ij,j = 1,...,G
i=1 1=1

Hajék(1965) proposed scores:

0 if Ri/n <«
ay(Ri;a) =4 R;—na if (R, —1)/n<a < Ri/n
1 ifa< (R, —1)/n
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Select a nondecreasing, square integrable function ¢ : (0,1) — R4 such that
d(a) = —¢(1 — «@),0 < a < 1. For a fixed number an(0 < ag < 1/2), assumed that ¢

is standardized

1—ag
/ *(a)da = 1.

0

Define the regression scores generated by ¢.

R 1—ag
b — —/ () dini(a),i = 1,....m.

0

That is,

nf(ﬁi/ﬁ)/n d()ay, (Ri, a)de if a < (R, —=1)/n<1—-a,Ri/n<1-a
" fin, oy @)ay (i 0)da if a < (Ri=1)/n <1 —a, Ri/n>1-a
b = 0 [T g(@)ar (R, a)da ifa> (Ri—1)/n,Ri/n<1—a

0 ifl—a< (R —1)/n

n [ ¢(a)ar (R, a)da else

\

S,, is defined as
S Vi =X,
i=1

Suppose that 7, is not equal to zero. The following theorem tells us about the

asymptotic distribution of M,,.

Theorem 4.2.1 The sequence
RN ~ Sn
n2 {5 (M, — B) + 72(@ — e}

has the asymptotic G-dimensional normal distribution Ng(0,0*Q™1), where

o’ = f_oooo V2 (z/S)dF(2).
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Juretkova and Sen (1996) The asymptotic variance of nz(M,, — 8 + ¢) is Ay, where
¢ =4(52 — 1)e; and Ay is (91)262Q . The scale factor (%;)~26? is the same for
every possible permutation and does not affect the partitions of the following Z; and
V.. For simplicity, the term c could be disregarded for deriving a test statistics.

We are tempted to use the UIP to formulate a robust M-test for
HOk:Ok:O HlkOkZO

Let Z;, = AM,, and V;, = AQ*A'. Let G ={1,...,G — 1}, and for every a :
) CaCg,leta beits complement and |a| its cardinality. For each a : ) Ca C G,
partition Z; and V as

Zka Vlma Vkaa’
Z, = V. =

Zka/ Vka’a Vka/a/

and write

-1
Zka:a’ = Zk’a - Zkaa’V /Zk:a’a

ka'a

-1
Vlma:a’ = Vkaa - Vkaa/v /Vka’a

ka'a

By virtue of weak convergence of n%(Mn — ) to a G-variate normal law, for n very
large, we got (nV; ") V/2(Zy — 6;) =P Ng_1(0,1)

Let then

Li, = Socace! (Ziaw > 0, Vi Ziva < 0) (0o Vi o Zivaar)

ka'a ka:a kaa:a’ “ka:a’

and rejecting the null hypothesis for large positive values.

Typically, we are dealing with high dimension(K) low sample size dataset. Our case
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pertains to the case when n is small and the asymptotic normality does not hold. On
the other hand, the permutation distribution theory is valid for small sample size
setup. Under the null hypothesis of homogeneity, the joint distribution of all n
observations remains invariant under any permutation, leading to manageable testing

procedures. There are all possible #’nc, equally likely permutations, which is a

gl
large number to overcome this problem. Hence, conditionally distribution-free tests
can be constructed by using the permutational invariance structure. Now, p-value can

be computed as below.

Pk:PT(LkZlk)J{?:l,,K

where L, is a test statistic from the permuted distribution and [, is an observed test
statistics. And then an appropriate multiple testing procedure may be applied to the
K p-values. As a multiple testing procedure, proposed FDR procedure is used to

determine which gene has monotone increasing pattern across the groups.
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CHAPTER 5

NUMERICAL STUDY

5.1 Numerical Study of FDR in DNA microarray
experiment

Simulation study can provide a concrete description of performance of FDR
estimators. It is useful for numerical evaluation of performance in a large number of
hypotheses, that is, many genes. We assess the performance of our FDR procedure
with that of other procedures in terms of FDR control and power: Storey’s FDR, the
Benjamini-Hochberg procedure (BH), the Benjamini and Liu procedure (BL), and
Lehmann and Romano’s FDR (Lehmann). In this simulation study, these five
different FDR procedures are computed for different values of o and the proportion of
true null hypotheses, my. In particular, we examine the amount of improvement
offered by the different procedures in terms of controlling FDR. We also present the
performance of proposed pFDR compared to Storey’s pFDR. First, numerical results
are shown in both an independent p-value example and a dependent p-value example.
In each of these examples, the average power is defined to be the average probability
of rejecting the false null hypotheses, E(S)/m;. At the final point, proposed FDR is

applied to real data: Leukemia study of Golub.et al to illustrate the performance.



Suppose we collect data from n microarrys with the same m genes. We observe the
vectors X(j) = (Xu;,...,Xm;), j =1,...,n. We assume that the X,; are independent
across the n arrays or n observations for each gene i, but they are not necessarily
independent or identically distributed across m genes of the vector for each j. In other
words, the data may be expressed as a m x n matrix X with dependent rows and

indepedent columns. We construct a test statistic T; , a function of X1, ..., X;,.

5.1.1 Independence example

We consider a multiple hypothesis testing situation where each independent random
variable T; has mean p; and the same variance 1, i=1,...,1000. The problem is to
test 1000 one-sided hypothesis of = 0 against ¢ > 0 with the null distribution
N(0,1) and alternative distribution N(2,1). Each individual hypothesis is tested by a
z-test. We let my = 100, 400, 700 and generated 1000 indepedent sets of 1000 normal
random variables for each mg-value. Proposed FDR and other procedures are
computed at the FDR level o = 0.1,0.05, and 0.01, respectively. The actual (true)
FDR is estimated by averaging the Q values over 1000 iterations Storey
(2002)Yekutieli and Benjamini (1999)Pawitan et al. (2006). We also present a
numerical study to compare the average power of our proposed FDR controlling
procedure with other procedures. Table I presents different FDR procedures such as
Storey’s FDR, the Benjamini and Hochberg procedure (BH), the Benjamini and Liu
procedure (BL), Lehmann and Romano’s FDR (Lehmann) with Proposed FDR. All
FDR procedures seem to control the FDR at a under independence. The increase in
the proportion of the true null hypotheses (m), the greater FDRs are. All FDR
procedures increase as « increases. It can be seen that Proposed FDR is relatively
close to the actual FDR. The another point is that we don’t want to report a smaller

false discovery rate than truly exists. Hence, proposed FDR is a consistently
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conservative point estimate of the FDR at all levels simultaneously. Proposed FDR
performs better than other procedures, because the average power of proposed FDR is
always greater than other procedures in figure I. As a increases, average power also
increases. Proposed FDR offers a more powerful alternative to the traditional
Benjamini and Hochberg procedure. We lose no power regardless of the value of 7

and «. Table II presents Proposed pFDR gets better than Storey’s pFDR.

TABLE I: Comparison of different FDR procedures (Independence)

a m Storey’s FDR BH BL Lehmann Actual FDR Proposed FDR
0.1 0.1 0.00072 0.0099  0.0004 0.0004 0.00075 0.00078
0.4 0.00408 0.04023 0.00124  0.00124 0.00424 0.00395
0.7 0.01063 0.07101 0.00768  0.00768 0.01615 0.01199
0.05 0.1 0.00051 0.00494 0.00016  0.00016 0.00047 0.00045
0.4 0.00297 0.01986 0.00121  0.00125 0.00215 0.00276
0.7 0.01048 0.03522 0.00447  0.00456 0.01009 0.00997
0.01 0.1 0.00024 0.00108 0 0 0.00017 0.0003
0.4 0.00143 0.00378 0.00088  0.00088 0.0013 0.0012
0.7 0.00522 0.00645 0.00138  0.00138 0.00431 0.0037

TABLE II: Comparison of different pFDR procedures (Independence)
« mo  pFDR  Proposed pFDR

0.1 0.1 0.00129 0.00108
0.4 0.00759 0.00355
0.7 0.026561 0.01199
0.05 0.1 0.00154 0.00075
0.4 0.00902 0.00276
0.7 0.03178 0.00797
0.01 0.1 0.00309 0.00032
0.4 0.01859 0.00119
0.7 0.067889 0.00367
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5.1.2 Dependence example

Our second numerical study illustrates the performance of our FDR procedure
compared to the other procedures including Benjamini and Hochberg procedure under
a certain form of dependence. The null statistics have N(0,1) marginal distributions
and the alternative distributions have marginal distribution N(3,1) with different
value of mg. 1000 dependent random variable T; with mean p; ,the same variance 1
and common correlation p, i=1,...,1000 are generated. 1000 one-sided hypothesis
tests of u = 0 against p > 0 are tested by a z-test. We let my = 100,400, 700 and
generated 1000 sets of 1000 normal random variables for each mg-value. Our proposed
FDR and other procedures are applied at each p = 0.3,0.5, and 0.7 and o = 0.1. In
this section, we will show that our FDR procedure performs better under all

configurations of dependence structures.

Table III compares different FDR procedures such as Storey’s FDR, the Benjamini
and Hochberg procedure (BH), the Benjamini and Liu procedure (BL), Lehmann and
Romano’s FDR (Lehmann) with proposed FDR. All five FDR procedures seem to
control the FDR when the proportion of true null hypotheses is less than 1. It is
shown that Proposed FDR procedure is very close to the actual FDR. As p increases,
all FDR procedures decreases. Proposed FDR procedure controls the FDR at all
levels under all configurations of dependence structures. Figure II is the graphical
summary to show that proposed FDR is more powerful than other procedures. Table
IV compares the performance of Proposed pFDR with Storey’s pFDR. Proposed

pFDR is always smaller than Storey’s pFDR.
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TABLE III: Comparison of different FDR procedures (Dependence)

mo Storey’s FDR BH BL Lehmann Actual FDR Proposed FDR
0.1 0.00428 0.00959 0.00024  0.00025 0.00569 0.00467
0.4 0.02410 0.03943 0.00054  0.00059 0.03382 0.02784
0.7 0.08264 0.06069 0.00215  0.00228 0.09142 0.08446
0.1 0.00355 0.01079 0.00085  0.00076 0.00689 0.00583
0.4 0.01887 0.04229 0.00096  0.00117 0.03527 0.03135
0.7 0.06129 0.06920 0.01113  0.01099 0.09963 0.09013
0.1 0.00279 0.01155 0.00357  0.00332 0.00779 0.00736
0.4 0.02499 0.03526  0.00769  0.00775 0.03042 0.03484
0.7 0.11931 0.05009 0.01224  0.01226 0.07246 0.09323

TABLE IV: Comparison of different pFDR procedures (Dependence)
p 1 PpFDR  Proposed pFDR

0.3 0.1 0.00467 0.00428
0.4 0.02784 0.02410
0.7 0.0846 0.08264

0.5 0.1 0.00583 0.00355
0.4 0.03887 0.01887
0.7 0.1000 0.06129

0.7 0.1 0.00736 0.00279
0.4 0.02499 0.03484
0.7 0.11931 0.10323
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5.1.3 Application to Real Data: Leukemia study

Correct diagnosis of neoplasia malignancies is necessary for proper treatment.
Microarray technologies provided the means by which neoplasms can be more
accurately classified, thus leading to effective treatment. Golub et al. (1999) studied
two hematologic malignancies: acute lymphoblastic leukemia (ALL) and acute
myeloid leukemia (AML). They expected these two malignancies could be identified
based on microarray gene expression measures. They measured gene expression levels
using Affymetrix high-density oligonucleotide chips. The goal of this study is to
identify differentially expressed genes between the two diseases. Gene expression data
has 7129 genes and 38 tumor mRNA samples. Pre-processing was done as described
in Dudoit et al. (2002). Differentially expressed genes in ALL and AML patients were

identified.

Figure IIT shows the randomness assumption of array effects are reasonable. Figure
IV compares the original expression level with signed square root transformation(Z
score transformation) of the expression level. By transforming the original expression
level, this Z score transformation, provides a way of standardizing data and allows the
comparison of microarray data independent of the original hybridization intensities.
Data normalized by Z score transformation can be used in the calculation of
significant changes in gene expression between different samples and conditions

Cheadle et al. (2003).

Each p-value is computed based on welch two sample t-statistics for each gene. We
assumed that the P/s are uniformly distributed among the mg genes. This
assumption is appropriate and realistic. Figure V displays that p-values, greater than
0.001, are uniformly disributed and the assumptions among the non-disease genes, m,

genes are reasonable.
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We will numerically compare the performance of proposed FDR procedure with
others for different values of mg. The study was performed for my=0.2,0.4,0.6. Table
V compares different FDR procedures such as Storey’s FDR (FDR), the Benjamini
and Hochberg procedure (BH) and Proposed FDR. It can be shown that the increase
in the proportion of the true null hypotheses (m), that is, non-disease genes is
greater, the greater FDRs and pFDRs are. Proposed FDR controls the FDR at all
levels a=0.1 (threshold=0.0004),0.05 (threshold=0.0002),0.01 (threshold=0.000175)
,whereas the Benjamini and Hochberg procedure having greater power fails to control
the FDR. It turns out that Proposed FDR is more amenable in real microarray data
structures. Storey’s method of estimating my works well in the continous gene
expression levels data. Table VII displays Modified FDR using the estimate of 7
(=0.4). Table VIII presents Storey’s pFDR (pFDR) with Proposed pFDR. Proposed
pFDR is smaller than Storey’s pFDR. Table VI display the 30 most significant genes

in the dataset at FDR level=0.1.

TABLE V: Different FDRs In Real Data
e’ mo  Storey’s FDR BH Proposed FDR

0.1 0.20 0.00197 0.0687 0.01686
0.40 0.0025 0.14964 0.0434
0.60 0.0036 0.2658 0.0997

0.05 0.20 0.0013 0.0534 0.0115
0.40 0.00169 0.1302 0.02879
0.60 0.00256 0.2445 0.04877

0.01 0.20 0.0012 0.04279 0.0081
0.40 0.00159 0.10617 0.00934
0.60 0.00236 0.19248 0.0100
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TABLE VI: Displaying the 30 most significant genes at FDR=0.1

pvalues gene.names
1.381111e-10  C-myb gene extracted from Human (c-myb) gene, comp
2.138241e-10 FAH Fumarylacetoacetate
3.837362e-09 Zyxin
6.082366e-09 Leukotriene C4 synthase (LTC4S) gene
2.221575e-08  TCF3 Transcription factor 3 (E2A immunoglobulin en
2.517146e-08 RETINOBLASTOMA BINDING PROTEIN P48
3.740919e-08 CTPS CTP synthetase
5.867391e-08 CCND3 Cyclin D3
6.796881e-08 Clone 22 mRNA, alternative splice variant alpha-1
8.590343e-08 MB-1 gene
8.639399e-08 LEPR Leptin receptor
9.888047e-08 Thrombospondin-p50 gene extracted from Human throm
1.352416e-07 PROTEASOME IOTA CHAIN
1.820797e-07 RPA1 Replication protein Al (70kD)
1.890900e-07 MYL1 Myosin light chain (alkali)
2.368127e-07 TOP2B Topoisomerase (DNA) II beta (180kD)
2.574041e-07 ACADM Acyl-Coenzyme A dehydrogenase, C-4 to C-12 s
2.796545e-07 Cytoplasmic dynein light chain 1 (hdlcl) mRNA

3.576030e-07 CST3 Cystatin C (amyloid angiopathy and cerebral h
4.776810e-07 GB DEF = Homeodomain protein HoxA9 mRNA
5.193354e-07 LYN V-yes-1 Yamaguchi sarcoma viral related oncoge
5.590720e-07 PRG1 Proteoglycan 1, secretory granule
6.749931e-07 Transcriptional activator hSNF2b
6.875291e-07 CYP2C18 Cytochrome P450, subfamily IIC (mephenytoi
7.288953e-07  Liver mRNA for interferon-gamma inducing factor(IG

7.733038e-07 Inducible protein mRNA
8.367065e-07 Catalase (EC 1.11.1.6) 5primeflank and exon 1 mapp
8.565317e-07 CD33 CD33 antigen (differentiation antigen)

9.520948e-07 CARCINOEMBRYONIC ANTIGEN PRECURSOR
9.716227¢-07  MCM3 Minichromosome maintenance deficient (S. cere

TABLE VII: Modified FDR at 7y = 0.4
o  Modified FDR
0.1 0.0422
0.05 0.02819
0.01 0.009224
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TABLE VIII: Comparison of different pFDR procedures (Real data):Golub et al.
Q@ 0 pFDR Proposed pFDR

0.1 0.20 0.02558332 0.0169
0.40 0.03257848 0.04339
0.60  0.04633 0.09975

0.05 0.20 0.0328 0.0115
0.40  0.04318 0.02879
0.60  0.06519 0.0588

0.01 0.20 0.0349 0.0081
0.40 0.0464 0.01934
0.60 0.0687 0.04907

5.2 FDR in genomic sequences

5.2.1 Application to The SARSCoV RNA Genome
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Genome structure of SARS coronavirus. Replicase and structural regions are shown together with the predicted
cleavage products in ORF1a and ORF1b. The position of the leader sequence (L), the 3” poly(A) tract and the nbosomal frameshift
site between ORF1a and ORF1b are al=o indicated. Each box represents a protein product (Nsp, non-structural protein). Colours
inclicate the level of amino-acid identity with the best-matching protein of other coronaviruses (TABLE 2). The SARS-CoV/ accessory
genes are white. Filled circles indicate the positions of the nine transcription-requlatory sequences (TRSs) that are specific for
SARS-CoV (5'ACGAACT.

FIGURE VI: The SARSCoV RNA Genome

Following its origin in Southern China, the SARS epidemic resulted in 8422 infected

people and 916 deaths. The SARS causative agent was identified as a coronavirus
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(SARSCoV) with GenBank database. The SARS epidemic has an identified
single-stranded and positive-sense RNA virus with large genome size and moderate
mutation rate. For these sequences, an enormously high-dimensional purely
qualitative categorical model is constructed. n (=14) SARS complete sequences are
downloaded ,isolated from Guadong, Beijing, Hongkong and Taiwan: n;(= 5) from
Guadong, ns(= 4) from Beijing, nz(= 3) from Hongkong and ny(= 2) from Taiwan.
To simplify the measurement of variation, the sequences with no nucleotide changes
are removed. The responses consist of not even ordered categories, a,c,g,and t and an
ordering may not be feasible. The Hamming distance give us a stochastic ordering.
But individual statistics using Hamming distance do not have a known null
hypothesis distribution in general. For these reasons, we use jackknife variance
estimation él‘k and permutation distribution to construct some permutation tests.
There are K=900 genes (or positions) for each sequence and for each position, the test
statistic described and corresponding p-value are computed. The test statistic Ly is
defined as 23:1 ng[Upe — Up)?/(4C1k),  k=1,...,900. The permutation distribution
can be generated by considering 14!(equally likely) permutations of the combined
sample observations among four groups of (sizes 5,4,3 and 2). Based on 900 p-values
from the positons, each p-value are computed from the permuted distribution.
Storey’s FDR procedure, Benjamini and Hochberg procedure, Benjamini and Liu
procedure, and Proposed FDR are computed and compared with o = 0.1
(threshold=0.003),0.05 (threshold=0.0015) in Table IX. It turns out that the
Benjamini and Hochberg (BH) and the Benjamin and Liu (BL) procedures don’t work
well in this genomic data. Table X presents proposed pFDR with Storey’s pFDR.

Proposed pFDR is always smaller than Storey’s pFDR.
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TABLE IX: Comparison of different FDR procedures-Hamming distance
o mo Storey’s FDR BH  BL Proposed FDR

0.1 0.40 0.037 0.038 0 0.0134
0.60 0.054 0.049 0 0.0384
0.80 0.103 0 0 0.0898
0.05 0.40 0.0209 0.034 0 0.007
0.60 0.0313 0.0203 0 0.0157
0.80 0.0616 0 0 0.0402

TABLE X: Comparison of different pFDR procedures-Hamming distance
« o  pFDR Proposed pFDR

0.1 0.40 0.037 0.0234
0.60 0.054 0.0484
0.80 0.1032 0.0898
0.05 0.40 0.022 0.007
0.60  0.032 0.0257
0.80  0.064 0.0402

5.3 Numerical Study in Classification Of Genes

Mitogenesis in hormone-responsive breast cancer cells may be stimulated by the
steroid hormone estrogen. The cDNA microarray gene expression levels of a
hormone-responsive breast cancer epithelial cell line with a mitogenic dose of estrogen
without other confounding growth factors in serum ,were examined. Gene expression
changes were measured at 6 time points 1, 4, 12, 24, 36, and 48 hours after estrogen
stimulation. The expression levels of DNA replication fork genes stimulated by
estrogen, without growth factors in serum, shows that the steroid hormone estrogen
plays a important role of generating Mitogenesis. (Molecular Endocrinology 16, 2002).
For the purpose of illustration, the data set in Lobenhofer et al. (2002) is analyzed.
The data consists of 1900 genes measured at 6 time points with 8 observations (n=8)
each time point. Gene expression levels are log-transformed. But the dataset to which

we applied the analysis contains 1000 genes and 5 time points (1, 4, 12, 24, 36 hours
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after estrogen stimulation), at which each group has 4,3,2,2,and 1 observations,
respectively. Figure VII and VIII shows mean expression level changes at 5 time
points. The patterns over time include monotone nondecreasing, monotone
nonincreasing, up-down, and down-up profiles. The pattern of interest is the
monotone nondecreasing profile over time. We then express these in term of

inequalities between the expected expression levels at 5 time points.

5.3.1 Application To the Breast Cancer Study

We generate p-values in terms of 6 test statistics: Proposed FDRs (PLF) using 3 rank
score statistics in linear rank statistics (uniform(Wilcoxon)(U), Normal(N),and
logistic(L),respectively) Proposed FDRs(PMF) using robust M-estimator with the
regression scores generated by ¢ which can be Normal (N) or uniform (U) and

Kendall-tau statistic. Proposed pFDRs are defined similarly.

Table XI displays comparison of FDR procedures with application to Breast data.
The study was performed for 7y = 0.3,0.5, and 0.70. Proposed FDR always controls
the FDR at all levels a=0.1 (threshold=0.001), 0.05 (threshold=0.0005), regardless of
test statistics used. The increase in the proportion of the true null hypotheses(my),
the greater FDRs and pFDRs are, except for the Benjamini-Hochberg procedure
(BH). The Benjamini-Hochberg procedure (BH) and Storey’s FDR fail to control the
FDR at some a. Moreover, they have higher variability of the standard estimate of
the false discovery rate, so these FDR methodologies are far from the true FDP.
Figure X shows that proposed FDR using p-values generated by linear rank statistics
with normal scores not only attains greater powers regardless of o but also reports
smaller FDR estimates. When the distribution of the test statistics is Gaussian, this
will be better. Proposed FDR is more feasible in this microarray data. Table XII

presents Proposed pFDR is always smaller than Storey’s pFDR.
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TABLE XI: Comparison of different FDR procedures (Breast data):

a T Test statistics Storey’s FDR BH Proposed FDR

0.1 0.3 linear rank statistics(Uniform) 0.049 0.089 0.021
...(Normal) 0.049 0.085 0.020
...(logistic) 0.084 0.003 0.030
M-estimator(Normal) 0.038 0.168 0.027
...(Uniform) 0.039 0.164 0.026
Kendall-tau 0.039 0.163 0.025
0.5 linear rank statistics(Uniform) 0.066 0.041 0.051
...(Normal) 0.066 0.040 0.037
...(logistic) 0.112 0.000 0.049
M-estimator(Normal) 0.052 0.123 0.052
...(Uniform) 0.052 0.125 0.051
Kendall-tau 0.050 0.122 0.049
0.7 linear rank statistics(Uniform) 0.098 0.00 0.078
...(Normal) 0.100 0.00 0.078
...(logistic) 0.170 0.000 0.100
M-estimator(Normal) 0.074 0.007 0.095
...(Uniform) 0.073 0.006 0.093
Kendall-tau 0.070 0.004 0.089
0.05 0.3 linear rank statistics(Uniform) 0.043 0.00 0.019
...(Normal) 0.044 0.00 0.022
...(logistic) 0.082 0.000 0.030
M-estimator(Normal) 0.038 0.000 0.023
...(Uniform) 0.038 0.000 0.042
Kendall-tau 0.035 0.001 0.040
0.5 linear rank statistics(Uniform) 0.058 0.000 0.036
...(Normal) 0.059 0.000 0.040
...(logistic) 0.113 0.000 0.047
M-estimator(Normal) 0.050 0.000 0.042
...(Uniform) 0.050 0.000 0.042
Kendall-tau 0.048 0.002 0.040
0.7 linear rank statistics(Uniform) 0.088 0.00 0.050
...(Normal) 0.088 0.00 0.047

...(logistic) 0.174 0.000 0.050
M-estimator(Normal) 0.082 0.000 0.047
...(Uniform) 0.082 0.006 0.047
Kendall-tau 0.079 0.0045 0.045
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TABLE XII: Comparison of different pFDR procedures (Breast data)

Q 0 Test statistics Storey’s FDR  Proposed pFDR
0.1 0.3 linear rank statistics(Uniform) 0.052 0.021
...(Normal) 0.050 0.020
...(logistic) 0.084 0.003
M-estimator(Normal) 0.040 0.027
...(Uniform) 0.041 0.026
Kendall-tau 0.040 0.023
0.5 linear rank statistics(Uniform) 0.066 0.041
...(Normal) 0.069 0.040
...(logistic) 0.118 0.059
M-estimator(Normal) 0.054 0.052
...(Uniform) 0.054 0.052
Kendall-tau 0.050 0.049
0.7 linear rank statistics(Uniform) 0.103 0.078
...(Normal) 0.105 0.079
...(logistic) 0.178 0.100
M-estimator(Normal) 0.078 0.095
...(Uniform) 0.077 0.093
Kendall-tau 0.074 0.090
0.05 0.3 linear rank statistics(Uniform) 0.049 0.020
...(Normal) 0.050 0.022
...(logistic) 0.094 0.030
M-estimator(Normal) 0.043 0.023
...(Uniform) 0.042 0.022
.Kendall-tau 0.040 0.021
0.5 linear rank statistics(Uniform) 0.066 0.036
...(Normal) 0.067 0.040
...(logistic) 0.128 0.050
M-estimator(Normal) 0.058 0.042
...(Uniform) 0.058 0.042
Kendall-tau 0.057 0.041
0.7 linear rank statistics(Uniform) 0.099 0.050
...(Normal) 0.100 0.049
...(logistic) 0.197 0.050
M-estimator(Normal) 0.088 0.045
...(Uniform) 0.088 0.043
Kendall-tau 0.085 0.040
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CHAPTER 6

SUMMARY AND FUTURE
RESEARCH

6.1 Summary and Conclusion

My thesis consists of three topics: False discovery rate in microarray studies, False
discovery rate in genomic sequences, and Classification of genes. For estimating false
discovery rates in microarray setting, we wanted to consider more general dependence
structures among tested genes. We utilized the Chen-Stein method to derive the
Poisson distributions of V and R, respectively. This was derived from fairly mild
regularity conditions regarding the dependence of the genes: the classification into
two subsets of non-differentially expressed genes and differentially expressed genes
crucial to sort plausible dependence patterns out. These estimation procedure has an
advantage of not needing unfeasible conditions under which central limit theorems
apply and it prevents the standard estimate of FDR from being increased due to
ignoring high correlations. A primary goal of developing FDR procedure under this
framework is to minimize FDR level and increase the associated power. Two-stage

FDR procedure by adding one more rejection procedure has these desirable



properties. Besides, this proposed FDR procedure is always controlled at preassigned
overall significance level a. We also developed proposed pFDR procedure as well. In
the simulated data example and real data example, the proposed FDR procedure
provides exact estimation to actual FDR and has greater power than other
conventinal FDR procedures. Proposed pFDR procedure has smaller values than

Storey’s pFDR procedure

Secondly, We considered high dimension low sample size genomic sequences without
ordering of response categories. When constructing an appropriate test statistics in
this model, the classical MANOVA approach may not be tenable due to too large
number of parameters and too small sample size. In thsese sense, a pseudo marginal
model based on the Hamming distance were presented. The Hamming distance
utilizes the idea of Gini-Simpson diversity index in a variety of multidimensional
setups. For small sample size, the permutation distribution was generated by
considering all possible n!(equally likely) permutations of the combined sample
observations among the G groups of (sizes ny,...,ng). We applied proposed FDR
procedure developed earlier to SARS epidemic genomic sequences. This procedure
along with the associated test statistics for each gene worked well in the set of
p-values generated from the exact permutation theory and controls the FDR at any

level ae. Proposed pFDR procedure was smaller than Storey’s pFDR procedure

Finally, these previous setups may fall into classification of genes. This classification
may involve complex order-restricted inference. For this problem, Roy’s (1953)
union-intersection principle have some advantanges (Silvapulle and Sen 2004, Tsai
and Sen 2005). We presented three appropriate test statistics: linear rank statistics, a
M-estimator, and kendall-tau statistics. The test statistic based on linear rank
statistics using a suitable rank scores has the property of achieving a locally most

powerful test, instead of the most powerful test. The M-estimator accounting for

105



outlier arrays provides robust test statistic, that is, distribution-insensitive clustering
of genes. The Kendall-tau statistic may be utilized to construct a distribution-free
test, not depending on any nuisance parameters. By exact permutation distrubution
theory, conditionally distribution-free test based upon each test statistic generated
corresponding p-values in small sample size setup. We assessed the performance of
proposed FDR associated with each test statistic to Lobenhofer et al’s breast cancer
study (2002). The linear rank statistic using a normal score has smaller FDR level

compared to other FDR procedures.

6.2 Discussion and Future Research

The statistical properties proposed in FDR procedure may depend on choice of
appropriate parameters, ay,, and as,,, based on two-stage estimator. Simulation
studies suggest that the proposed procedure along with parameters outperform the
conventional FDR procedures. We considered two-stage FDR procedure only, but still
one may ask about a FDR procedure accomodating more rejection stages. In this case,
choice of multiple parameters may be complicated but may definitely help to minimize

FDR level and increase the associate power compared to two-stage procedure.

Average power has been mostly used in assessing the performance of FDR procedure.
We assessed the performance of proposed FDR procedure in terms of average power.
However, balancing FDR procedure and FNR procedure may be of greater importance
in statistical practice of high-throughput screeing data analysis like microarray
experiment, that is, controlling the FNR level while maintaining fixed FDR level. We
already developed two-stage FNR procedure but one may need to evaluate power in

terms of this procedure in simulated data example and in real data example

A pseudo marginal approach based on the Hamming distance seeks to find a
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distribution-free test. In fact, it still depends on unknown parameter, maybe
preempting an appropriate method in generating p-values. And the distribution of
the test statistic based on linear rank statistic with appropriate constants still
depends on values of constants. In these sense, Kendall-tau statistics may be a
promising alternative to them, because the distribution of this statistic is free of
unknown nuisance parameters. In view of using exact distribution-free tests, more
sophisticated methods must be taken into account. However, Kang and Sen (2007)
presented more general version of Kendall’s tau statistics. to utilize a hybrid of
Kendall’s tau and linear rank statistics. It incorporated the sign function which have
invariance property under the monotone transformations of observations. It showed
not only sign of the difference between two observations but also the magnitude of the
difference. They evaluated the performance of this Kendall’s tau- type linear rank
statistics and Kendall’s tau statistics considered in Sen (2007-2008) with the real
data, Lobenhofer et al. (2002). This resulted in smaller FDR procedure associated
with two-stage FDR procedure presented in my thesis. More simulation studies are
expected under more various situations. For example, we used two means of gene
expression level according to two hypotheses, but by varying this mean expression
levels, we can evaluate the performance of proposed FDR along with associated test
statistics very well. We also conduct simulation studies with more complex
dependence structures, such as complicated Markov chain structures or positive
regression dependence structures (PRDS).

We considered two-stage FDR procedure but this result can be extended to
multi-stage FDR procedure incorporating the Chen-Stein method. We expect that
this procedure will provide less stringent FDR estimation as well as more power in the
multiple testing context, even though it is mathematically and computationally

complicated to implement.
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Appendix

[proof of Theorem 2.1.1] My = {1,2,...,mo} and M = {1,2,...,m}. Assume that
Cov(P;, Pj) =~ 0 when 4, j € My or (i € My,j € M — M) or (j € My,i € M — M,).
Let g; denote Pr(P; < ¢,). Bsa is defined as any subset of inactive genes out of myg
genes. B« is defined to be any subset of active genes out of m — mg genes.

Vine = Zie Mo I(P; < ¢,) is approximately Poisson variable with EV,,,, = ptym, = moQn,.

By the Chen-stein method,

by = Z Z qiq; = mg(am)Q = o(1),

aEMy jEB2q
by = Z Z gij = mo(mo — 1)a2, = mi(an,)® = o(1),
i€Mo i#j€Baa
if and only if «, = o(mio) and by = 0.
Let Z; be a Poisson random variable with £'Z = EV,,, = moa,.
1£(Ving) = L£(Z1)[|=25upa| P (Vin, € A) = P(Z1 € A)| =< 2(b1 + b2 + b3) = o(1).
Sy = D ienr—n, (P < ¢a) is approximately Poisson variable with
ES,,, = (m—mg)as,.

By the Chen-stein method,

by = Z Z qiq; = (m —mo)*(a;,)* = o(1)

a€EM—My jEB1a
by = Z Z gij = (m —mg)(m —mq — 1)az, = (m —mg)*(am)* = o(1)
i€eM—Mp i#j€Bia
if and only if o, = O(le) and bz=0.

*

Let Z; be a Poisson random variable with EZ = ES,,,, = (m — mg)as,.
|L(Sm,) — L(Z2)||=25upa| P(Sp, € A) — P(Zy € A)| =< 2(by + by + b3) = o(1). Thus,

Ry =20 I(P; < ¢o) = Vi + S, 1s approximately Poisson variable with
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ERyy = 1, = MoQm + (m —mg)ay,. [proof of Theorem 2.2.1]

Let My be {1,2,...,mo} and M be {1,2,...,m}. Assume that Cov(P;, P;) ~ 0 when
i,7 € Myor (i € My,j € M — M) or (j € My,i € M — My). Let ¢; denote

Pr(P; < cy). Baais defined as any subset of inactive genes out of mg genes. By« is
defined to be any subset of active genes out of m — mg genes.

Vitme) = D ic o (P; < c,) is approximately Poisson variable with

EViime) = H1(me) = MoQim.

b= Y 4ty =mylawm)® = o),

a€Mo jEBaq

by = Z Z gij = mo(mo — 1)ad,, =~ mi(ai,)? = o(1)
€My i€ Baa
if and only if ay,, = 0<mL0) and b3 = 0.
Let Z; be a Poisson random variable with EZ = EV(;,,,) = moaym.
L (Vi) — £(Z0)|[=25upa | P(Vigne) € A) — P(Z1 € A)| =< 2(by + by + bs) = o(1).
S1m) = Diem— o L (P; < cq) is approximately Poisson variable with
ESim,) = (m —mg)aj,,.

By the Chen-stein method,

by = Z Z ¢iq; = (m — m0)2<aim>2 = o(1),

aeM—Mq jEB1a

by = Z Z gij = (m —mg)(m —my — Dai,, = (m —mg)*(a1m)® = o(1)

1€EM—Mo i#jEB1o

if and only if oy, = o(=-) and b3=0.

1
mi
Let Z, be a Poisson random variable with £Z = ES () = (m — mg)aj,,.

1£(S1(m1)) — L(Z2)[[=25upa| P(S1imi) € A) — P(Zy € A)| =< 2(by + b + b3) = o(1).

Thus, Ri(me) = Y iy 1(Ps < ¢a) = Vigmg) + Si(m,) is approximately Poisson variable
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with ER1(mg) = Hin, = MoQim + (M —mg)aj,,.
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