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Abstract

Background: With the explosion of microarray studies, an enormous amount of data is being
produced. Systematic integration of gene expression data from different sources increases
statistical power of detecting differentially expressed genes and allows assessment of
heterogeneity. The challenge, however, is in designing and implementing efficient analytic
methodologies for combination of data generated by different research groups.

Results: We extended traditional effect size models to combine information from different
microarray datasets by incorporating a quality measure for each gene in each study into the effect
size estimation. We illustrated our method by integrating two datasets generated using different
Affymetrix oligonucleotide types. Our results indicate that the proposed quality-adjusted weighting
strategy for modelling inter-study variation of gene expression profiles not only increases
consistency and decreases heterogeneous results between these two datasets, but also identifies
many more differentially expressed genes than methods proposed previously.

Conclusion: Data integration and synthesis is becoming increasingly important. We live in a high-
throughput era where technologies constantly change leaving behind a trail of data with different
forms, shapes and sizes. Statistical and computational methodologies are therefore critical for
extracting the most out of these related but not identical sources of data.

tion of gene expression data from different sources

Background

The introduction of DNA microarray technology has ena-
bled investigators to screen thousands of genes simultane-
ously. One of the main goals of these studies is to identify
differentially expressed genes between two biological con-
ditions. For example, many studies [1-4] have been per-
formed in prostate cancer research to find candidate
markers. Since laboratory protocols, microarray platforms
and analysis techniques used in these studies were not
identical, it is difficult to make a comparison among the
results obtained from them. However, systematic integra-

increases statistical power of detecting differentially
expressed genes and allows assessment of heterogeneity.
Meta-analysis is a classical statistical methodology for
combining results from different studies addressing the
same scientific questions, and it is becoming particularly
popular in the area of medical and epidemiological
research [5]. Meta-analysis methods have recently been
applied to the analysis of microarray data [6-11].
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Rhodes et al. [6] focused on combining p-values for each
gene from the individual studies to estimate an overall p-
value for each gene across all studies. Their method has
been applied to four prostate cancer microarray datasets,
two of which are cDNA microarray data and the remain-
der Affymetrix microarray data. Samples in each data set
were taken from prostate cancer cases, but were analyzed
with different platforms. Differential expression was
assessed independently for each gene in each dataset.
Since the method chosen to combine results across studies
was based on the statistical confidence measure, the p-
value, not on the expression level, this strategy avoids
direct comparisons of data sets and related cross-platform
normalization issues. Choi et al. [7] focused on integrat-
ing effect size estimates to obtain an overall estimate of
the average effect size. Effect size is used to measure the
magnitude of treatment effect in a given study. Using the
same datasets as those used by Rhodes et al. [6], they dem-
onstrated that their method can lead to the discovery of
small but consistent expression changes with increased
sensitivity and reliability.

Parmigiani et al. [9] developed a correlation-based
method for assessing reproducibility of gene expression
studies with application to lung cancer. They demon-
strated that their method can improve correlation across
the various studies. Jiang et al. [10] used a distribution
transformation method to integrate two lung cancer stud-
ies and proposed a gene shaving-based classification
approach to identify a small list of differentially expressed
genes between lung cancer and normal patients. They
noted that many of the selected genes have been experi-
mentally validated.

Although some of the above studies (for example Rhodes
et al. [6], Choi et al. [7], Parmigiani et al. [9]) demon-
strated the utility of integrating cDNA and Affymetrix
microarray data, other investigators argued against this
approach. Kuo et al. [12] compared Affymetrix and spot-
ted cDNA gene expression measurements based on 60 cell
lines from the National Cancer Institute. They found low
correlation between the actual gene measurements from
the two technologies, and concluded that "data from spot-
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ted cDNA microarrays could not be directly combined
with data from synthesized oligonucleotide arrays." More-
over, they concluded that it was unlikely that the two
types of data could be transformed or normalized into a
common standardized index. Jarvinen et al. [13] deter-
mined the level of concordance between microarray plat-
forms by analyzing breast cancer cell lines with in situ
synthesized oligonucleotide arrays, commercial cDNA
microarrays and custom-made cDNA microarrays. Their
results demonstrated that data from different microarray
platforms are variable to the extent that direct integration
of data from different platforms may be complicated and
unreliable.

In classical meta-analysis, quality measures have often
been used when combining results across studies. It has
been argued that studies of a higher quality will give more
accurate estimates of the true parameter of interest, and
therefore studies of high quality should receive a higher
weight in the analysis summarizing across studies [14].
The Affymetrix microarray technology has been used
worldwide. Its success has been demonstrated by numer-
ous publications in scientific journals. However, it is well-
known that only part (approximately 40-50%) of the
whole genome is expressed in any specific tissue type, so
there are many genes showing low expression and ran-
dom variability across samples. Furthermore, some genes
will be measured less precisely by some technologies, or
studies, than others.

Therefore, our ability to develop powerful statistical meth-
ods for efficiently integrating and weighting information
from related genomic experiments will be critical in the
success of the massive investment made on genomic stud-
ies. The focus of this paper is to design and implement a
quality measure appropriate for Affymetrix microarray
data. Using our quality measure, we weighted the impor-
tance of each gene in each experiment and incorporated
our quality measure into the effect size model proposed
by Choi et al. [7] to model inter-study variation of gene
expression profiles. We believe that applying this
approach can lead to a more accurate description of
expression patterns than Choi et al's method [7].

Table I: Quality scores for selected probe sets at a sensitivity parameter s = 0.2

Quality Score

Probe Set Harvard Study Michigan Study
38249 _at 0.663 0.001
32180_s_at 0.263 0.732
37174 _at 0.001 0.495
32318_s_at 0.795 0.795

Harvard Study Michigan Study

0.255 4.050
0.829 0.194
4.050 0.437
0.142 0.142

Page 2 of 11

(page number not for citation purposes)



BMC Bioinformatics 2005, 6:128 http://www.biomedcentral.com/1471-2105/6/128

(a)
w2
)
=

(A

(]

| — ol

(]

N

.=

2 o=

=

=

o

L i)

p—

W

=

—

Lo} o —

oo

o

b

o

=

L]

—

L]

e ]

= = -

T T T T T T T T
0 2 4 5] g 10 12 14
MMean Expression Yalues of Harvard Datazet

(b)
=
£
=

(A
—
—
[A]
n
=
S =24
=
=
[ p]
L B
s }
W
=
—
o] L —
o
[ p]
T
'
=
L]
|
o
e ]
= =

a 2 4 = (=] 10 12 14

Mean Expression YWalues of Harvard Datas et

Figure |
Scatter plots of (a) quality-weighted and (b) quality-unweighted mean expression values for the 6124 common probe sets in the
Harvard and Michigan datasets based on normal (healthy) samples.
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Results

We used two data sets consisting of gene expression pro-
files in lung cancer and normal subjects. These datasets
were collected using different chip types of the Affymetrix
oligonucleotide microarrays and were conducted by two
research groups, one from Harvard and the other from
Michigan (see Methods section for details). A list of 6124
common probe sets found in the two datasets was used
for data analysis in this study [10]. We developed a quality
weight for each gene in each study by modeling the log of
the detection p-values with an exponential distribution,
and then summarizing across arrays and groups within
each study (see Methods). In order to visualize the effect
of the proposed quality weighting, we calculated the
mean expression value of each probe set across all normal
samples, where the expression variation presumably is
less heterogeneous than among the cancer samples. The
mean expression value of a probe set in a study is the esti-
mated average of the probe set's intensity values across all
normal samples in the study. Figure 1 shows the scatter
plot of the average expression values of the probe sets in
the Harvard dataset plotted against that of the Michigan
dataset: (a) weighted by the quality score (see Methods
section for our definition of the quality score), and (b) un-
weighted. This plot is intended to be illustrative only — our
algorithm weights the test statistics, rather than the gene
expression measures. In Figure 1(a), it can be seen, as
expected, that many of the genes with low levels of expres-
sion are associated with low quality weights.

We show examples of quality scores for selected probe sets
in Table 1. The two datasets may have very different detec-
tion p-value distributions, which are reflected in the qual-
ity scores. Figure 2 shows a box plot of the detection p-
values for one probe set from Table 1. When the two data-
sets give small p-values (e.g., last line in Table 1), the min-
imum p-value may be much smaller in one dataset than
another. Both, however, will give high quality scores with
an appropriate choice of the sensitivity parameter s that
adjusts how the quality measure interprets the detection
p-values.

Figure 3 shows the adjusted and unadjusted quantile -
quantile (Q-Q) plots of the observed vs. expected Q val-
ues. Q is the test statistic we used for assessing heterogene-
ity, and is described in detail later in the Methods section.
In the adjusted Q-Q plot, the quality score was used as a
weight in the computation of Q while it was not consid-
ered in the unadjusted Q-Q plot. From these graphs, we
can see that the quantiles of the observed Q values are far

from the expected quantiles of a )(12 distribution, suggest-
ing that these two datasets generated heterogeneous
results beyond random sampling errors. Therefore, we
applied the random effect model in this study. The quan-
tiles of the Q statistic were closer to the quantiles of the
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expected chi-square distribution when quality-adjustment
was considered (Figure 3(a)) than when it is was not (Fig-
ure 3(b)). The variance for the unadjusted Q values was
9.45, but it was reduced to 3.31 when quality adjustment
was used. This result suggests that the incorporation of the
adjusted quality measure into effect size estimation can
increase consistency and decrease heterogeneity between
these two datasets.

To identify a list of potentially "significant" genes, we
adapted the false discovery rate (FDR) algorithm imple-
mented in [30]. We first calculated the adjusted z statistics
for all genes based on random-effects model (REM).
Genes were then ranked by the magnitude of their z statis-
tic values. A permutation-based approach was used to
obtain the corresponding expected ordered z statistic. The
potentially "significant" genes are genes with a distance
between the ordered z statistic from the observed data and
that of the permuted data exceeding a given threshold
(delta). Figure 4 shows the relationship between the
number of significantly differentially expressed genes and
different delta levels. As we see in this figure, the quality-
adjusted REM can identify many more significant genes
than the quality-unadjusted REM model at any fixed level
of delta.

We calculated the estimated FDR for each given delta. As
expected, the number of genes called significant increased
as the value of delta decreased, but at the cost of an
increasing FDR. The estimated FDR was zero down to a
delta of 0.6, where 228 genes were called significant in the
quality-adjusted model and 153 genes in the quality-
unadjusted model. In order to get a manageable gene list,
we arbitrarily set delta at 1.1. At this delta level, we
selected 29 differentially expressed genes (representing 32
probe sets) at a FDR of 0% when the quality weight was
incorporated into the estimation of the effect size. How-
ever, when the quality measure was not used (Choi et al's
method [7]), we only selected 20 differentially expressed
genes (representing 21 probe sets) at a FDR of 0%. All the
20 genes were also in the top of the list of the 29 genes
identified with the quality-weights. Tables 2 and 3 show
the selected differentially expressed genes between nor-
mal and lung adenocarcinoma patient samples using the
quality-adjusted and  quality-unadjusted = models,
respectively, with genes ordered based on their z statistic
values [see Additional files 1 and 2]. As can be seen in
Tables 2 and 3, 4 of the 9 genes that were selected by our
method, but not by Choi et al's method, have also been
identified by several other groups including Jiang et al.
[10], Beer et al. [15] and Bhattacharjee et al. [16]. In par-
ticular, some of these 4 genes, such as TEK and TGFBR2,
have been experimentally validated (shown in Table 3 of
Jiang et al.[10]). For a cutoff of an adjusted z value of 1.96
(corresponding to a 5% level of significance), the quality-
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Figure 2

Detection p-values for a sample probe set (38249 _at). HIl and H2 denote the detection p-values in normal and lung cancer
groups, respectively, for the Harvard study; whereas M| and M2 denote the detection p-values in normal and lung cancer

groups, respectively, for the Michigan study.

adjusted model identified 9 significantly expressed genes
while the quality-unadjusted model identified only 2 of
the 9 significantly differentially expressed genes. All these
results suggest that our proposed method may have
increased sensitivity to detect more differentially

expressed and biologically relevant genes than Choi et al's
method [7].

We compared genes identified with our method with

genes identified by Jiang et al. [10], Beer et al. [15] and
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Figure 3
Quantile — Quantile plots of the observed versus the expected Q statistic: (a) with quality adjustment, and (b) without quality
adjustment.
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Relationship between number of significantly expressed
genes and different delta levels, obtained from fitting the ran-
dom effects model.

Bhattacharjee et al. [16], sixteen of the 29 genes identified
by our proposed model were also detected in at least one
of these studies. In particular, we observed that 6 of the 29
genes were consistently identified in the other three stud-
ies. There were 13 of the 29 genes that were uniquely iden-
tified in our study. Some of these are plausible candidates
for lung adenocarcinoma. For example, Walker et al. [17]
found that G protein-coupled receptor kinase 5 (GRK5) is
a key gene regulating airway response, that may have
implications in obstructive airway diseases.

Discussion

In this study we proposed a measure to quantify Affyme-
trix gene chip data quality for each gene in each study. The
quality index measures the performance of each probe set
to detect its intended target. Furthermore, we extended a
traditional effect size model by using the quality index as
a weight for combining information from different chip
types of Affymetrix microarrays, and incorporating this
weight into a random-effects meta-analysis model. We
illustrated the advantages of our proposed methods using
the Harvard and Michigan gene expression datasets used
in [18]. This approach of using the detection p-values to
weight the gene expression estimates can be applied in a
more general context and to other microarray meta-anal-
ysis methods, such as that of Rhodes et al [6].

http://www.biomedcentral.com/1471-2105/6/128

The assumption of a group-specific exponential distribu-
tion for the negative log detection p-values is a very rough
approximation. The true distribution is probably closer to
the two-parameter log-beta distribution. However, due to
the fact that there are only 16-20 probe pairs per probe set
used in the Wilcoxon test statistic for the detection p-val-
ues, the p-values follow a somewhat discrete distribution.
In particular for highly-expressed genes, the p-values for
all samples in a group may have the same near-zero value.
Estimation of two-parameters is therefore impossible. It
would be worth investigating the sensitivity of the per-
formance of this quality-weighting approach to the distri-
butional assumption.

The performance of the weighting also depends on the
sensitivity parameter s. In this study, a high s was needed
since a lower cutoff gave almost all genes extremely low
quality scores. This is a consequence of the observed
detection p-value distributions. These data were created in
2001, and since that time the quality of the oligonucle-
otide array technology has improved with more specific
probe selections and optimized experimental conditions.
For expression data obtained today, smaller values of s
would be more appropriate. For example, in an analysis of
a dataset generated more recently using improved
oligonucleotide technology (not shown), using s = 0.05
gave good performance.

The discrepancy between the calculated and expected val-
ues for the Q test of heterogeneity was smaller when our
quality measure was incorporated than when it was not,
as suggested by the quantile-quantile plots, but overall
there still remains some variability that has not been fully
captured by the weight function, emphasizing the need
for a more elaborate weighting strategy and sensitivity
analyses.

From a biological point of view, lung adenocarcinoma
may be heterogeneous originating from different causes
[19] and methods like cluster analysis in which subtypes
of relatively homogeneous groups of disorders can be
identified might be useful. The focus of our paper was to
introduce a methodology that can be used to integrate
data, and as such the grouping of the samples as "dis-
eased" versus "normal" was primarily used to identify
genes that discriminate the two groups in a broader sense
than at a higher resolution in which sub types could be
identified.

Choi et al. [7] have also provided a brief Bayesian inter-
pretation of their effect size model to integrate informa-
tion from multiple microarray studies. They argued that a
Bayesian approach could offer a more flexible and robust
modeling strategy. We did not consider this issue in this
study. It will be interesting to investigate how our
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proposed quality measure could be incorporated into
their Bayesian framework in the future.

Methods

Data source and preprocessing

We selected two Affymetrix microarray data sets from the
4 lung cancer data sets provided by the organizers of the
Critical Assessment of Microarray Data Analysis
(CAMDA) conference [18]. These datasets were collected
using different versions of the Affymetrix oligonucleotide
microarrays and were conducted by two research groups,
one from Harvard and the other from Michigan. The
Michigan study [15] used the HuGeneFL Affymetrix chip,
containing 7,129 probe sets, each with 20 probe pairs.
This study included 86 lung adenocarcinoma patient sam-
ples and 10 normal samples. The Harvard study [16] used
the HG_U95Av2 chip with 12,625 probe sets, each with
16 probe pairs. This study included 17 normal and 127
lung adenocarcinoma patient samples. We use the word
"sample" interchangeably with "array". The main objec-
tives addressed in these two studies were to identify
differentially expressed genes related to lung adenocarci-
noma, and genes whose expression was related to patient
survival. Our interest is in the former. We developed a
new method for identifying genes that are differentially
expressed between the cancer and normal samples, by
modelling the effect size and integrating information
from the Harvard and Michigan studies.

We converted the probe level data to a single expression
measure for each probe set using the robust multi-array
average (RMA) algorithm [20], which provides higher spe-
cificity and sensitivity in detecting differentially expressed
genes. We used 6124 common probe sets in these two
studies for the data analysis in our study. These probe sets
were selected based on a sequence-based probe matching
method, which is believed to produce more consistent
results when comparing similar biological data sets
obtained by different microarray platforms [10,21]. The
detailed procedure used to select these probe sets can be
found in the Data processing Section of [10].

Quality measure for Affymetrix Genechip data

Affymetrix genechip microarrays are used to monitor gene
expression for thousands of transcripts. Each transcript is
represented as a probe set, and a probe set is made up of
probe pairs comprised of Perfect Match (PM) and Mis-
match (MM) probe cells. The level of expression of a gene
product is estimated using the intensities of each probe
pair in a probe set. Therefore, the probe-specific variability
in a probe set can be used as a measure of the performance
of that probe set. The detection algorithm proposed by
[22] generates a detection p-value, which represents the
probability that the probe set (gene) expression is above
zero (i.e., turned on), and measured reliably and consist-
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ently. A lower p-value is considered as a useful indicator
that the measured gene expression is valid and reliable
[22]. Specifically, the p-value is based on testing whether
the probe-specific differences (PM-MM) are almost always
positive. We used the detection p-values to define quality
measures for probe sets, summarizing across the arrays
and experiments. We realize that some genes may be truly
"off" under some experimental conditions and hence a
large detection p-value may be providing useful informa-
tion. However, if a gene is "off" under all experimental
conditions, we argue that analysis of this gene contributes
little to understanding of the experiment.

For any gene, let pvalue denote its detection p-value and x,
denote - log(pvalue,,) for sample I in group g. We assume
that each study compares G groups, where there are n,
samples in group g, and g=1, 2, ..., G. For example, in the
lung cancer data, G = 2, since adenocarcinoma samples
are compared to controls. It is well known that p-values
follow a uniform distribution when there is no signal, and
therefore, we expect x, to follow an exponential distribu-
tion with mean A = 1 if the gene is not expressed. In order
to develop a single quality measure for each gene across
all samples in one study, we use this relationship with the
exponential distribution to motivate a quality measure.
We assumed that the detection p-value for a single gene of
sample ! in group g follows the distribution

X, = - log (pvalue,,) ~ Exponential (A,),

where different distributions of expression can be
expected in each group g. It should be noted that we are
modeling the p-value of one gene, across the samples in a
group. This is different from the approaches of Allison et
al. [23] and Pounds et al. [24] who modeled the distribu-
tion of p-values across genes. Although the true distribu-
tion of the x;, may not be exponential, this assumption
leads to a simple model where the one parameter can be
estimated by a closed-form expression. Hence, the param-
le)ter A, for each gene, study and group g can be estimated
y:

~ n
— 8
Ag

=
> Mg
=1

o§<||’—‘

where Xg

likelihood estimator (MLE) with well-known asymptotic
optimality properties [25].

is the usual sample mean. This is a maximum

To combine across the groups, we assumed a sensitivity
parameter s. It is defined as the probability that a repre-
sentative probe set in a particular treatment group shows
a detectable signal, assuming that the relevant
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distribution (exponential or beta) holds. It can be thought
of as the equivalent to a detection p-value defined for a
whole group rather than for one array, and an appropriate
value for s should be chosen with this interpretation in
mind. For example, the default settings by Affymetrix soft-
ware for the detection calls are p = 0.06 for a "Marginal"
call, and p = 0.04 for a "Present" call, although these can
be altered by the user. In practice, the appropriate choice
of s may depend on the signal-detection capability of
particular technologies. We recommend plotting the dis-
tribution of quality scores for different choices of s, and
choosing a value that clearly distinguishes genes of low
quality (scores near zero) from high quality genes (scores
near 1).

The sensitivity parameter s is a chosen cutoff, so that genes
that are "off" or poorly measured across all experimental
conditions will have pvalue = s, or in other words,

P(-log(pvalue) < —-logs) =1 —eslo8s Therefore, we can
define a quality measure across the groups, for each gene
and each study as:

q=maxgr, cilexp(Aglogs)],

The choice of the maximum gives more weight to genes
measured with high quality in at least one group, thereby
allowing a gene that is "off" in one condition and "on"
under another condition to provide useful information in
the analysis. We treat this quality score as a weight for each
gene in the subsequent analysis.

Modelling effect size with quality-adjusted weights

In order to simplify the discussion, we consider two
groups, treatment (t) and control (¢) groups, in study i =
1,2,...,k. Let n;; and n; denote the number of treatment and
control samples in study i, respectively. For each gene, let
W denote its overall mean effect size, a measure of the aver-
age differential expression for that gene, and let y; denote
the observed effect size for study i. We modeled effect size
using the hierarchical model:

& ~ N(0,57)

%)’i =06; +¢,
& ~N(0, ),

Qgi =pu+0;,

Where 12 is the between-study variability and 51'2 is the
within-study variance, measuring the sampling error for
the i" study. Choi et al. [7] used the standardized mean
difference as a measure of the observed treatment differ-
ence y;. This well-known estimator of treatment difference
found in Hedges and Olkin's [26] work is

http://www.biomedcentral.com/1471-2105/6/128

Vi :(Eit _Eic/p l
00l
Si

where x;; and X;. are the average gene expression values
in the treatment and control groups of study i, respec-

pool

tively, and s;" is the pooled standard deviation.

For a study with n samples, an approximately unbiased
estimator of éi is given by y: =y; —3y; /(4n —9)[26]. The

estimated variance s? of the unbiased effect size is given
by [27]

st =/ nyg +1/m) +y7 2my, +mi))7
In a fixed-effects model (FEM), the error of the observed

effect sizes is fully assigned to sampling error only, ignor-
ing the between study variance, so ©2= 0 and y;~ N (},

s?). On the other hand, a random-effects model (REM)

considers that each study estimates a different treatment
effect 6, These parameters are drawn from a normal

distribution®, ~ N(, 12).

To assess whether FEM or REM is most appropriate, we
tested the hypothesis T = 0 using the following test statis-
tic, which is a modification of Cochran's test statistic [28]
that incorporates our quality measure for each study

k
Q=3 qwi(yi ~Hp)

where w; = 5;? and

(p = L ditiYi
F Z i=1 z le qlwl ’

[ is the weighted least squares estimator that ignores
between study variations. Under the null hypothesis of T

= 0, this statistic follows a )(;3_1 distribution. We followed

Choi's approach [7] to draw quantile-quantile plots of Q
to assess whether a FEM or REM model is appropriate. If
the null hypothesis of T = 0 is rejected, we estimate T based
on the method developed by DerSimonian and Laird [29]

r2 = max{0,(Q - (k=) /(T w; (3 w? /T w))}.
Therefore, we can estimate [ that corresponds to a ran-
dom effects model by
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-k quly;
I’l = . 171 71
§ Zl_l Zf:lqiwlR’

where wR = (s? +72)7! . Under the REM,

2R
Var(fg) = 3 (3 by

The z statistics to test for treatment effect under REM is

z:ﬂ%/ where s = /var([i)

However, when there are only a small number of arrays in
each group, the estimates of standard error s for each gene
can be very variable. Some genes might by chance have
very small standard errors, and therefore appear highly
significant. To address this problem, different approaches
have been developed for "smoothing" the variance esti-
mates by borrowing information from the ensemble of
genes. This can assist in inference about each gene individ-
ually. For example, Tusher et al. [30], Efron et al. [31] and
Broberg [32] used t-statistics where an offset was added to
standard deviation while Smyth [33] proposed a t-statistic
with a Bayesian adjustment to the denominator. We took
the offset s, as the quantile of the gene-wise standard
errors that minimizes the coefficient of variation of the z
statistics [30]. Therefore, we can calculate the adjusted z
statistics (used in this study) to test for treatment effect
under REM as

“ =H%+50)'

The adjusted z statistics for FEM is the same as that for
REM except that 12 = 0. Note that all these expressions
refer to a single gene. The adjustment for computing z sta-
tistic was also used by Garrett-Mayer et al. [34].

Assessment of differentially expressed genes

We performed a multiple testing procedure, as described
by Dudoit et al. [35], to evaluate statistical significance for
differentially expressed genes in the combined studies.
The false discovery rate (FDR) [36] has become a popular
error measure for this purpose. Tusher et al. [30] devel-
oped a permutation-based method to calculate FDR for
evaluating differentially expressed genes. We adapt their
approach to our meta-analytic framework as follows:

1. For each gene j, j = 1,2,..., J, in the original data, com-
pute the adjusted z statistic Z,,...,Z; based on the meta-

analysis procedure described in the previous section

2. Order these z statistic values to obtain Z <,..., < Z,

http://www.biomedcentral.com/1471-2105/6/128

3. Create B random permutations within both studies. For
each permutation b = 1,2,... B, produce the adjusted z sta-
tistic Z, ;,..., Z;,forgene j=1,2,..., ]

4. Compute expected order z statistics:

B
Z(]) :1/Bbzzj'b' ] :1/~~/]
=1

5. The potentially "significant" genes are those that have a

distance between Z(j) and Z(].), j=1,...], greater than a

given threshold delta (A). Therefore, we can find the
smallest positive Z; such that |Z( h —Z( i) [= A, say t,.

Similarly, we can find the largest negative Z;, say t,

6. The estimated FDR for the selected significant genes at
the given delta (A) is given by:

1<p ...
7Zb:1#{] | Z]',b > tl DZ],bS tz}

#{j|Z(j) 2t DZ(j)S th}

Authors' contributions

JB initiated, designed and managed the study. CG pro-
posed the quality measure method and participated in
designing and managing the study. PH conducted data
analysis and drafted the manuscript. JB and CG revised
the manuscript. All authors read and approved the final
manuscript.

FDR(n) = P

Additional material

Additional File 1

Selected differentially expressed genes between normal and lung adeno-
carcinoma patient samples (Genes selected based on quality-adjusted
model with delta = 1.1)

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2105-6-128-S1.xls]

Additional File 2

Selected differentially expressed genes between normal and lung adeno-
carcinoma patient samples (Genes selected based on quality-unadjusted
model with delta = 1.1)

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2105-6-128-52 xls]

Acknowledgements

We would like to thank Dr. Hongying Jiang who provided us with the list
of common probe set IDs for the two data sets used in our study. We also
acknowledge helpful suggestions from two anonymous reviewers that
greatly improved the quality of the manuscript.

Page 10 of 11

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1471-2105-6-128-S1.xls
http://www.biomedcentral.com/content/supplementary/1471-2105-6-128-S2.xls

BMC Bioinformatics 2005, 6:128

References

18.
19.

20.

Welsh B, Sapinoso LM, Su Al, Kern SG, Wang-odriguez |, Moskaluk
CA, Frierson HF, Hampton GM: Analysis of gene expression
identifies candidate markers and pharmacological targets in
prostate cancer. Cancer Research 2001, 61:5974-5978.
Dhanasekaran SM, Barrette TR, Ghosh D, Shah R, Varambally S, Kura-
chi K, Pienta KJ, Rubin MA, Chinnaiyan AM: Delineation of prog-
nostic biomarkers in prostate cancer. Nature 2001,
412:822-826.

Luo J, Duggan D), Chen Y, Sauvageot ], Ewing CM, Bittner ML, Trent
JM, Issacs WB: Human prostate cancer and benign prostatic
hyperplasia: molecular dissection by gene expression
profiling. Cancer Research 2001, 61:4683-4688.

Magee JA, Araki T, Patil S, Ehrig T, True L, Humphrey PA, Catalona
W]/, Watson MA, Milbrandt J: Expression profiling reveals hepsin
overexpression in prostate cancer. Cancer Research 2001,
61:5692-5696.

Olkin I: Meta-Analysis: methods for combining independent
studies. Editor's introduction. Statistical Science 1992, 7:226.
Rhodes DR, Barrette TR, Rubin MA, Ghosh D, Chinnaiyan AM:
Meta-analysis of microarrays: inter-study validation of gene
expression profiles reveals pathway dysregulation in pros-
tate cancer. Cancer Research 2002, 62:4427-4433.

Choi JK, Yu U, Kim S, Yoo OJ: Combining multiple microarray
studies and modeling inter-study variation. Bioinformatics
2003:i84-i90.

Ghosh D, Barette TR, Rhodes D, Chinnaiyan AM: Statistical issues
and methods for meta-analysis of microarray data: a case
study in prostate cancer. Functional & Integrative Genomics 2003,
3:180-188.

Parmigiani G, Garrett-Mayer ES, Anbazhagan R, Gabrielson E: A
cross-study comparison of gene expression studies for the
molecular classification of lung cancer. Clinical Cancer Research
2004, 10:2922-2927.

Jiang H, Deng Y, Chen H, Tao L, Sha Q, Chen J, Tsai C, Zhang S: Joint
analysis of two microarray gene-expression data sets to
select lung adenocarcinoma marker genes. BMC Bioinformatics
2004, 5:81.

Shen R, Ghosh D, Chinnaiyan AM: Prognostic meta-signature of
breast cancer developed by two-stage mixture modeling of
microarray data. BMC Genomics 2004, 5:94.

Kuo WP, Jenssen TK, Butte AJ, Ohno-Machado L, Kohane IS: Anal-
ysis of matched mRNA measurements from two different
microarray technologies. Bioinformatics 2002, 18:405-412.
Jarvinen AK, Hautaniemi S, Edgren H, Auvinen P, Saarela J, Kallioniemi
OP, Monni O: Are data from different gene expression micro-
array platforms comparable? Genomics 2004, 83:1164-1168.
Tritchler D: Modelling study quality in meta-analysis. Statistics
in Medicine 1999, 18:2135-2145.

Beer DG, Kardia SL, Huang CC, Giordano TJ, Levin AM, Misek DE,
Lin L, Chen G, Gharib TG, Thomas DG, Lizyness ML, Kuick R, Haya-
saka S, Taylor JM, lannettoni MD, Orringer MB, Hanash S: Gene-
expression profiles predict survival of patients with lung
adenocarcinoma. Nature Medicine 2002, 9:816-824.

Bhattacharjee A, Richards WG, Staunton J, Li C, Monti S, Vasa P, Ladd
C, Beheshti |, Bueno R, Gillette M, Loda M, Weber G, Mark EJ, Lander
ES, Wong W, Johnson BE, Golub TR, Sugarbaker D), Meyerson M:
Classification of human lung carcinomas by mRNA expres-
sion profiling reveals distinct adenocarcinoma subclasses.
Proceedings of the National Academy of Sciences USA 2001,
98:13790-13795.

Walker JKL, Gainetdinov RR, Feldman DS, McFawn PK, Caron MG,
Lefkowitz R], Premount RT, Fisher JT: G protein-coupled recep-
tor kinase 5 regulates airway response induced by mus-
carinic receptor activation. American Journal of Physiology — Lung
Cell Molecular Physiology 2004, 286:L312-L319.

CAMDA 2003 [http://www.camda.duke.edu/camda03]
Shigematsu H, Lin L, Takahashi T, Nomura M, Suzuki M, Wistuba I,
Fong KM, Lee H, Toyooka S, Shimizu N, Fujisawa T, Feng Z, Roth JA,
Herz J, Minna JD, Gazdar AF: Clinical and biological features
associated with epidermal growth factor receptor gene
mutations in lung cancers. Journal of National Cancer Institute 2005,
97:339-346.

Irizarry RA, Bolstad BM, Collin F, Cope LM, Hobbs B, Speed TP:
Summaries of Affymetrix GeneChip probe level data. Nucleic
Acids Research 2003, 31:el5.

22.
23.

24.

25.
26.
27.
28.
29.
30.

31

32.

33.

34.

35.
36.

http://www.biomedcentral.com/1471-2105/6/128

Brigham HM, Gregory TK, Jeffrey S, Meena A, David B, Peter B, Dan-
iel ZW, Thomas JM, lsaac SK, Zoltan S: Sequence-matched
probes produce increased cross-platform consistency and
more reproducible biological results in microarray-based
gene expression measurements. Nucleic Acids Research 2004,
32:e74.

Affymetrix Microarray Suite User Guide, version 5 2001 [http:/
www.affymetrix.com/support/technical/manuals.affx].

Allison DB, Gadbury GL, Heo M, Fernandez JR, Lee CK, Prolla TA,
Weindruch R: A mixture model approach for the analysis of
microarray gene expression data. Computational Statistics & Data
Analysis 2002, 39:1-20.

Pounds S, Morris SW: Estimating the occurrence of false posi-
tives and false negatives in microarray studies by approxi-
mating and partitioning the empirical distribution of p-
values. Bioinformatics 2003, 19:1236-1242.

Knight K: Mathematical statistics. Chapman & Hall/CRC Press;
2000.

Hedges LV, Olkin |: Statistical methods for meta-analysis.
Orlando, FL: Academic Press; 1995:81.

Cooper H, Hedges LV: The handbook of research synthesis.
New York: Russell Sage; 1994:268.

Cochran BG: The combination of estimates from different
experiments. Biometrics 1954, 10:101-129.

DerSimonian R, Laird NM: Meta-analysis in clinical trials. Control-
led Clinical Trials 1986, 7:177-188.

Tusher VG, Tibshirani R, Chu G: Significance analysis of micro-
arrays applied to the ionizing radiation response. Proceedings
of the National Academy of Sciences USA 2001, 98:5116-5121.

Efron B, Tibshirani R, Tusher V: Empirical Bayes analysis of a
microarray experiment. Journal of the American Statistical
Association 2001, 96:1151-1160.

Broberg P: Statistical methods for ranking differentially
expressed genes. Genome Biology 2003, 4:R41.

Smyth GK: Linear Models and Empirical Bayes Methods for
Assessing Differential Expression in Microarray Experi-
ments. Statistical Applications in Genetics and Molecular Biology 2004,
3(I):Article 3.

Garrett-Mayer E, Parmigiani G, Zhong X, Cope L, Gabrielson E:
Cross-study Validation and Combined Analysis of Gene
Expression Microarray Data. Technical Report, Johns Hopkins Uni-
versity, Department of Biostatistics 2004 [http://www.bepress.com/jhu
biostat/paper65].

Dudoit S, Shaffer JP, Boldrick JC: Multiple hypothesis testing in
microarray experiments. Statistical Science 2003, 18:71-103.
Benjamini Y, Hochberg Y: Controlling the false discovery rate: a
practical and powerful approach to multiple testing. Journal of
the Royal Statistical Society: Series B 1995, 85:289-300.

disseminating the results of biomedical research in our lifetime."

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for

Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 11 of 11

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11507037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11507037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11507037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11518967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11518967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11406537
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11406537
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11406537
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11479199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11479199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12154050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12154050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12154050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12884057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12884057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12884057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15131026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15131026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15131026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15217521
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15217521
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15217521
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15598354
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15598354
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15598354
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11934739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11934739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11934739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15177569
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15177569
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10441769
http://www.camda.duke.edu/camda03
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12582260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12582260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15161944
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15161944
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15161944
http://www.affymetrix.com/support/technical/manuals.affx
http://www.affymetrix.com/support/technical/manuals.affx
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12835267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12835267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12835267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3802833
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12801415
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12801415
http://www.bepress.com/jhubiostat/paper65
http://www.bepress.com/jhubiostat/paper65
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Table 1

	Results
	Discussion
	Methods
	Data source and preprocessing
	Quality measure for Affymetrix Genechip data
	Modelling effect size with quality-adjusted weights
	Assessment of differentially expressed genes

	Authors' contributions
	Additional material
	Acknowledgements
	References

